
Stem Cells 
Handbook

Stewart Sell   Editor

Second Edition



  Stem Cells Handbook 



     



       Stewart   Sell     
 Editor 

 Stem Cells Handbook

Second Edition                     



 ISBN 978-1-4614-7695-5      ISBN 978-1-4614-7696-2 (eBook) 
 DOI 10.1007/978-1-4614-7696-2 
 Springer New York Heidelberg Dordrecht London 

 Library of Congress Control Number: 2013943695 

 © Springer Science+Business Media New York   2013 
 This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the material is 
concerned, specifi cally the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting, reproduction 
on microfi lms or in any other physical way, and transmission or information storage and retrieval, electronic adaptation, 
computer software, or by similar or dissimilar methodology now known or hereafter developed. Exempted from this 
legal reservation are brief excerpts in connection with reviews or scholarly analysis or material supplied specifi cally 
for the purpose of being entered and executed on a computer system, for exclusive use by the purchaser of the work. 
Duplication of this publication or parts thereof is permitted only under the provisions of the Copyright Law of the 
Publisher’s location, in its current version, and permission for use must always be obtained from Springer. Permissions 
for use may be obtained through RightsLink at the Copyright Clearance Center. Violations are liable to prosecution 
under the respective Copyright Law. 
 The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication does not 
imply, even in the absence of a specifi c statement, that such names are exempt from the relevant protective laws and 
regulations and therefore free for general use. 
 While the advice and information in this book are believed to be true and accurate at the date of publication, neither 
the authors nor the editors nor the publisher can accept any legal responsibility for any errors or omissions that may 
be made. The publisher makes no warranty, express or implied, with respect to the material contained herein. 

 Printed on acid-free paper 

 Humana Press is a brand of Springer
Springer is part of Springer Science+Business Media (www.springer.com)  

Editor
Stewart Sell, M.D.
Division of Translational Medicine 
Wadsworth Center
New York State Department of Health
Albany, NY, USA

Additional material to this book can be downloaded from http://extra.springer.com/978-1-4614-7696-2

www.springer.com


v

 Our understanding of embryonic cells has increased exponentially over the last 3 decades. 
It was only 30 years ago when embryonic stem cells were fi rst cultured from mouse embryos. 
Fifteen years later, human embryonic stem cells were derived from human embryos that were 
donated from early blastocysts not needed for in vitro fertilization. In the 9 years since the 
publication of the fi rst edition of  Stem Cells Handbook , much has changed, yet much remains 
the same. Obviously, this second edition of  Stem Cells Handbook  concentrates on what has 
changed and provides a source for experts’ critical reviews of their results in various aspects of 
stem cell research during the last 10 years. The chapters cover what stem cells are, how they 
contribute to diseases, such as cancer, how bad stem cells can be converted to good stem cells, 
and how good stem cells can be manipulated and used for therapy. What has not changed is the 
limited ability to use embryonic cells to treat disease. We hope that this book will help in 
reaching the goal of many FDA-approved uses of stem cells, both embryonic and adult. 

 This edition starts with an overview of stem cells in general and ethical problems that need 
to be addressed in any clinical use. Part I covers the properties of embryonic and fetal stem 
totipotential cells and how they may be manipulated. This includes how to get them, what 
signals maintain them as stem cells, how to differentiate them to selected tissue stem cells, and 
what immunological questions need to be answered if they are to be used for transplantation. 

 The area of greatest advance since the fi rst edition is the development of methods to pro-
duce and apply iPSCs to generate cells that could be used to replace essentially any lost or 
diseased tissue in the body. The contribution of pluripotent stem cells in adult tissues to repair 
injury and replace amputated limbs in an experimental model opens Part II. Then we move on 
to a thorough look of the four critical steps in the use of iPSCs: obtaining them, expanding 
them, getting them to differentiate into functional tissue stem cells, and then successfully 
transplanting them. Finally, the vast commercial opportunities of iPSCs are presented. 

 Part III covers tissue-specifi c stem cells which are the cells in adult organs responsible for 
maintaining normal tissue renewal. Understanding how to manipulate normal tissue stem cells 
could lead to many approaches to preventing or curing various human diseases. The properties 
and characteristics of tissue stem cells is presented for individual organs or types of tissue and 
includes a discussion of the role of stem cells in aging. 

 Part IV deals with transplantation and translating therapeutic approaches, a critical stage 
of application of stem cell therapy. This includes transplantation of mesenchymal stem cells, 
use of stem cells in treatment of burns and wounds, as well as treatment of diseases of the eye 
and diabetes. 

 Part V examines the stem cell origin of cancer and cancer stem cells. The role of tissue stem 
cells as the cells of origin of cancer and how to target the signals that maintain cancer stem 
cells are discussed in general. Then approaches for targeting the stem cells of leukemia, liver 
and breast cancer, as well as a particular type of kidney cancer, nephroblastoma, for which 
cancer stem cells are readily identifi ed, are adumbrated. 

   Preface   
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 In closing, we have put together representative, timely, and substantive chapters covering 
critical aspects of current stem cell research, both basic and clinical. This is done with the full 
understanding that, given the rate of data accumulation, it is impossible to be all inclusive. 
Thus, there are many exciting and important aspects of stem cell research that are not covered 
in this book. What is in this book is a sampling of some of the most critical ongoing studies in 
stem cell research. 

 I would like to thank the numerous authors of the chapters in the book for their critical 
contributions. I owe a particular thanks to my coworkers in the laboratory: Zoran Ilic and Ian 
Guest, who keep things going productively. Then there are my mentors, who are too numerous 
to mention, but include Frank J. Dixon, William Weigle, Richard Farr, and Hank Fennel from 
the University of Pittsburgh; Benjamin Castleman, Robert Scully, and Byron Waksman 
(Massachusetts General Hospital), John Fahey (NIH), and Phillip Gell (U. Birmingham, 
England); as well as my long-time collaborators: Hyam Leffert (UCSD), Fred Becker (M.D. 
Anderson), Ed Smuckler (UCSF), and Gennadi Glinsky (Sanford-Burnham Inst.). Finally, 
I owe a special thanks to Barry Pierce, who taught me what stem cells are.  

       Albany ,  NY         Stewart Sell, M.D.           
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  Omnis cellula e cellula . (All cells come from cells.) 
 Rudolph Virchow (1858) 

        Stem cells  are present within most if not all multicellular 
organisms and are the ultimate drivers of growth and regen-
eration. They and are defi ned as biological cells capable of 
self-renewal and the capacity to differentiate into a variety of 
cell types. They are considered to be the most critical bio-
logical components necessary for proper growth and devel-
opment during embryogenesis. Yet they have also been 
demonstrated to play indispensable roles in adult species, 
providing a much needed source of cellular replenishment 
for virtually every mature, differentiated cell type. All stem 
cells originate from what one might consider the ultimate 
stem cell, the fertilized egg. As a  totipotent  entity, the fertil-
ized egg has the capacity to drive the formation of all intra- 
and extraembryonic tissues during growth and development. 
It is during the process of embryonic maturation that  deter-
mination  occurs wherein a variety of more specialized stem 
cell types are generated with differing properties that allow 
for the development of specifi c tissues and organs. For exam-
ple, embryonic stem cells have the  pluripotent  capacity to 
drive the formation of all tissues of the embryo proper, but 
not extraembryonic tissues such as the placenta or amniotic 
membrane. As the embryo matures, determined  multipotent  
stem cells are produced which provide a limited, albeit 
extremely powerful ability to produce more differentiated 
cell types. An example of multipotency is the stem cell popu-
lation of the hematopoietic system, which drives blood for-
mation from a common precursor stem cell both during 
embryonic development and for a lifetime after birth. While 
hematopoietic stem cells (HSCs) are capable of differentia-
tion into a variety of blood cell types, they do not contribute 
to other organ systems; this restricted differentiation capac-
ity defi nes them as adult in origin. Eventually in the mature 

adult,  unipotent  stem cells reside in a few select systems 
such as the heart and central nervous system (CNS) which 
have the capacity to differentiate into only one mature lin-
eage (Fig.  1 ).

   Gleaning a fi rm understanding of the genetic and bio-
chemical hierarchies involved in embryonic and adult stem 
cell differentiation will no doubt lead to new cutting-edge 
cell-based and non-cell-based therapeutic strategies. In addi-
tion, whereas stem cells play crucial roles in embryonic 
development and adult tissue maintenance, their powerful 
mitotic properties may potentially mediate cancer develop-
ment. The ability of stem cells to rapidly propagate can be 
deregulated and derailed resulting in oncogenic and ulti-
mately tumorigenic properties. The theory of the existence 
of cancer stem cells is rapidly emerging and may open the 
door to new avenues for cancer treatment. Gaining a fi rm 
understanding of how cancer stem cells contribute to tumori-
genic and metastatic phenotypes is key to developing new 
technologies and methods for cancer diagnosis and treat-
ment. For example, targeting therapeutic entities to cancer 
stem cells present within a large population of tumor cells 
may be a powerful technique to rid the body of certain forms 
of cancer. Part V of this book takes an intimate look at this 
controversial fi eld, outlining data gleaned on the existence 
and properties of cancer stem cells present in breast cancer, 
melanoma, and Wilms’ tumor. 

 A fi rm understanding of stem cell origins and biology is 
critical to the development of new modes of therapy. This 
chapter introduces the origins and basic concepts of stem 
cells, from embryonic to adult to cancer, and emphasizes key 
areas of stem cell research and focus that are described and 
highlighted by leaders in the fi eld in following chapters. 
Particular attention is paid to the signaling cascades and 
genetic regulatory mechanisms underlying embryonic and 
adult stem cell development as well as the differentiation of 
stem cells into mature, cell type-specifi c lineages. Unless 
otherwise noted, the focus of this chapter and the majority of 
the book sections is on mammalian stem cells. 

      Introduction to Stem Cells 

           Rob     Burgess    

        R.   Burgess      (*) 
  Department of Molecular and Cell Biology ,  The University 
of Texas at Dallas ,   320 Decker Drive, Suite 100 ,  Irving , 
 TX   75062 ,  USA   
 e-mail: rob.burgess@nanomedinc.com  
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   A Brief History of Stem Cell Research 

 The fi rst records of man contemplating the origin of life and 
human development can be traced back to when the ancient 
Greeks believed that living entities could arise spontaneously 
( Generatio spontanea ). Aristotle (384–322  bc ) did not agree 
with the theory of spontaneous generation, but he did believe 
that order could arise from disorder. This led him to hypoth-
esize that the embryo originates from the mother’s menstrual 
blood. Aristotle’s hypotheses are well documented in Leslie 
Brainerd Arey’s comprehensive textbook  Developmental 
Anatomy: A Textbook and Laboratory Manual of Embryology  
[ 1 ]. The concept of spontaneous generation was widely 
accepted and prevailed for the better part of 2,000 years until 
the mid-1600s when the Italian physician Francesco Redi 
demonstrated that not all forms of life arise spontaneously in 
his infamous “six jar experiment” [ 2 ] (Fig.  2 ).

   It was in the mid-1800s when Franz Leydig proposed that 
spontaneous generation in fact did not occur in any context 
and that all life comes from preexisting life ( omne vivum ex 
vivo ). Leydig was a German zoologist and comparative anat-
omist who specialized in the study of neural tissue at the 
University of Tubingen in Germany. In his seminal 

 publication  Lehrbuch der Histologie des Menschen und der 
Tiere  he not only outlined crucial developments in the study 
of histology (including the groundbreaking research of Jan 
Evangelista Purkyne in 1837), he also emphasized his theory 
on the origin of life [ 3 ]. Purkyne was a Czech anatomist and 
physiologist who specialized in the study of the brain. His 
analysis of the histological properties of the cerebellum (he 
was the fi rst in the world to use a microtome to study tissue 
slices) resulted in the discovery of Purkinje cells, large neu-
rons possessing a high degree of branched dendrites. 
Although Robert Hooke is widely credited with the discov-
ery of the cell, this observation is generally accepted as the 
fi rst defi nitive documentation of cells. Leydig’s theory that 
all life comes from preexisting life was expanded upon by 
Rudolph Virchow, a leading Prussian scientist who vehe-
mently disagreed with the theory of spontaneous generation. 
Virchow carried out a number of experiments in nematodes 
to demonstrate the prerequisite that all cells come from pre-
existing cells ( Omnis cellula e cellula ) in 1858 and was a 
major advocate of this “cell theory.” The research and theo-
ries of both Leydig and Virchow have withstood the test of 
time and laid the groundwork for the considerable advance-
ment in cell biology research and stem cell research in 

  Fig. 1    The origin and specialization of stem cells. See text for details (Courtesy Wikimedia Commons; reprinted with permission)       
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 particular. It was through studies on the role of microorgan-
isms in fermentation in 1864 that Louis Pasteur fi nally and 
formally disproved the theory of spontaneous generation [ 4 ]. 
Almost 100 years later, in 1961, researchers James Till, a 
biophysicist, and Ernest McCulloch, a hematologist, inad-
vertently discovered the existence of adult stem cells in a 
suspension of murine bone marrow cells capable of indefi -
nite proliferation. These cells were found to be transplant-
able and the fi rst colony counting methodology to characterize 
stem cell numbers was established [ 5 ]. These early fi ndings 
by Till and McCulloch have had perhaps the most signifi cant 
impact on stem cell research and therapeutic advancements 
to date. Other key fi ndings are temporally outlined in specifi c 
sections below and in Fig.  3 . The discovery and characteriza-
tion of particular types of embryonic and adult stem cells and 
their potential uses in regenerative medicine are described 
therein.

      Embryonic Development and the Origin 
of Stem Cells 

 Over the last 100 years, a massive effort by developmental 
biologists has been directed at understanding the biochemi-
cal, molecular, and morphological mechanisms behind 

embryonic development, from fertilization through birth. It 
is only in the past 30 years, however, that signifi cant advance-
ments in understanding cellular potential and lineage com-
mitment as a function of internal cues, environmental 
infl uences, and time have revealed unique mechanisms 
underlying embryogenesis. Research by countless develop-
mental biologists has resulted in the amassing of a wealth of 
data and information delineating the unique morphological, 
signaling, and molecular events that drive embryogenesis in 
a variety of species. In order to understand the capacity of 
stem cells, it is necessary to review their origins from the 
perspective of early embryonic development. 

   Initial Events in Embryogenesis 

 During the process of embryonic development, the pivotal 
early event following fertilization is  cleavage , a stage at 
which the single cell fertilized egg divides, setting the stage 
for multiple  symmetric  cell divisions primarily directed at 
increasing the size of the embryo by amassing large popu-
lations of undifferentiated cells in preparation for later cell 
type specialization. Cells resulting from early cleavage-
stage symmetric divisions are known as  blastomeres , and 
retain the genetic potential to divide and produce daughter 
cells that will eventually become specialized. The embryo 
proper becomes known as the blastocyst and consists of 
three unique groups of cells: the primitive ectoderm, epi-
blasts, and the trophectoderm. It is only the epiblast lineage 
which gives rise to the embryo proper and is a component 
of the  inner cell mass  (ICM), from which the embryo 
proper is formed. Transcriptional regulation of the develop-
ment and anatomical organization of these three lineages is 
critical to setting up the morphological domains that will 
later give rise to endoderm, mesoderm, and ectoderm of the 
embryo itself. In fact, it has been well established that the 
identity of at least one of these three groups of cells is regu-
lated by the homeodomain transcription factor Cdx2. This 
notion is illustrated by the fact that overexpression of Cdx2 
in murine embryonic stem cells drives them to differentiate 
into trophoblasts and to exhibit characteristics related to 
trophoblast stem cells [ 6 ]. Interestingly, Cdx2 is expressed 
in an asymmetric manner at the morula stage on outside 
cells, thus setting the stage for trophectoderm formation 
even at this early time point in embryonic development [ 7 , 
 8 ].  Eomes , a T-box transcription factor, has been placed 
downstream of Cdx2, yet gene targeting experiments in 
mice have revealed that neither gene is required for the for-
mation of trophectoderm, which suggests that other factors 
are involved [ 8 ,  9 ]. Indeed, TEAD4 of the TEA domain 
transcription enhancer factor family has been placed 
upstream of Cdx2 with mutants exhibiting a more severe 

  Fig. 2    Portrait of Francesco Redi, the Italian physician fi rst to disprove 
the theory of spontaneous generation       
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phenotype that than of the latter transcription factor. 
Finally, Cdx2 has been shown to be a potent negative 
 regulator of the pluripotent transcription factors Sox2, 
Nanog, and Oct4 in trophectoderm cells after blastocyst 
formation [ 8 ]. This is a classical example of transcriptional 
repression  driving extraembryonic lineage commitment. 
Thus an important transcriptional cascade has been out-
lined involving multiple positive and negative factors which 
sets the stage for trophectoderm development. More 
descriptions of the powerful pluripotent transcription fac-
tors Sox2, Nanog, and Oct4 are outlined immediately below 
and throughout this book.  

   Inner Cell Mass Regulatory Identity 

 The ICM of mammalian blastocysts consists of pluripotent 
stem cells and gives rise to all cells of the embryo proper. 
The regulatory mechanisms underlying ICM formation have 
thus been well studied. As mentioned above, it is actually the 
epiblast subcompartment of the ICM from which the embryo 

is derived. Interestingly, perhaps the most high profi le tran-
scription factors that denote the pluripotency of ICM cells, 
specifi cally Nanog and Oct4, are expressed even at the earli-
est stages of cleavage in all cells (stochastically expressed), 
yet the expression of these factors becomes restricted to the 
ICM post-blastocyst formation. As mentioned above, this 
restricted expression pattern is dependent upon the activity 
of Cdx2. Thus it has been postulated that early lineage speci-
fi cation throughout the blastocyst begins with the upregula-
tion of key trophectoderm targets and the repression of 
ICM-specifi c loci in outside cells. Later during embryonic 
maturation, the factors Oct4, Sox2, and Nanog actively 
repress trophectoderm specifi cation and promote pluripo-
tency in the ICM. Positive autoregulatory feedback of these 
factors subsequently allows for the maintenance of ICM lin-
eage specifi cation [ 10 ]. Finally, the growth factor receptor 
bound protein, Grb2, acts to simultaneously inhibit Cdx2 
expression and activate Gata6 expression in a population of 
ICM cells that will later give rise to the primitive endoderm 
[ 11 ]. These are the fi rst and perhaps most crucial positive and 
negative transcriptional events that set up both extra- and 

  Fig. 3    Timeline of historical events related to stem cell research       
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intra-embryonic lineage specifi cation, moving from a totipo-
tent to pluripotent phenotype (Fig.  4  and for a comprehen-
sive review see [ 12 ]).

   Upon blastocyst formation, ICM cells have already lost 
totipotency as all cells within the ICM are demarcated as 
either epiblast or primitive endoderm in phenotype. This has 
been well documented by comparing Nanog (epiblast) to 
Gata4 and Gata6 (primitive endoderm) expression and is 
now known as the “salt and pepper” mosaic pattern in the 
ICM [ 11 ,  165 ]. The molecular and morphological transition 
from fertilization through  gastrulation , defi ned as the pro-
cess by which three primary germlayers are acquired, is per-

haps the most crucial early-stage developmental process, 
defi ning the future of every cell type derived from the one- 
cell stage fertilized embryo. Gastrulation is the specifi c stage 
at which a morphological transition occurs whereby invagi-
nation of specifi c cells of the ICM sets up the formation of 
the three primary germ layers: endoderm, ectoderm, and 
mesoderm. The  endoderm  will give rise to the organs, the 
 ectoderm  to brain and other neural tissue and the  mesoderm  
to muscle, bone, and vasculature. It is thus during and after 
gastrulation that stem cells begin to lose some of their capacity 
to differentiate into all embryonic and extraembryonic cell 
types whereby the majority of cells have transitioned from a 

  Fig. 4    Molecular players in the formation of early embryonic lineages. 
Four lineage-specifi c transcription factors, Oct4, Cdx2, Nanog, and 
Gata6, are important for the generation of the fi rst three lineages in the 
blastocyst. The initial expression of these transcription factors is not 
restricted to specifi c cell populations. Lineage-specifi c expression is 
gradually established in association with the maturation of cellular 
structures (such as apical-basolateral cell membrane domains, intercel-
lular junctions) and of positive and negative interactions among the 
transcription factors themselves. ( a ) Oct4: Oct4 protein is observed in 
all blastomeres throughout early cleavage stages. At the eight-cell 
stage, all blastomeres contain Oct4. At the blastocyst stage, Oct4 is 
gradually downregulated in the outer trophectoderm (TE) cells by Cdx2 
through direct physical interaction and transcriptional regulation. ( b ) 

Cdx2: Cdx2 protein is detected beginning at the 8- to 16-cell stage, its 
initial expression appears to be stochastic. By the early morula to early 
blastocyst stages, Cdx2 expression is ubiquitous but higher in outer, 
apically polarized cells. Restricted expression in outer TE cells is estab-
lished by the blastocyst stage. ( c ) Nanog and ( d ) Gata6: Nanog and 
Gata6 are detected from the eight-cell stage. Both proteins are expressed 
uniformly in all cells until the early blastocyst stage. Nanog expression 
is downregulated in outer cells by Cdx2 and in a subpopulation of the 
ICM by Grb2-dependent signaling. By contrast, Gata6 expression is 
maintained by Grb2-dependent signaling. By the late blastocyst stage, 
ICM cells express either Nanog or Gata6 exclusively (Courtesy Janet 
Rossant, Patrick P.L. Tam and  Development  (Rossant and Tam [ 12 ]); 
reproduced with permission)       
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totipotent to pluripotent or multipotent capacity for differen-
tiation. As mentioned above, this loss of potency and initia-
tion of specialization is known as  determination . 

 What transcriptional mechanisms are crucial to determi-
nation of the three primary germ layers? As outlined above, 
a percentage of ICM cells express the homeodomain tran-
scription factors Gata4 and Gata6 as well as Lrp2. These fac-
tors drive the expression of genes crucial for and specifi c to 
the endodermal phenotype. The mesodermal and ectodermal 
layers also express unique transcription factors that drive the 
eventual maturation of cell types specifi c to these layers. For 
example, the basic helix-loop-helix (bHLH) transcription 
factor twist is expressed at the earliest stages of mesoderm 
formation [ 13 ]. At later stages, the bHLH protein paraxis is 
expressed in the paraxial mesoderm and is thought to be 
either a direct or indirect target of twist. Mouse mutants of 
paraxis have severe defects in somitogenesis and musculo-
skeletal patterning, most likely the result of aberrant tran-
scriptional signaling in the mesodermal compartment which 
also affects patterning of neighboring ectoderm along the 
entire embryonic axis [ 14 ,  15 ]. The ectodermal layer 
expresses transcription factors in a more restricted fashion. 
For example, Pax3 is active in a narrow band of ectoderm 
contiguous with future neural folds yet is not present 
throughout the entire ectodermal layer at early stages [ 16 ]. 
Ultimately, it is the transcriptional regulatory mechanisms 
underlying determination events which drive gastrulation, 
ICM compartmentalization, and stem cell development, with 
stem cells becoming restricted and specialized to differenti-
ate into mature lineages during and even post-embryonic 
development throughout adulthood.  

   The Establishment of Germ Cell Identity 

 No discussion of stem cell potentiality would be complete 
without a mention of germinal (germ) cell specifi cation and 
maturation.  Germinal cells  exist in both the developing 
embryo and the adult and are totipotent in nature. During 
embryogenesis, cells committed to the germinal lineage pop-
ulate the  genital ridge , a component of the embryo that will 
develop into the future gonads. It is here that these cells will 
commit to a germinal lineage of either male or female germ 
cells; this commitment is defi ned by an XX or XY genomic 
makeup. Thus they give rise to sperm as well as egg cells 
through a process known as  meiosis  in which each daughter 
cell derived from a common progenitor contains only half of 
the requisite chromosomal complement needed for a viable 
developing embryo. The full complement is therefore pro-
vided upon fertilization with the transfer of either an X or Y 
chromosome driving sex determination. As early as 1970, 
researchers realized the capacity of these cells to differentiate 

into all cell types and were thus classifi ed as totipotent. The 
tumorigenic potential of germ cells was demonstrated in 
these early studies through murine transplant experiments 
which produced  teratocarcinomas , malignant teratomas con-
taining a wide range of cell types representing both embry-
onic and extraembryonic tissues [ 17 ]. Recent studies in 
murine models have suggested three unique molecular events 
which are crucial to establishing germ cell specifi cation: a full 
repression of the somatic cell phenotype; pluripotency reac-
quisition; and epigenetic reprogramming. What transcrip-
tional mechanisms drive germ cell development? Not 
surprisingly it is some of the same factors that drive ES cell 
development and pluripotentiality. For example, after gastru-
lation, Oct4 expression becomes restricted to the primordial 
germ cells (PGCs) [ 18 ,  19 ]. Interestingly, it is much later that 
PGC specifi cation is thought to occur, suggesting the exis-
tence of other factors upstream of Oct4 which drive PGC 
commitment. Yet Oct4 has been shown to be indispensable 
for PGC survival in mouse conditional knockout experiments 
[ 20 ]. Oct4 also specifi cally marks cells with pluripotential 
properties in human germ cell tumors [ 21 ]. Upon closer look, 
BLIMP1/PRDM1, a PR (RIZ) domain- containing transcrip-
tion factor, has been shown to be expressed very early, spe-
cifi cally in epiblast cells that later commit to the PGC lineage 
[ 22 ]. These same epiblast cells express a multitude of homeo-
box-containing (Hox) genes known to specify cell type and 
even axial structure in other systems. There is a transient 
repression of the expression of pluripotency transcription fac-
tors Sox2, Zic3, and Nanog, yet these are upregulated later in 
development [ 23 ,  24 ]. This suggests that PGCs transiently 
take on a mesodermal fate, and pluripotentiality reemerges as 
development proceeds. A second PR domain-containing pro-
tein, PRDM14 is exclusively expressed in PGC precursors 
and mature PGCs. Mouse knockouts of either PR domain-
containing transcription factor have severe developmental 
defects in germ cell development [ 24 ,  25 ]. PRDM1 has since 
been demonstrated to function upstream of PRDM14 and is 
indirectly negatively regulated by the RNA binding protein 
Lin28 [ 26 ]. These factors working in concert via their activa-
tion by bone morphogenetic proteins such as BMP4 act to 
drive the expression of a variety of transcription factors to 
drive and secure germ cell identity (Fig.  5 ).

   For a thorough and excellent review of the transcriptional 
regulatory mechanisms underlying mammalian germ cell 
specifi cation see Saitou and Yamaji [ 135 ]. As they are 
beyond the scope of this text oogenesis and spermatogenesis 
will not be covered here but in a related context, Marco 
Seandel, Assistant Professor of Cell and Development 
Biology in the Department of Surgery at Weill Cornell 
Medical College in New York, will discuss the development 
and function of adult spermatogonial stem cells in Part III, 
Chap.   14     of this book.   

R. Burgess
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   Embryonic Stem Cells 

 Perhaps the stem cell type that has received the most atten-
tion during the past 20 years is that of the  embryonic stem  
(ES)  cell . Embryonic stem cells are pluripotent in nature and 
derived from the ICM of blastocyst stage embryos. 
Mammalian ES cells were fi rst isolated in 1967 in a seminal 
study by Robert Edwards and colleagues, who cultured 
 rabbit blastocysts on feeder layers and demonstrated their 

capacity to differentiate into a variety of adult cell types 
 representing hematopoietic, neural muscular, and connective 
tissue [ 27 ]. In 1981, murine embryonic stem cells were suc-
cessfully isolated and cultured by two independent research 
teams, that of Gail Martin in the Department of Anatomy at 
the University of California—San Francisco and a team lead 
by Martin Evans and Andrew Kaufman in the Department of 
Genetics at the University of Cambridge [ 28 ,  29 ]. Martin’s 
research showed that embryos could be successfully cultured 

  Fig. 5    (a) Expression of 
Prdm1 (left) and Prdm14 
(right) in the LS stage 
embryo visualized by the 
Prdm1-mVenus and 
Prdm14-mVenus reporters 
respectively. Prdm1 is 
expressed in the nascent 
PGC precursors emerging 
from the most proximal 
part of the posterior 
epiblast as well as in the 
visceral endoderm. Prdm14 
is exclusively expressed in 
the germ cell lineage and 
pluripotent cell lines. 
(b) A summary of genetic 
pathways for PGC 
specifi cation       
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in vitro and embryonic stem cells derived there from which 
could be directed to differentiate into a variety of terminal, 
mature adult cell types. Her team accomplished this via 
whole embryo culture in serum followed by microdissection 
of the ICM and further expansion of isolated ICM cells in the 
presence of a fi broblast feeder layer. Individual colonies 
resulting from ICM cell plating and propagation were ana-
lyzed for pluripotential properties by assessing their ability 
to differentiate in vitro and to form embryoid bodies and 
teratomas in nude mice. Evans and Kaufman instead focused 
on the relatively low number of ICM cells present in a mam-
malian blastocyst and in particular how to increase this 
 number to improve the chances of ES cell isolation and cul-
ture. Their group outlined a unique intra-uterine culture tech-
nique that allowed for increased ICM cell number, thus 
enabling successful ES cell isolation. Their technique was 
devised to delay embryonic implantation and involved hor-
monal manipulation of the pregnant mother through proges-
terone administration and ovary removal. This technique 
allowed for an increase in ICM cell number in utero. Embryos 
were subsequently isolated and cultured on arrested feeder 
cells in a manner similar to that employed by the Martin 
group and pluripotentiality confi rmed. In 1987 and 1989, 
researchers Mario Capecchi, Martin Evans, and Oliver 
Smithies independently utilized mouse embryonic stem cells 
and genetic manipulation technologies to disrupt and thereby 
inactivate the hypoxanthine phosphoribosyl transferase 
(HPRT) locus [ 30 ,  31 ]. These techniques were later refi ned 
and the use of murine embryonic stem cells to inactivate spe-
cifi c loci through gene targeting experiments in mice has 
become one of the most widely used in vivo techniques for 
defi ning gene function in mammals. Capecchi, Evans, and 
Smithies went on to win the 2007 Nobel Prize in Medicine 
for this work. 

 What marks a truly pluripotential embryonic stem cell? 
During the 1990s a defi ned set of molecular and biochemical 
markers was established and accepted as minimum criteria 
for pluripotentiality. These include the  s tage- s pecifi c  e mbry-
onic  a ntigen cell surface markers SSEA-3, SSEA-4, TRA-
1- 60, and TRA-1-81. Of course, the presence of the key 
transcription factors Oct4 and Nanog also have been accepted 
as classical markers as well as drivers of pluripotentiality. In 
fact, these transcription factors not only defi ne but are required 
for ES cell pluripotentiality. Oct4 knockout embryos fail to 
develop pluripotent stem cells, with the ICM instead skewing 
towards the extraembryonic trophoblast lineage [ 32 ]. 
Similarly, Nanog defi cient ICMs failed to form epiblast cells, 
instead producing parietal endoderm-like cells [ 33 ]. These 
markers have enabled researchers to defi ne minimum require-
ments for specifi c cell types to be considered -pluripotent, 
however, the ultimate proof is confi rming the ability of a cell 
to contribute to lineages representing the three primary germ 

layers. In 1995, a research team led by James A. Thomson of 
the University of Wisconsin—Madison modifi ed the classical 
embryonic and cell culture conditions employed for murine 
ES cell research over the last 17 years to successfully isolate 
primate embryonic stem cells. These cells were demonstrated 
to maintain a normal XY karyotype after 1 year of propaga-
tion and to have the capacity to differentiate into trophoblasts 
as well as derivatives of embryonic endoderm, mesoderm, 
and ectoderm. Two key differences were noted between the 
derivation of primate and murine ES cells. First, the cells 
were demonstrated to contribute to derivatives of both the 
ICM and extraembryonic trophectoderm. This suggests the 
possibility that the primate lines were isolated from an earlier 
developmental time point. Second, in the absence of feeders, 
primate ES cells were shown to undergo signifi cant differen-
tiation, even in the presence of leukemia inhibitory factor 
(LIF), a key supplement in the inhibition of murine ES cell 
differentiation in tissue culture. These fi ndings implicated 
additional or other as yet unknown factors secreted by feeder 
cells required for maintaining a pluripotent phenotype [ 34 ]. 
In a seminal study 3 years later, Thomson’s group employed 
similar methodologies to isolate human embryonic stem cells 
from embryos produced by in vitro fertilization methods and 
donated after informed consent. These cells exhibited mor-
phological and marker presence features similar to ES cells 
derived from other species and were confi rmed for pluripo-
tential capacity (teratoma formation) and self-renewal. They 
also demonstrated high levels of telomerase activity indicat-
ing a replicative lifespan that will exceed that of somatic cells 
([ 35 ] and for an example see Fig.  6 ).

  Fig. 6    Brightfi eld microscopy of a human embryonic stem (hES) cell 
colony grown from cell line SA02 on a mouse embryonic fi broblast 
(MEF) feeder layer (Courtesy Wikimedia Commons)       
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   Thus, in a developing human embryo, ES cells can be suc-
cessfully isolated from the ICM at the blastocyst stage in a 
similar manner to that of other species. The two classical hall-
marks of ES cells are pluripotentiality and indefi nite replica-
tion capacity. Their pluripotential nature means that these cells 
can give rise to differentiated derivatives of the three primary 
germ layers endoderm, mesoderm, and ectoderm including 
over 220 adult cell types. In Part I of this book, researchers 
Virginia Papaioannou, Professor in the Department of Genetics 
& Development at Columbia University Medical Center in 
New York, Ihor Lemischka, Director of the Black Family 
Stem Cell Institute and Mount Sinai Hospital in New York and 
Evan Snyder, Associate Physician of Pediatrics at the 
University of California—San Diego and Professor at Sanford 
Burnham Medical Research Institute outline three critical 
areas of research pertaining to embryonic stem cell origin and 
identity respectively: (1) The existence and derivation of 
embryonic stem cells from early mammalian embryos (Chap. 
  3    ); (2) A discussion of the key signals driving “stemness” 
(Chap.   4    ); and (3) The growth and differentiation dynamics of 
human fetal neural stem cells (Chap.   5    ). 

 It is thus the indefi nite replication capacity of ES cells, if 
cultured properly such as in the presence of feeder cells and/
or various growth factors, that allows for a powerful research 
and potential cell transplant therapeutic reagent source. 
Albeit controversial due to the use of human embryos, the 
use of ES cells in cell replacement therapies has been a main 
goal of ES cell research over the last 20 years. Some anoma-
lies which could be addressed include immune system and 
hematopoietic diseases, neurological disorders such as 
Parkinson’s Disease, spinal cord injuries, and juvenile diabe-
tes. And existing human ES cell lines may provide a valuable 
unlimited resource for the development and implementation 
of cell-based drug screening platforms.  

   Adult Stem Cells 

  Adult stem cells  can be defi ned as undifferentiated cells, 
often found among mature organs or tissues, which undergo 
self-renewal and have the capacity to differentiate into some 
or all of the specialized cell types of that organ or tissue sys-
tem. Adult stem cells are considerably restricted in differen-
tiation capacity, having already become both determined and 
committed to ultimately become or drive the production of 
specifi ed mature lineages. They are hence defi ned as either 
multipotent or unipotent. Adult stem cells are sometimes 
referred to as  somatic stem cells  (“soma” means body) thus 
distinguishing them from stem cells of embryonic or germi-
nal origin. Beginning with the early studies in bone marrow 
by McCulloch and Till, the past 50 years have seen the dis-
covery of a multitude of somatic stem cells and the charac-
terization of their potential to populate tissues and organs 

with much needed specialized cells. Adult stem cells have 
now been discovered in a variety of tissues and organ sys-
tems including brain, bone marrow, the vasculature and 
peripheral blood, skeletal muscle, cardiac tissue, hepatic tis-
sue, ovarian epithelium, gut teeth, and testis. These cells may 
provide a valuable resource for the treatment of numerous 
medical disorders. Table  1  lists some of the more high profi le 
adult stem cells discovered and characterized to date.

   In each of the tissues mentioned above there exists a  stem 
cell niche , an ideal microenvironment, within which adult 
stem cells reside. This niche is conducive to both stem cell 
propagation, and in some instances, differentiation. It should 
also be noted that adult stem cells have a fi nite capacity to 
undergo cellular division, and differentiation capacity is con-
siderably limited to a few or one lineage(s). These two prop-
erties are the most notable differences between adult and 
embryonic stem cells. The following sections provide brief 
introductory synopses for some of the more high profi le 
adult stem cell types studied. Greater detail on these and 
other categories of adult stem cells is found in later chapters 
of this book. 

   Hematopoietic Stem Cells 

 HSCs can be defi ned as a heterogeneous population of mul-
tipotent stem cells that can differentiate into the myeloid or 
lymphoid cell types of the adult blood system. During early 
vertebrate embryonic development HSCs exist as extraem-
bryonic hemangioblasts which differentiate into both endo-
thelial cells and erythrocytes to drive the development of the 
yolk sac vasculature. What are referred to as “adult” HSCs 
arise later in development and are unrelated to hemangio-
blasts, yet similar signaling and transcriptional control 
mechanisms that drive early HSC formation during embryo-
genesis are thought to play a role later in fetal development 
and even in the adult. In fact, as early as 1978 Schofi eld con-
templated the existence of a HSC residing within a specifi c 
“niche” of the bone marrow postnatally where complex sig-
naling crosstalk provides the cues needed for both stemness 
and proper differentiation [ 36 ]. The crucial “stemness” 
nature of the hematopoietic system is now known to be 
required throughout life for the constant generation of the 
different blood cell types. Over the last 40 years this niche 
concept has been expanded upon, with a delineation of con-
cise crosstalk between bone marrow endosteal and vascular 
niches driving the development of HSCs and their function 
in the developing and mature blood system. The  endosteum , 
the region interfacing bone marrow with bone, is infi ltrated 
with  osteoblastic  cells that secrete numerous cytokines 
thought to drive the development, maintenance, and behavior 
of HSCs through the “endosteal niche.” For example, 
 thrombopoietin and angiopoietin are thought to enhance 
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HSC quiescence [ 37 ,  38 ]. These osteoblasts also express 
membrane-bound ligands such as Jagged and N-cadherin, 
and chemokines including stromal derived factor, SDF-1. 
These signaling molecules have been demonstrated to drive 
stem cell self-renewal and myelopoiesis [ 39 – 41 ]. The hom-
ing and migration properties of HSCs within the bone mar-
row can be largely attributed to regulation by the chemokine 
stromal derived factor (SDF-1), although this factor is not 
restricted to the endosteal niche but rather is secreted by a 

variety of cell types, including endothelial cells of the vascular 
niche, stromal cells, and osteoblasts. The TGFB superfamily 
of bone morphogenetic proteins TGFB1, BMP2, and 
BMP7A are released as a result of osteoclast bone break-
down and have been suggested in in vitro studies to cause 
HSCs to quiesce [ 42 ,  43 ]. In addition, even high endosteal 
ionic concentrations can regulate HSC behavior, with elevated 
levels of endosteal calcium promoting surface migration 
[ 44 ]. A component of the endosteal niche, the sympathetic 

   Table 1    Sources of adult stem cells and their differentiation capacity (Adapted from the National Institutes of Health resource for stem cell 
research)   

 Tissue of origin  Adult stem cell type  Mature lineage produced  Reference 

 Blood  Circulatory  Adipocyte  Kuznetsov et al. [ 174 ] 
 Skeletal  Osteocyte 

 Bone marrow  Angioblast (endothelial precursor)  Mature endothelia and newly formed 
blood vessel 

 Kocher et al. [ 173 ] 

 Hematopoietic stem cell (HSC)  Hepatocyte  Alison et al. [ 155 ] 
 Cholangiocyte  Theise et al. [ 140 ] 

 Human marrow stromal  Stromal-derived cell engrafted in rat brain  Azizi et al. [ 156 ] 
 Mesenchymal stem cell (MSC)  Adipocyte  Pittenger et al. [ 136 ] 

 Chondrocyte 
 Osteocyte 

 MSC  Neuron  Woodbury et al. [ 149 ] 
 MSC  Neuron  Sanchez-Ramos et al. [ 138 ] 
 MSC  Adipocyte  Liechty et al. [ 177 ] 

 Bone marrow stromal cell 
 Cardiomyocyte 
 Chondrocyte 
 Myocyte 
 Thymic stromal cell 

 Bone marrow (fetal)  HSC  HSC  Baum et al. [ 157 ] 
 Red blood cell lineages 
 White blood cell lineages 

 Brain  Neural stem cell (NSC)  Muscle cell  Galli et al. [ 163 ] 
 Brain (adult and neonatal)  Neural progenitor cell (NPC)  Astrocyte  Palmer et al. [ 135 ] 

 Neuron 
 Oligodendrocyte 

 Brain (fetal)  Human central nervous system stem 
cell (hCNS-SC) 

 Astrocyte  Uchida et al. [ 144 ] 
 Neuron 
 Oligodendrocyte 

 Fat  Stromal vascular cell fraction of 
processed lipoaspirate 

 Adipocyte precursor  Zuk et al. [ 152 ] 
 Osteocyte precursor 
 Chondrocyte precursor 
 Myocyte precursor 

 Liver (fetal)  HSC  Hematopoietic progenitor cell (HPC)  McCune et al. [ 154 ] 
 Namikawa et al. [ 134 ]  Red blood cell lineages 

 White blood cell lineages 
 Pancreas  Nestin-positive islet-derived 

progenitor cell (NIP) 
 Pancreatic  Zulewski et al. [ 153 ] 
 Hepatic 

 Umbilical cord  HPC  Most red and white blood cell lineages  Broxmeyer et al. [ 158 ] 
 HSC  Most red and white blood cell lineages  Erices et al. [ 162 ] 
 Mesenchymal progenitor cell (MPC)  Osteoblasts 

 Adipocytes 
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nervous system (SNS) has also been demonstrated to provide 
signaling cues for HSC mobilization from the bone marrow 
[ 45 ]. A second key component of the regulatory environment 
is known as the “vascular niche,” as it has been well docu-
mented that the bone marrow vasculature also plays a role in 
HSC maintenance. As mentioned above, extraembryonic 
vasculature is formed from hemangioblasts, yet the endothe-
lial components of this vasculature have been shown to give 
rise to HSCs demonstrating close developmental regulation. 
In adults it has been shown that the  vasculature of the liver 
and spleen can drive hematopoiesis in these organs [ 46 ,  47 ]. 
The signaling components of the vascular niche that regulate 
HSC proliferation, maintenance, and differentiation capacity 
are less well defi ned than for the endosteal niche, but it is 
clear that endothelial cells are crucial components of the vas-
culature that drive hematopoiesis in vivo. The cytokine 
receptor gp130, aka IL6-ST, ILbeta, and CD130, has been 
shown to be a crucial factor expressed by endothelial cells in 
the vascular niche to promote hematopoiesis. This has been 
defi nitively confi rmed in conditional mouse knockouts delet-
ing gp130 from both HSCs and endothelial cells [ 48 ]. These 
mice exhibited hypocellular bone marrow and died within a 
year after birth. In addition, bone marrow transplants from 
gp130 defi cient mice to normal irradiated mice restored nor-
mal hematopoiesis, but the converse transplant failed to yield 
the same result [ 49 ]. Thus the glycoprotein gp130 acts as a 
key regulator of hematopoiesis, exerting its effect from the 
vascular niche. The localization of HSCs within the bone 
marrow has also been shown to be driven by the vascular 
niche. CAR reticular cells proximal to the sinusoidal endo-
thelium have been demonstrated to play a role in the migra-
tion and localization of HSCs, specifi cally the attraction of 
HSCs via the secretion of SDF-1 [ 50 ]. HSC proliferation is 

also directly infl uenced by factors secreted from the CAR 
cell lineage residing in the sinusoidal endothelium, aptly 
named for  C XCL12  a bundant  r eticular cells. Strikingly, it 
has been demonstrated that the vast majority of HSCs, 
upwards of 97%, are proximal to CAR cells within both the 
bone marrow and endosteum, suggesting an intimate rela-
tionship between the two cells types from a signaling and 
perhaps migratory perspective. Stem cell factor, SCF, a cyto-
kine aptly named for its pro-proliferative effects, has been 
shown to be secreted by CAR cells within this region [ 51 ]. 
Finally, irrespective of the endosteal or vascular niches, it 
should be noted that both small bioactive signaling mole-
cules such as Eicosanoids and a hypoxic environment 
directly affect HSC behavior. Prostaglandins, for example, 
the most widely studied subgroup of the Eicosanoids, have 
been shown to drive increased expression of CXCR4 on the 
surface of HSCs, thereby enhancing migratory capacities 
[ 52 ]. Under hypoxic conditions, when oxygen levels drop 
below a certain threshold in the bone marrow, hematopoiesis 
has been shown to increase [ 53 ,  54 ]. Figure  7  illustrates the 
crosstalk between endosteal and vascular niches as well as 
other factors to drive HSC behavior.

   Many other signaling factors emanating from both the end-
osteal and vascular niches have been shown to affect hemato-
poiesis and are beyond the scope of this introductory chapter. 
For a comprehensive review of the HSC niche and the interplay 
between the HSC, endosteal, and vascular niches, see Lilly 
et al.  178 ]. Part III of this book focuses exclusively on tissue 
stem cells. Specifi cally, Pierre Charbord of the Institut National 
de la Recherche et Santé Médicale (INSERM) in Tours, France 
will discuss the HSC niches further and expand on this brief 
introduction through a detailed analysis of the molecular and 
developmental pathways that drive hematopoiesis.  

  Fig. 7    The interplay 
between endosteal and 
vascular niches in the 
control of hematopoietic 
stem cells. Cells of both 
the endosteal and vascular 
niches communicate and 
the balance of signaling 
molecules between the two 
niches along with signaling 
from oxygen levels and 
small molecules regulates 
HSC behavior (Courtesy 
Andrew J. Lilly and  Stem 
Cells International  (Lilly 
et al. [ 178 ]); reprinted with 
permission)       
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   Liver Stem Cells 

 The hepatic system has one of the most unique and widely 
studied adult stem cell niches, and actually consists of 
numerous niches, both extra- and intrahepatic, which depend 
upon a considerable amount of proximal and distal signaling 
to drive the different stages of stem cell maturation (Fig.  8 ). 
Much of the paracrine signaling that occurs mimics the 
defi ned molecular crosstalk that drives the classical 
epithelial- to-mesenchymal transition during early embry-
onic development. The reciprocal signaling that occurs 
between parenchymal and mesenchymal cells in the devel-
oping and adult liver is based upon gradients of paracrine 
signals that regulate cellular identity. Feedback loop signal-
ing also plays a role in later lineage specifi cation, with both 
positive and negative signaling cues emanating from dying 
cells and actively proliferating hepatoblasts to promote not 
only proliferation, but also to set up terminal lineage com-
mittment [ 55 ]. Both paracrine and feedback loop signaling 
ultimately allow for the generation of hepatic stem cells, 
hepatoblasts, angioblasts, and committed progenitors, each 

of which are precursors for the various cell types needed for 
proper liver function. Below is a brief summary and descrip-
tion of the cell types arising chronologically during the 
 differentiation cascade (Fig.  8 ).
     1.     Hepatic stem cells:    Hepatic stem cells are multipotent in 

nature and have the capacity to give rise to hepatoblasts, 
committed progenitors and ultimately mature adult cells. 
The location of hepatic stem cells varies depending upon 
age and can be found in the ductal plates of fetal and neo-
natal livers. Later in life, these cells restrict to the canals 
of Hering and remain there throughout adulthood [ 56 – 62 ]. 
Morphologically, hepatic stem cells have a high nuclear-
to-cytoplasmic ratio and are about 8 μm in diameter. They 
represent up to 2% of the parenchymal (non- connective 
tissue) cell population of postnatal human livers. Some 
classic markers for hepatic stem cells include EpCAM, 
NCAM, sonic, and Indian hedgehog and the transcription 
factors Sox9, Sox17, and FoxA2. The Wnt- beta catenin 
signaling pathway has been shown to be crucial for 
 activation of EpCAM and driving of the hepatic stem cell 
phenotype and Wnt1 specifi cally has been demonstrated 

  Fig. 8    Schematic image of liver, the biliary tree, and pancreas and 
their connections with the duodenum. The blue stars indicate sites at 
which there are high numbers of peribiliary glands, the stem cell niches 

of the biliary tree (Courtesy Rachael Turner and  Hepatology  (Turner 
et al. 2011) [ 73 ]; reprinted with permission)       
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to be required for the effi cient regeneration of liver by 
oval cells after hepatic injury [ 63 ,  64 ].   

   2.     Hepatoblasts   : Hepatoblasts are undifferentiated bipotent 
stem cells which arise from the foregut endoderm during 
embryonic development, specifi cally form hepatic stem 
cells, and can give rise to mature hepatocytes and biliary 
epithelial cells [ 65 ]. In a manner similar to that for hepatic 
stem cells, their localized presence in the liver is depen-
dent upon age, with widespread presence in the parenchy-
mal region of fetal and neonatal livers and later clumped 
in the canals of Hering in adults [ 58 ]. Terminal differen-
tiation of hepatoblasts requires a gradient of activin A and 
TGFb [ 66 ,  67 ]. They are identifi ed morphologically as 
oval cells and express the markers OV-6, albumin, and 
cytokeratins CK-19 and CK-7 [ 68 ]. In contrast to hepatic 
stem cells, hepatoblasts do not express markers for mes-
enchymal cells or hematopoietic endothelial cells and 
exhibit up to fi vefold more telomerase activity than 
hepatic stem cells. These are two distinguishing factors 
for the highly related cell types.   

   3.     Progenitor cells   : Two types of committed progenitor cells, 
 intermediate hepatocytes  and  small cholangiocytes,  arise 
from hepatic stem cells throughout the liver and within the 
bile ducts, lose stem cell marker expression such as NCAM 
and begin to express either biliary or hepatocytic terminal 
markers. Both cell types are typically unipotent, giving 
rise to either mature hepatocytes or cholangiocytes, 
respectively. Intermediate hepatocytes range in size from 
12 to 15 μm in diameter, are polygonal in shape and tend 
to be present throughout fetal and neonatal liver tissue, 
expressing albumin and other terminal markers. Small 
cholangiocytes are smaller at 6–8 μm in diameter, cuboi-
dal in shape, and tend to co-localize with hepatic stem 
cells in the ductal regions and canals of Hering. Marker 
expression is widespread for these cells and includes cys-
tic fi brosis transmembrane conductance regulator (CFTR, 
humans only), anti-apoptotic proteins annexin V and bcl2 
as well as endothelin receptors A and B [ 69 ]. Interestingly, 
small cholangiocytes have been shown to proliferate in 
response to H1 histamine receptor stimulation by activa-
tion of the IP3/CaMK I/CREB pathway [ 70 ].   

   4.     Proliferative adult cells   : Following commitment to a spe-
cifi c terminal lineage, adult hepatic cells, known as  small 
hepatocytes , express terminal differentiation markers yet 
retain their ability to divide for on average 6–7 generations 
as confi rmed by in vitro studies [ 71 ]. In fact, when cocul-
tured with differentiated hepatocytes, these cells have been 
demonstrated to express terminal markers such as 
α-fetoprotein, albumin, and Mrp1 and form organoids 
exhibiting a fully differentiated transporter expression 
 phenotype [ 72 ].  Large cholangiocytes  also retain some 
proliferative capacity, and are present primarily in the duc-
tal regions. They express the terminal markers CFTR, 

aquaporin 4, aquaporin 8, and others and play a primary 
role in regulating ductal bile secretion and absorption. Thus 
while small cholangiocytes tend to play a role in generating 
suffi cient cell numbers via potent proliferative capacity 
large cholangiocytes are more focused on secretory and 
absorption functions. For a more thorough comprehensive 
review of the various stages involved in the development 
and differentiation of hepatic terminal lineages, please see 
the excellent review by Rachel Turner and colleagues at the 
University of North Carolina—Chapel Hill [ 73 ].    
  What are the clinical implications of adult liver stem 

cells? Cell and tissue replacement therapies could become 
routine and a reality for a variety of liver degeneration disor-
ders utilizing the various stages and types of liver-specifi c 
stem cells as cell replacement candidates. It is widely known 
that the liver by itself is indeed capable of undergoing vary-
ing degrees of regeneration after partial hepatectomy or due 
to toxic injury-driven loss of pericentral cells. A more thor-
ough analysis of the liver stem cell phenotype, pathways 
involved in its generation and the use of liver stem cells in 
clinical scenarios will be covered in detail in Chap.   22     by 
Malcolm Alison, Professor of Stem Cell Biology and Lead, 
Centre for Diabetes at the Blizard Institute of Cell and 
Molecular Science.  

   Neural Stem Cells 

 One of the primary characteristics of the CNS is that, unlike the 
liver its tissues do not regenerate (discussed above). Damage 
occurring as a result of disease or injury is usually permanent 
and its deleterious effects chronic. The foundation of this 
hypothesis was Santiago Ramon y Cajal’s concept of “no new 
neurons” in the adult [ 74 ]. Conceptualized over 80 years ago, 
this idea was widely accepted until 1967 (initial fi ndings 
occurred in 1961) when Joseph Altman and Gopal Das of 
Massachusetts Institute of Technology in Boston observed 
mitotic activity in the brains of adult guinea pigs. Altman fur-
ther observed, using tritium radiolabeled thymidine, that these 
mitotic neural cells differentiated into a mature neuronal phe-
notype they termed “microneurons” [ 75 ]. As fate would have it 
the Altman/Das fi ndings went largely ignored until 30 years 
later when adult neurogenesis was “rediscovered.” In the 
1990s, neurogenesis in the adult human brain was again con-
fi rmed [ 76 – 78 ]. These fi ndings have led to a rebirth in the study 
of neurogenesis utilizing neural stem cells as key tools for deci-
phering the  biochemical and molecular signaling events that 
drive neural lineage determination and commitment postna-
tally. They have also driven an intense effort at applying neural 
stem cell plasticity for therapeutic gain, i.e., CNS repair. 

 The beginning of CNS maturation during embryonic 
development, termed  neural induction,  is a temporal point at 
which  neural stem cells  (NSCs) or NSC-like precursor cells 
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become determined to give rise to particular neural and 
 neuronal phenotypes. NSCs can therefore be defi ned as 
  multipotent precursor cells  that have both the capacity and 
the restriction to give rise to neurons, astrocytes, or 
 oligodendrocytes. In order to understand the inherent capac-
ity of neural stem cells to drive the development of not only 
individual neural and neuronal lineages but also the complex 
development of an entire organ system crucial for such pro-
cesses as sensory and locomotor activities, it is necessary to 
grasp the developmental maturation of NSCs during embry-
onic development. Many of these principles may apply in 
adult neurogenesis. Refl ected under the guise of embryonic 
development as a model system, NSC behavior can be bro-
ken down into three primary phases:
    1.     Expansion:    During the early stages of embryonic devel-

opment, columnar neural stem cells, often called  neuro-
epithelial cells , undergo symmetric division to drive 
population growth in preparation for later determination 
and commitment events [ 79 ,  80 ]. In the vertebrate embryo, 
this occurs proximal to the early embryonic ventricle and 
pial surfaces. In addition to increasing neuroepithelial cell 
numbers, this division also begins to populate these sur-

faces with mature neurons. Collectively these events will 
drive CNS organization and function after birth.   

   2.     Neurogenesis:    During the neurogenic phase of embryonic 
development neuroepithelial cells, now most commonly 
defi ned as  neural stem cells , divide in an asymmetric 
fashion, with one daughter cell maintaining the mitotic 
state while a second daughter cell exits the cell cycle and 
differentiates into a neuronal lineage. This cell division 
rapidly populates the germinal ventricular zone (VZ) with 
NSCs needed to ultimately produce many of the termi-
nally differentiated cell types crucial for neural function. 
The vast majority of these neurogenic events occur in the 
VZ. As the neural tube thickens, NSCs receive multiple 
signaling cues that drive a morphological transition from 
a columnar to a radial appearance, resulting in the devel-
opment of  radial glia . These cells ultimately give rise to 
cortical astrocytes and, perhaps through continued asym-
metric division, cortical neurons [ 81 ,  82 ]. In the adult 
brain, neurogenesis continues to occur throughout life, 
primarily in the subventricular zone (SVZ) of the lateral 
ventricles and the subgranular zone of the dentate gyrus 
(DG) (Fig.  9 ). What are the extrinsic signaling and intrinsic 

  Fig. 9    Neurogenesis in the adult brain. ( a ) Adult NSCs are primarily 
located in two germinal zones of the brain: the SVZ of the lateral 
ventricles and the SGZ of hippocampal DG. ( b ) A subset of relatively 
quiescent GFAP+ radial cells (type B cells) in the SVZ has the 
potential to serve as adult NSCs and generate rapidly dividing, transit-
amplifying non-radial NSCs (type C cells), which in turn give rise to 
neuroblasts (type A cells) that migrate through the RMS towards the 

OB. ( c ) In the adult SGZ, a population of GFAP+ Sox2+ radial cells 
corresponds to quiescent NSCs (type 1 cells). They coexist with 
actively proliferating, GFAP− Sox2+ non-radial NSCs (type 2 cells) 
that generate both astrocytes and neuroblasts. Neuroblasts then 
migrate into the granule cell layer and mature into neurons (Figure 
courtesy Fred H. Gage and Elsevier, Ltd (Mu et al. 2010) [ 90 ], 
reprinted with permission)       
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molecular events which drive both embryonic and adult 
CNS neurogenesis? The Wnt signaling pathway has been 
implicated in driving both embryonic and adult neurogen-
esis, specifi cally in the developing and mature hippocam-
pal region of the brain. NSCs have been demonstrated to 
receive inductive cues not only from Wnt-producing 
astrocytes but also from their own Wnt signaling [ 83 ,  84 ]. 
It is the Wnt/b-catenin pathway which ultimately drives 
the expression of NeuroD1, a bHLH transcription factor 
involved in late-stage terminal differentiation of neural 
stem cells into neurons [ 59 ]. In fact, the bHLH class of 
transcription factors has broad infl uence on neurogenesis 
during embryonic development and into adulthood. 
Neurogenin1 and 2 are well characterized as neuronal 
determination factors, controlling waves of neurogenesis 
in the developing dorsal root ganglia (DRG); Mash1 
(Ascl1) drives GABAergic interneuron development in 
the olfactory bulb; Neurogenin2 and Tbr2 promote gluta-
matergic neuronal development in the juxtaglomerular 
region; and the Hes family of inhibitor bHLHs act to 
antagonize the neurogenic effects of these and other 
bHLH proteins to maintain neural stem cell numbers 
required for later neurogenic diversity [ 85 – 87 ]. No men-
tion of neuronal induction signaling would be complete 
without a reference to the sonic hedgehog/smoothened 
pathway, which acts as a potent mitogenic cascade to 
drive NSC proliferation in the developing embryo and 
adult brain [ 88 ]. Finally, the transcription factor Sox2 has 
been shown to play a crucial role in maintaining appropri-
ate NSC numbers in the adult brain. As an inhibitory tran-
scription factor, Sox2 is speculated to inhibit glial 
fi brillary acidic protein (GFAP) expression [ 89 ]. GFAP is 
a marker of the switch to gliogenesis (described below) 
and is an intermediate fi lament protein expression in glial 
cells such as astrocytes and ependymal cells. A complete 
outline of the key transcription factors and signaling 
events involved in embryonic and adult neurogenesis is 
beyond the scope of this introductory chapter. For more 
detail on adult neurogenesis please see the excellent 
review by Fred Gage and colleagues at the Salk Institute 
for Biological Studies [ 90 ] (Fig.  9 ).

       3.     Gliogenesis   : Upon completion of the vast majority of 
neurogenesis, in the VZ a subset of neural stem cells will 
become competent to generate various glial cell types. 
This restriction occurs mostly in a proximal region of the 
brain referred to as the SVZ. During this gliogenic phase, 
NSCs lose some multipotent competency, committing to 
a glial phenotype. These glial progenitor cells will ulti-
mately give rise to terminally differentiated glial cells, 
including astrocytes and radial glia. What transcription 
factors drive the loss of multipotency at this stage? 
Hideyuki Okano and colleagues have performed elegant 
in vitro knockdown studies on mouse embryoid bodies in 

combination with known neural inducers such as noggin 
and retinoic acid. These studies demonstrated a crucial 
role for the transcription factor COUP-TFII, which is sug-
gested to play a role in alleviating the epigenetic silencing 
of such terminal differentiation markers as GFAP [ 91 ]. 
Other transcription factors positively regulating gliogen-
esis include neurogenin2, olig2, and Sox10 for oligoden-
drocyte maturation [ 92 ,  93 ]. Negative transcriptional 
regulators of gliogenesis, thus promoting the “default” 
neurogenesic pathway, include the homeobox transcrip-
tion factors Emx2, Sox5, Sox6 and the winged helix tran-
scription factor Foxg1, albeit through entirely distinct 
mechanisms [ 94 ]. Also, Notch, BMP, sonic hedgehog and 
FGF signaling in this system is crucial both for the early 
inhibition of neurogenesis and the later promotion of glio-
genesis. These growth and differentiation factors have 
been demonstrated to act directly through many of the 
transcription factors mentioned above.    
  Thus it is clear that the capacity for CNS-derived NSCs to 

act as a timely source of terminally differentiated neurons 
and glial cells is of key importance, both during embryonic 
development and postnatally. The therapeutic potential for 
NSCs and the signaling pathways regulating them is consid-
erable. The potential to supply NSCs as a source for the gen-
eration of new neurons or glial cells could positively impact 
a multitude of medical disorders, from spinal cord injury to 
Parkinson’s Disease. For a more comprehensive review of 
neural stem cells as they pertain to regeneration of the CNS 
see Okano [ 91 ]. As described above, this review illustrates 
some elegant in vitro studies that mimic the temporal changes 
in NSC multipotency and provides insight into the timing of 
lineage commitment at multiple levels. In Part III, Chap.   24     
of this book Magdalena Gotz, Professor in the Department of 
Physiology, Development and Neuroscience at the Wellcome 
Trust/Cancer Research UK Gurdon Institute in Cambridge, 
UK and Swetlana Sirko, Scientist in the Department of 
Physiological Genomics at the Ludwig Maximilian 
University in Munchen, Germany will outline the differenti-
ation potential of glial cells. 

 It should be noted that adult stem cells as they relate to 
other organ systems will be covered in detail in later chapters 
of this book and will include the stem cells of the hematopoi-
etic system (Chap.   15    ), gastrointestinal system (Chap.   19    ), 
pancreas (Chaps.   20     and   21    ), glandular system (Chap.   16    ) and 
mammary epithelia (Chap.   17    ). In addition, Heidi Scrable, 
Associate Professor of Biochemistry/Molecular Biology in 
the Division of Experimental Pathology and Laboratory 
Medicine at the Mayo Clinic in Rochester, Minnesota will 
give a comprehensive overview of adult stem cells and their 
role in as well as their impact on aging (Part III, Chap.   25    ). For 
more information on stem cells and aging describing human 
adipose-derived stromal/stem cells (hADSCs) as a model sys-
tem see the review by Tollervey and Lunyak [ 142 ].   
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   Nuclear Reprogramming and Induced 
Pluripotency 

 The issue of immunorejection as it applies to tissue and cell 
replacement regenerative therapies has long been a driving 
force in the search for patient-specifi c stem cell platforms 
that might be scalable for clinical use. Therapeutic and clini-
cal strategies that involve non-genetically matched cells run 
the considerable risk of rejection by the patient’s immune 
system. For example, the derivation of an individual’s stem 
cells and their scalable differentiation into desired terminal 
lineages has therapeutic potential for a wide variety of dis-
ease states; this type of treatment represents one of the holy 
grails of stem cell research. This autologous replacement 
regenerative therapy eliminates the possibility of cell, tissue, 
or organ rejection, thus making it possible to effectively treat 
a disorder with the patient’s own cells. Disorders such as 
Parkinson’s disease, Alzheimer’s disease, diabetes, etc. are 
all candidates for stem cell-related regenerative medicine 

therapy should the barrier of immunorejection become 
removed. Furthermore, deriving stem cells from an individual’s 
own adult cell types through induced pluripotency (iPS) 
could eliminate the need for using embryos in the develop-
ment of pluripotent stem cell-based regenerative medicine 
therapies (Fig.  10 ).

   Three independent but related methods have been devel-
oped which may ultimately allow generation of patient- 
specifi c stem cells through nuclear reprogramming. Below is 
a brief synopsis of each technique. Note that iPS through 
nuclear reprogramming, iPS cell induction, and directed dif-
ferentiation in particular will be discussed in much more 
detail throughout this book. For a more thorough outline of 
reprogramming strategies and technology developed to date 
see the review by Yamanaka and Blau [ 95 ].
    1.     Cell fusion:    In cell fusion two or more cells are brought 

together to form a single entity ( hybrid  if dividing or  het-
erokaryon  if nondividing) and the transcriptional regula-
tory mechanisms of all combined cells tend to infl uence the 
resulting fusion’s phenotype. Cell fusion is not a new con-

  Fig. 10    Illustrative overview of the procedure for generating patient-specifi c iPS cells (Courtesy Michael Rossbach and  EuroStemCell ; reprinted 
with permission)       
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cept or technique and was actually fi rst successfully 
accomplished in the 1960s. These initial studies along with 
later studies by pioneering researcher Helen Blau, currently 
Director of the Baxter Laboratory for Stem Cell Biology at 
Stanford University School of Medicine, revealed that cell 
fate is not fi xed and can be transient if not actively regu-
lated by appropriate gene transcription [ 96 – 98 ]. Blau’s 
team focused on interspecies cellular fusion to allow gene 
products from each donor cell to be easily characterized. 
Collectively, these cell fusion studies have culminated in 
the realization that not only transcriptional activation but 
also active repression provides crucial regulatory signals to 
maintain a specifi c cellular identity. Loss of transacting 
repression mechanisms resulted in the activation of silenced 
genes and in some cases, a reprogramming of cellular iden-
tity. Early examples include the activation of blood- and 
liver-specifi c genes in fi broblast mixed species heterokary-
ons [ 99 ,  100 ]. These studies confi rmed that mature lineage 
cellular phenotypes are not reversible but are rather plastic 
and actively regulated by both activation and repression-
based transcriptional mechanisms. Takashi Tada and col-
leagues in the Department of Development and 
Differentiation, Institute for Frontier Medical Sciences at 
Kyoto University have taken these fi ndings a step further, 
revealing that adult somatic cells can acquire a pluripotent 
phenotype upon fusion with embryonic stem cells. In stud-
ies of fusions between murine thymocytes and ES cells, 
Tada’s group demonstrate the reactivation of genes silenced 
on the X-chromosome through both hyperacetylation and 
demethylation, indicating that an alteration of both the 
transcriptional and epigenetic identities of these loci 
resulted in fusions acquiring pluripotency [ 101 ,  102 ]. Loci 
reactivated in interspecies mixed heterokaryons have now 
been shown to include the key pluripotency factors Nanog 
and Oct4 [ 103 ,  104 ].   

   2.     Nuclear transfer   : Nuclear transfer, often referred to as 
 somatic cell nuclear transfer  (SCNT) when used in the 
context to reprogram adult or somatic cells, involves the 
direct transplantation of a donor nucleus into an enucle-
ated oocyte. The oocyte environment signals and induces 
changes in gene expression, driving an ultimate total 
reversal of the differentiated phenotype. The technique, 
when implemented to generate either daughter cells or an 
entire organism originating from the donor somatic cells, 
is also referred to as  cloning . Cloning of entire organisms 
was successfully demonstrated in the early 1950s in 
amphibians, but it was not until 1997 that mammals were 
successfully cloned by SCNT with the generation of 
“Dolly the Sheep” by Sir Ian Wilmut and colleagues at 
the Roslin Institute and PPL Therapeutics in Scotland 
[ 105 ,  106 ]. In these studies, Wilmut and colleagues uti-
lized mammary nuclear donor cells starved of serum to 
eliminate any effect of cell cycle on chromatin organiza-

tion. Nuclear transfer was accomplished by electrical 
pulse- mediated cell fusion with unfertilized enucleated 
oocytes acting as recipients. The cloning of other species 
such as pigs, dogs, and wolves soon followed, including 
perhaps the most signifi cant milestone which was the 
mouse a year after Dolly was fi rst produced. This work 
has now been extended to the use of nuclear donor cells 
derived from frozen tissue sources, even after long-term 
(a decade or more) storage [ 107 ,  108 ]. A cautionary note: 
Cloned organisms derived via the SCNT process often 
exhibit a variety of abnormalities including increased risk 
of cancer, immunological disorders, and often premature 
death [ 109 ]. These phenotypes are speculated to be due to 
epigenetic consequences whereby progeny cells retain 
some genomic imprinting characteristics of the original 
donor somatic cell, thus affecting appropriate gene 
expression. It is clear that, should SCNT ever be utilized 
to generate clinically relevant cells or tissues for regener-
ative medicine strategies, a fi rm knowledge and control of 
chromatin remodeling mechanisms such as methylation 
and histone modifi cation will be required (Table  2 ).

       3.     Transcription factor-based induction   : It was 25 years ago 
that Walter Gehring and colleagues at the University of 
Basel in Switzerland demonstrated that an entire tissue’s 
fate can be altered via the introduction and expression of a 
single gene. The discovery of the transcription factor 
Antennapedia, which drove the replacement of antennae 
with legs in  Drosophila,  was a seminal fi nding in the fi eld of 
gene regulation, demonstrating that individual genes have 
the power to guide cellular fate and whole body plans [ 110 ]. 
Since then, a multitude of transcription factors have been 
identifi ed as potent regulators of cell fate, driving muscle 
(MyoD), blood (C/EBP), and neuronal (neurogenin) lineage 
development, to name but a few [ 85 ,  111 ,  112 ].    
  What factors might perform the opposite function, result-

ing in a reversal of the terminally differentiated phenotype? 
Shinya Yamanaka and colleagues at the Institute for Frontier 
Medical Sciences, Kyoto University in Japan addressed this 
question through a systematic characterization of 24 indi-
vidual loci known to be expressed at high levels in undiffer-
entiated ES cells. Yamanaka’s group introduced each gene 
into both embryonic and adult murine fi broblasts via retrovi-
ral transduction and characterized the expression of a reporter 
gene, Fbx15, known to be expressed uniquely in ES cells. 
Through a process of elimination, four key transcription fac-
tors, Oct4, Sox2, Klf4, and c-Myc, were identifi ed that could 
not only activate the reporter, but in combination were suffi -
cient to drive a morphological and molecular conversion and 
resulting resemblance of the fi broblasts to ES cells. Teratoma 
formation in mice confi rmed the in vivo pluripotentiality of 
the resulting cells and solidifi ed these four factors as the 
major players in driving pluripotency [ 113 ]. Other groups 
later showed that c-Myc was dispensable for pluripotency 
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induction [ 114 ,  115 ]. Since these initial groundbreaking 
studies, iPS cells of various origins have, in a manner similar 
to that of embryonic stem cells, been shown to colonize the 
germline of chimeras. iPS cells have now been derived from 
a variety of cell types and species including mice, nonhuman 
primates, humans and highly endangered species including 
the drill and the northern white rhinoceros [ 113 ,  116 ,  117 ]. 
The future of iPS induction will no doubt involve the use of 
small molecules to induce aforementioned endogenous fac-
tors or perhaps an as-yet-undefi ned master regulator of pluri-
potency. This approach would eliminate the need to introduce 
exogenous genes thus removing genome alterations as safety 
concerns. For a more thorough review on the three primary 
methodologies currently employed to drive nuclear repro-
gramming and pluripotentiality see Yamanaka and Blau [ 95 ]. 

 Part II of this book is dedicated to defi ning and describing 
the extent of cellular pluripotency as it pertains to a variety of 
systems, from limb regeneration to immune system reconsti-
tution. For example, David Stocum, Professor and Director, 
Center for Regenerative Biology and Medicine at Indiana 
University—Purdue University in Indianapolis deciphers the 
cellular and molecular mechanisms underlying dedifferentia-
tion of cells for regeneration of the amphibian blastema 
(Chap.   7    ). Hans Snoeck at Columbia University’s Center for 
Translational Immunology has made much progress in gener-
ating pluripotent cells from thymic epithelial cells to generate 
“personal immune (PI)” mice, whereby the human immune 
system is represented in a mouse model. He will discuss the 
utilization of human pluripotent stem cells for reconstitution 
of the immune system (Chap.   12    ). Steve Duncan, Director of 
the Medical College of Wisconsin Program in Regenerative 
Medicine and Stem Cell Biology in Milwaukee will review 
progress made in the generation of hepatic cells from iPS pre-
cursors (Chap.   10    ). Derrick Rancourt, Professor in the 
Departments of Oncology and Biochemistry & Molecular 

Biology at the University of Calgary in Canada will round out 
the discussion by focusing on bioreactor scaling of iPS cells 
for translational medicine initiatives (Chap.   9    ).  

   Tumor Cell Plasticity and Cancer Stem Cells 

  Cancer  originates when control of the cell cycle, senescence 
or apoptosis goes awry. This may occur due to the compound 
effect of accumulated inherited (genetically predisposed) or 
somatic (environmental) gene-specifi c mutations that result 
in an alteration of transcriptional expression levels or the 
structure of the corresponding protein product. These 
changes in genetic makeup may thus represent coding 
sequence alterations, aberrant activation or inhibition of 
upstream regulatory regions, or changes in proximal pro-
moter elements. Any of these polymorphisms may drive 
inappropriate functions of proteins that play roles in main-
taining normal mitotic activity and inhibiting the transformed 
cellular phenotype.  Oncogenes  are defi ned as genes that pro-
mote cellular transformation.  Tumor suppressor genes  typi-
cally provide a checks-and-balances effect on cell division. 
Therefore, much attention has been paid to the molecular 
switches which either activate or repress the tumorigenic 
phenotype. It has been previously demonstrated that genetic 
alterations driving the initiation of cancer could occur ran-
domly in virtually any cell type, leading to the emergence of 
the  stochastic hypothesis  in which any cell could become 
tumorigenic if the right combination of tumor suppressor 
down-regulation and oncogene upregulation were to occur. 
Yet recently a new, albeit controversial, hypothesis has been 
proposed whereby tumor development and growth are driven 
by a small subset of cells within the tumor known as  cancer 
stem cells . Cancer stem cells were fi rst hypothesized to be 
present in hematological malignancies, but the idea of their 

   Table 2    Species cloned to date   

 Year cloning achieved  Species cloned  References 

 1952  Frog (tadpole)  Briggs and King [ 105 ] 
 1963  Carp  Liao et al. [ 176 ] 
 1986  Sheep (from early embryonic stem cells)  Willadsen et al. [ 148 ] 
 1987  Mouse (from an embryonic donor cell),  Tsunoda et al. [ 143 ] 
 1995  Sheep (from early ES cells)  Highfi eld [ 170 ] 
 1997  Mouse, Cattle, Sheep (from somatic cells)  Wakayama et al. [ 107 ]; Wells et al. [ 147 ]; Campbell et al. [ 159 ] 
 2000  Pig, Rhesus Monkey (by embryo splitting)  Walker et al. [ 145 ]; Chan et al. [ 161 ] 
 2001  Cat, Guar (wild cattle), Moufl on  Shin et al. [ 139 ]; Loi et al. [ 175 ] 
 2003  Rat, Rabbit, Horse, Mule, Deer  Zhou et al. [ 151 ]; Tian et al. [ 141 ]; Galli et al. [ 164 ]; Woods et al. 

[ 150 ]; Carrolton [ 160 ] 
 2005  Dog, Water Buffalo, Drosophila  Jordan [ 172 ]; Haigh et al. [ 168 ] 
 2006  Ferret  Li et al. [ 179 ] 
 2007  Rhesus Monkey, Wolf  Highfi eld [ 171 ]; Grant [ 166 ] 
 2009  Camel, Pyrenean ibex  Wani et al. [ 146 ]; Gray and Dobson [ 167 ] 
 2012  Pashmina Goat  Hassan [ 169 ] 
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existence was later also proposed for that of solid tumors. 
Cancer stem cells are thought to have unique stem cell-like 
morphological, biochemical, and molecular (genetic) char-
acteristics that enhance self-renewal capacities and thereby 
the ability to drive tumor growth and development. The 
hypothesis of the existence of cancer stem cells is not new, 
and was fi rst proposed by the researchers Julius Cohnheim 
and Rudolph Virchow (see above) in the nineteenth century. 
It was Virchow’s  embryonal rest hypothesis  that illustrated 
the striking similarity between early-stage developing 
embryonic and fetal tissue and that of cancer cells (for review 
see [ 118 ,  119 ]). This idea was later expanded upon by 
Virchow who suggested that mature organs may in fact have 
embryonic remnants that could drive tumor development. It 
was in 1961 when the fi rst defi nitive evidence emerged that 
the heterogeneous population of cells in a tumor may have 
differing tumorigenic potential. In the same year, Southam 
and Brunschwig performed a series of elegant autologous 
tumor cell transplantation studies which demonstrated a 
minimum threshold of cell number required for tumor devel-
opment, suggesting differences in cellular potency [ 120 ]. 
The fi rst defi nitive isolation and characterization of cancer 
stem cells occurred when John E. Dick’s group in the 
Department of Genetics, Research Institute, Hospital for 
Sick Children, University of Toronto, Canada isolated a 
CD34+, CD38− subpopulation of cells and classifi ed it as a 
primitive hematopoietic cancer stem cell after confi rming its 
tumorigenic potential [ 121 ].  Tumorigenic potential  is defi ned 
as the ability of cells to drive tumor formation at low cell 
densities. This is accomplished by injecting a population of 
CSC-containing cells into nude or non-obese diabetic/severe 
combined immunodefi cient (NOD/SCID) mice and observ-
ing tumor formation. A second key identifi cation of a stem 
cell-like population of tumor cells was accomplished by 
Margaret A. Goodell and colleagues when they observed via 
fl ow cytometry that a small subset of cells in bone marrow 
did not accumulate Hoechst 33342 dye. Extrusion of this dye 
from cells is typically thought to be carried out by the ATP- 

binding cassette (ABC) transporter, thus Goodell’s group 
suggested that expression of this transporter might defi ne it 
as a cancer stem cell marker and this was later confi rmed 
[ 122 ]. Other cancer stem cell markers that have been widely 
studied include various cell surface antigens. These allow for 
not only CSC identifi cation but isolation via fl ow cytometric 
cell sorting. Over the years researchers have focused on cell 
surface markers known to be highly expressed in hematopoi-
etic or embryonic stem cells. While the two main markers 
identifying a CSC population have now been defi ned as 
CD133 and CD44, a variety of cell surface antigens have 
been characterized and categorized as marking CSCs present 
in various types of tumors as listed in Table  3 .

   Following the identifi cation, isolation, and initial charac-
terization of marker phenotypes for CSCs present in a multi-
tude of tumors (as outlined in Table  3 ), much effort has been 
directed at defi ning the inherent properties of these cells that 
enable them to drive the tumorigenic phenotype. As one 
would expect, CSCs isolated from different tumor types have 
widely varying tumorigenic potential, which can range from 
as little as 100 to as high as 50,000 cells required to induce 
the tumorigenic phenotype [ 123 ,  124 ].  Self-renewal  proper-
ties of CSCs have also been defi ned via either in vivo serial 
tumor transplantation or in vitro via soft agar or sphere for-
mation. While in vivo serial propagation studies are a more 
rigorous test of self-renewal capacity, they are also more 
costly and thus many researchers turn to in vitro methods to 
address CSC self-renewal capacities.  Establishment of tumor 
heterogeneity  is the third primary criteria for defi ning a CSC. 
CSCs must not only be able to form tumors and self- replicate, 
but also demonstrate an ability to comprehensively repro-
duce the tumorigenic phenotype from which they were origi-
nally isolated. This means that CSCs drive the growth of the 
heterogeneous population of cells normally found in the 
original tumor. Muhammad Al-Hajj, Michael F. Clarke, and 
colleagues at Stanford’s Institute for Stem Cell Biology and 
Regenerative Medicine were the fi rst to demonstrate the abil-
ity of a defi ned CSC population, specifi cally that of a breast 

     Table 3    Cancer stem cell markers for various tumor types (Adapted from the book  Cancer Stem Cells , William L. Farrar, Editor)   

 Tumor Type  Phenotype  Cell fraction (%)  Reference 

 Breast  CD44+ CD24−  11–35  Goodell    et al. [ 192 ] 
 Brain  CD133+  5–30  Singh et al. [ 180 ]; O’Brien et al. [ 123 ] 
 Prostate  CD44+ CD133+ a2b1hi or CD44+ CD24−  0.1–3  Du et al. [ 181 ]; Dalerba et al. [ 182 ] 
 Pancreatic  CD44+ CD24− ESA+  0.2–0.8  Prince et al. [ 183 ] 
 Hepatocellular  CD133+  1–3  Collins et al. [ 124 ] 
 Colon  CD133+ or ESAhi; CD44+  1.8–24.5  Ricci-Vitiani et al. [ 184 ]; Eramo et al. [ 185 ]; 

Li et al. [ 186 ] 
 Head and neck  CD44+  <10  Matsui et al. [ 187 ] 
 Lung  CD133+  0.3–22  Ma et al. [ 188 ] 
 AML  CD34+ CD38+  0.2–1  Lapidot et al. [ 189 ]; Masters et al. [ 190 ] 
 Multiple myeloma  CD138+  2–5  Bonnet et al. [ 121 ] 
 Melanoma  CD20+  ~20  Ponti et al. [ 191 ] 
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cancer stem cell line, to give rise to a phenotypically diverse 
mixture of tumorigenic and non-tumorigenic cell popula-
tions resembling the initial tumor from which the line was 
isolated. They accomplished this through the isolation and 
serial passaging of a CD44+ CD24− low population of breast 
cancer CSCs and subsequent characterization of tumor for-
mation potential in NOD/SCID mice [ 125 ,  126 ]. As outlined 
in Table  3 , in recent years many cancer researchers have uti-
lized the above criteria and experimental methodologies to 
identify and classify cancer stem cells from numerous tumor 
types. Part V of this book will outline the developmental ori-
gins of CSCs and outline examples from breast cancer, mela-
noma, and nephroblastoma/Wilms’ tumor. Specifi cally, Max 
Wicha, Director of the University of Michigan Comprehensive 
Cancer Center in Ann Arbor and Sarah Conley will outline 
the phenotypic and morphological makeup of breast cancer 
stem cells and the cytokine signaling as well as the tumor 
microenvironment regulating their metastatic potential and 
resistance to treatment (Chap.   34    ). Mary Hendrix, President 
and Scientifi c Director of the Children’s Memorial Research 
Center at Northwestern University Feinberg School of 
Medicine in Chicago has made signifi cant advances in dem-
onstrating that the presence of ES cells may reprogram can-
cer cells to a less aggressive state. She will review these and 
other fi ndings that allow for the targeting of tumor stem cell 
plasticity (Chap.   35    ). Rounding out the section on cancer 
stem cells, Alan Perantoni, Head, Differentiation and 
Neoplasia Section and Laboratory Chief at the National 
Cancer Institute in Frederick, Maryland will discuss the cor-
relation and relationship between stem cells and nephroblas-
toma/Wilms’ tumor (Chap.   36    ).  

   The Emerging Stem Cell Industry 

 The emergence of stem cell biology as a basic research fi eld 
has been met with cautious speculation that therapeutic 
potential may indeed exist which could signifi cantly impact 
certain areas of medicine. As mentioned in numerous 
instances above, a variety of disorders are potentially treat-
able, if not curable, utilizing stem cells as a base platform for 
cell or tissue replacement strategies. This last introductory 
section outlines the emergence of the growing stem cell 
industry, from a tissue replacement origin to regenerative 
medicine and fi nally stem cell medicine. 

   Tissue Replacement and Regeneration: 
A Historical Perspective 

 The replacement of diseased tissues and cells with other 
healthy living material for therapeutic purposes or the utiliza-
tion of living tissues in generation or regeneration of new tis-
sue has long been contemplated by scientists and doctors as a 

methodology to treat a variety of disorders. The science behind 
it has evolved considerably over the past 30 years. Cellular 
seeding in the context of therapy was initially studied from a 
2D culture and preparation perspective, without much success. 
After many struggles without 3D matrices, scaffolds were 
realized to be a key component to cellular seeding. In the 
1970s, pioneering researcher and medical doctor W.T. Green 
of Harvard Children’s Hospital pursued the spurring of new 
cartilage growth in nude mice via implantation of bone spic-
ules seeded with chondrocytes [ 127 ]. These studies were 
unsuccessful, but the concept of utilizing a novel 3D matrix to 
provide a cellular source for tissue replacement or regenera-
tion had been born. Throughout the 1980s researchers 
expanded upon this concept and developed a variety of plat-
forms for in vivo cell seeding and the term  tissue engineering  
was fi rst coined and proposed at a National Science Foundation 
meeting in 1987 (NSF Bioengineering and Research to Aid 
the Handicapped (BRAH) Program within the Engineering 
Directorate, 1987). Perhaps the most cited manuscript in this 
arena, at least at the time, was that published by Robert Langer 
of MIT and Joseph Vacanti of Harvard Children’s Hospital, 
which confi rmed the utility and functional capacity of a bio-
compatible and bio-absorbable synthetic matrix (yet another 
3D platform) to seed a variety of cell types into host animals 
[ 128 ]. Since this time the fi eld of regenerative medicine has 
evolved to encompass a broad range of therapeutic applica-
tions. From an industrial perspective, the 1990s saw an explo-
sion of tissue engineering companies, peaking at over 3,000 
full- time employees and $610 million in private sector invest-
ment capital in 2000 ([ 129 ] and see also the section on stem 
cells in regenerative medicine below). The vast majority of the 
companies were classifi ed as those focused on tissue engineer-
ing for the replacement of living skin. Companies such as 
Advanced Tissue Sciences, Integra Life Sciences and 
Organogenesis developed products that were derived from 
highly adaptive human foreskin or manufactured with colla-
gen, each produced with allogeneic cells but immunorejection 
turned out not to be a factor. Examples include ATS’s 
Transcyte ®  and Dermagraft ® . Transcyte is a human fi broblast- 
derived temporary skin substitute consisting of a polymer 
membrane and neonatal human fi broblast cells cultured under 
aseptic conditions in vitro on a nylon mesh. Dermagraft is a 
polymer coated with fi broblasts derived from human foreskin. 
It is composed of fi broblasts, extracellular matrix, and a bio-
resorbable scaffold. Genzyme also entered the skin replace-
ment arena with Epicel ® , an autograft of epidermal fi broblasts 
utilized primarily for burn victims with deep dermal damage 
over 30% of the body’s surface area. Interestingly, Epicel is 
manufactured in the presence of murine fi broblasts and is 
thus considered a xenotransplantation product, carrying the 
minimal risk of viral transmission from mice to humans. As 
such it is only utilized under the guise of a humanitarian use 
device (HUD) per FDA restrictions. In addition, around the 
same time Genzyme developed Carticel ® , a product based on 
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autologous cultured chondrocytes used to repair articular 
 cartilage injuries of the knee in adults who have not responded 
to a prior arthroscopic or other surgical repair procedure. 
It was based on methodology developed by researchers in 
Department of Orthopedic Surgery, University of Göteborg, 
Sahlgrenska University Hospital, Sweden whereby autolo-
gous chondrocytes were cultured for a period of 2–3 weeks in 
the patient’s own serum, eliminating any possibility of immune 
rejection ([ 130 ] and Fig.  11 ).

   In 1997 it was the only FDA approved autologous 
 chondrocyte cell replacement therapeutic on the market, yet 
it was an example of an effective treatment for disorders and 
anomalies other than those of the skin. Thus towards the end 
of the 1990s it became abundantly clear that tissue and cell 
replacement strategies were viable modes of effective, and 
profi table, therapeutics for numerous disorders.  

   Stem Cells as a Regenerative 
Medicine Platform 

 By the late 1990s not only had tissue engineering and 
replacement taken a fi rm foothold in industry it had become 
apparent that stem cells could indeed act as a platform for the 
development of cell-replacement therapeutics, and the fi eld 
of regenerative medicine quickly emerged. Key scientifi c 
advancements such as the identifi cation of neural stem cells 
in the adult brain [ 75 ,  76 ] and derivation of the fi rst human 
embryonic stem cell line [ 35 ] set the stage for an explosion 
of scientifi c advancements in the fi rst decade of the new mil-
lennium. These included the identifi cation of dermal stem 
cells in adult skin tissue [ 131 ], the discovery of cancer stem 
cells [ 132 ], the fi rst derivation of adult, fully mature dopami-
nergic neurons from human embryonic stem cells [ 133 ] suc-
cessful iPS [ 113 ] and initiation of the fi rst clinical trial of 
human embryonic-derived stem cells for treatment of spinal 
cord injury (Geron Corporation 2010   ) (see also Fig.  3  for a 
more comprehensive historical breakdown of scientifi c 
advancements in stem cell research). Yet it was not until 
2007 that the stem cell and regenerative medicine industry 
was considered legitimate. A clear breakthrough in industry 
interest from Wall Street occurred this year, and in the mid-
dle of 2007 there were over 170 regenerative medicine com-
panies fi elding over 6,100 full-time employees. Market 
capitalization of publically traded tissue engineering or 
regenerative medicine companies jumped to $4.7 billion in 
2007 from $300 million just 48 months prior in 2003. This 
was in contrast to an industry downturn where the total num-
ber of all regenerative medicine business units was a mere 89 
[ 129 ]. Thus the tissue engineering and regenerative medicine 
industries, for which stem cells have played a major role in 
driving their maturation, have survived both scientifi c 
advancement lulls and market fl uctuations to be poised for a 
considerable impact on therapeutics. Figure  12  illustrates a 
fraction of the diseases and anomalies that are being pursued 
for treatment via the use and application of stem cell plat-
forms. For a more comprehensive review of the broader tis-
sue engineering and regenerative medicine disciplines 
converging and emerging as an industry see Nerem [ 129 ].

   The industrial aspect of stem cells and stem cell biology 
would not exist if there were not a demand, or at least the 
prospect of a demand, at the medical and therapeutics levels. 

  Fig. 11    Diagrammatic illustration of the methodology on which 
Carticel is based (Courtesy Mats Brittberg [ 130 ] and the  New England 
Journal of Medicine ; reprinted with permission)       
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Part IV of this book focuses on stem cell transplantation as a 
cell replacement therapeutic strategy for the treatment of a 
variety of medical disorders. In it numerous stem cell-based 
strategies are described for the treatment of disorders such as 
liver degeneration, burns, diabetes, heart and ocular disor-
ders. For example, Shuibing Chen, Assistant Professor in 
Weill Cornell Medical College’s Department of Surgery in 
New York will discuss the application of human pluripotent 
stem cells for the treatment of diabetes via the directed dif-
ferentiation of these cells into pancreatic and endocrine pro-
genitors. Dennis Clegg, Professor in the Department of 
Molecular, Cellular and Developmental Biology at the 
University of California—Santa Barbara will discuss the 
application of stem cells for the treatment of age-related 
macular degeneration. Alan Trounson, President of the 
California Institute of Regenerative Medicine and Professor 
Emeritus at Australia’s Monash University will provide a 
comprehensive review of stem cell discoveries as they relate 
to translational medicine and real-world therapeutics appli-
cations. It is clear that recent advancements in stem cell 
research have given rise to a strong foundation of scientifi c 
knowledge setting the stage for almost limitless possibilities 
in tissue and cell replacement therapeutics. The regenerative 
medicine industry, albeit somewhat fl edgling and immature 
at the moment, is here to stay and poised to revolutionize 
medicine as we know it in the coming years.      
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           Introduction 

 Recent developments in stem cell technologies hold out the 
promise of fi nding treatments and cures to a wide range of 
conditions and diseases. With these advancements, however, 
come ethical concerns. Some ethical issues have been the 
focus of extensive commentary and analysis since the deriva-
tion of human embryonic stem cells (hESCs) in 1998 [ 1 ]. In 
particular, literature and policy debate have focused on the 
ethical appropriateness of using human embryos for stem 
cell research [ 2 ,  3 ]. As research in the fi eld of hESCs has 
advanced, the debate evolved from focusing solely on the 
propriety of destroying embryos for research purposes to a 
broader discussion of appropriate methods of creating 
embryos for research [ 4 – 6 ]. Much attention has been gener-
ated in response to the technique of somatic cell nuclear 
transfer (SCNT)—in which the nucleus of a somatic, or dif-
ferentiated, cell is placed into an oocyte, usually after the 
oocyte’s nucleus has been removed, thereby creating a type 
of cloned cell [ 7 ]—including whether SCNT will encourage 

human cloning for reproductive purposes [ 8 ,  9 ]. Additionally, 
ethicists and policy-makers have endeavored to address the 
development of human-animal chimeras [ 10 ], by focusing 
on the normative concerns related to animal welfare and 
questions about whether the creation of chimeras implicates 
notions of human dignity and the moral acceptability of 
crossing the “species barrier.” 

 In light of the substantial literature on these topics, this 
chapter will focus on more contemporary bioethical issues 
central to individuals’ participation in stem cell research as 
“human subjects”—both in the initial stages of research (as 
donors of gametes, somatic cells, or embryos) and, as the 
research progresses from bench to bedside, where humans 
may be participants in stem cell clinical trials or patients 
receiving innovative therapies. Both the acts of donation to 
stem cell research and participation in stem cell clinical trials 
are considered human subjects research, and protocols must 
adhere to the core principles of research: benefi cence, respect 
for persons, and justice [ 11 ,  12 ]. Benefi cence and its corol-
lary, non-malfeasance, place responsibility on researchers 
and research institutions to maximize the benefi ts and mini-
mize the harm to subjects [ 11 ]. Respect for persons requires 
recognition of the importance of individual autonomy and 
personal decision-making [ 11 ]. Finally, justice dictates the 
fair distribution of the risks and benefi ts of research, as well 
as availability of the products of research, across individuals 
and populations [ 11 ]. 

 This chapter explores how these core ethical principles 
may be implicated in research requiring donations of gam-
etes, embryos, and somatic cells and in clinical trials of stem 
cell therapies. The fi rst section of this chapter addresses cer-
tain rights of individuals who donate biological materials for 
the purposes of hESC research, including the necessity of 
providing voluntary informed consent and how compensa-
tion for participation may affect the voluntariness of such 
consent. The second section will evaluate ethical issues relat-
ing to the study of stem cell-based therapies in humans.  
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    Issues Arising from Donations of Biological 
Materials to Human Embryonic Stem Cell 
Research 

 Autonomous decision-making about donating biological 
materials for stem cell research requires the provision of 
fully informed, voluntary authorization or agreement [ 11 ]. It 
obligates institutions and researchers to disclose the nature 
and purpose of the research, as well as the potential risks and 
benefi ts of participation, in a manner that promotes true 
comprehension of the information provided. 

 While ensuring that fully informed, voluntary consent can 
be challenging to all forms of stem cell research and human 
subjects research generally, it may be more complicated in 
the hESC research context due to the complexity of the 
research, the potentially wide distribution of stem cell lines 
derived from donated biological materials, the downstream 
potential of this research, and the provision of compensation 
for participating in research through acts of donating. 
Donations to stem cell research also challenge the central 
notion of what it means to “participate” in research, particu-
larly when examining various stakeholders’ rights to control, 
direct, or fi nancially benefi t from stem cell lines and other 
derivative products that have been substantially altered from 
the original donated material. 

    Consent to Donation of Clinically Excess 
Gametes and Embryos for Research Purposes 

 Gametes and embryos typically are donated to stem cell 
research after they have been harvested in the context of 
reproductive treatment (i.e., in vitro fertilization (IVF)) but 
are no longer considered clinically necessary. Analyzing the 
adequacy of informed consent for donation of clinically 
excess gametes and embryos requires an examination of (1) 
whether the donor was apprised of all alternatives to partici-
pating in the research by donating, (2) the timing of the con-
sent in relation to the transfer of the materials to the research 
protocol, (3) the specifi city of the consent to research, and 
(4) from whom consent was obtained. 

 First, in order for an individual to make a fully informed 
decision to participate in research, he or she must understand 
the alternatives to participation. In the case of donating clini-
cally excess gametes and embryos to stem cell research, 
donors should be apprised, at a minimum, that these materi-
als may be (1) provided to others for procreative purposes, 
(2) donated for research, or (3) destroyed [ 5 ,  13 ]. 

 Second, at the initiation of the reproductive treatment, 
those undergoing IVF are often offered the option of provid-
ing clinically excess gametes and embryos to research after 
the treatment is either successful or halted for other reasons. 

The timing and nature of this initial consent raise ethical 
issues when it is relied on as the sole consent to donation to 
stem cell research. It is unlikely that a general consent to 
research at the beginning of a reproductive process would 
include specifi c information regarding the nature and type of 
research that would occur if the excess biological materials 
were donated to research. Individuals also may not be fully 
aware of the consequences of their decision to participate in 
a specifi c research project or the implications of allowing 
derivation of stem cell lines from excess materials. 
Individuals also likely would not be apprised of any new 
information generated after the time of the initial consent, 
including possible advances in research techniques or addi-
tional alternatives to donation. Obtaining re-consent—par-
ticularly where such re-consent is more specifi c to the 
research study and the potential risks and benefi ts of partici-
pating in the research—closer to the time of transfer to the 
research facility may help obviate concerns that the individ-
ual did not make a fully informed choice about participating 
in research. However, because of the diffi culties in tracking 
down individuals for re-consent after signifi cant time has 
elapsed, many commentators have asserted that it may also 
be ethically acceptable to use gametes and embryos in stem 
cell research if general consent to research was provided at 
the time gametes or embryos were harvested for IVF pur-
poses [ 6 ] and re-consent is prohibitively diffi cult [ 4 ]. 

 Third, when considering the donation of clinically excess 
embryos to research, determining which parties should pro-
vide consent research is a contentious issue. In other research 
contexts, informed consent need only be provided by a sin-
gular person who may become a research participant. In con-
trast, to procure an embryonic stem cell line, multiple parties’ 
autonomy rights may be implicated—including those who 
have control or custody of embryos (who may or may not be 
biologically linked to the embryos) and third-party donors of 
gametes (who may have intended those gametes to be used 
only for reproductive purposes) [ 4 ,  6 ,  13 ]. Because the par-
ties who have dispositional authority over the embryos may 
not be the same individuals whose biological materials com-
prise the embryo, signifi cant privacy and autonomy concerns 
arise [ 14 ,  15 ].  

    Ethical Issues Arising from Stem Cell Line 
Banking and Wide Distribution of Lines 

 Once stem cell lines are derived, they are commonly depos-
ited in stem cell banks for storage and distribution. These 
repositories maintain records of donor information, such as 
ethnic background, infectious disease screening results, and 
medical history, so that proper lines will be disseminated to 
researchers seeking to study certain traits or diseases [ 16 ]. 
These repositories facilitate information sharing among 
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researchers regarding stem cell lines available to the scien-
tifi c community and promote effi cient domestic and interna-
tional transfer of lines [ 16 ]. But while banking and registries 
help facilitate research, they also raise a host of autonomy 
issues for donors. 

    Consent to Future Research 
 As a basic aspect of informed consent, a participant should 
comprehend the nature and type of research in which they 
may participate. However, while researchers may be able to 
disclose and describe to gamete, embryo, or tissue donors the 
types of research they intend to conduct with any stem cell 
lines derived from their biological materials, the eventual 
banking and wide distribution of the lines makes it a near 
impossibility either for the researcher to disclose or the par-
ticipant to consent to all types of future research. This par-
ticularly applies once stem cell lines are transferred 
internationally, where research rules may differ substantially 
from those in the donors’ home countries. 

 At a minimum, an effective informed consent process 
should make donors aware of whether they will be able to 
place restrictions on immediate or future uses of their 
donated tissues. In order to allow for future research using 
donated biological materials, it is necessary for potential 
donors to understand that derived stem cell lines may be 
kept and stored for many years and used in future studies 
and that future research protocols may use the lines in ways 
that are currently not known or unforeseeable. Although the 
option of allowing donors to consent to certain types of 
research but not others has been considered [ 6 ], doing so 
would arguably impede research and may be practically 
unenforceable. Some jurisdictions have dealt with this issue 
by ensuring that donor consent forms clearly state that if the 
individual is uncomfortable with the idea that stem cell lines 
derived from their biological materials may be used in ways 
that are unknown at the current time, they should abstain 
from donating [ 13 ].  

    Withdrawal of Donated Materials from Research 
 Stem cell research challenges traditional notions of research 
“participation” and its attendant rights—including the right 
to withdraw from the research. According to generally 
accepted principles of human subjects research, any partici-
pant who enrolls in a research protocol has the right to with-
draw from the study at any time without prejudice [ 17 ]. 

 The issue of withdrawal arises on two levels in stem cell 
research: the right to withdraw the originally donated bio-
logical materials and the right to withdraw the stem cell lines 
derived from these materials. It is generally accepted that a 
donor has the right to withdraw his or her biological sample 
until the time the sample has itself been used in the research 
[ 5 ]. A donor arguably has the ethical right to withdraw con-
sent to the usage or storage of any tissue that has not been 

used in the research. Currently, most ethical guidelines 
include the opportunity to withdraw consent up until an indi-
vidual’s gametes or embryos are used in cell line derivation 
and/or when identifying information has been stripped from 
the donated sample [ 4 ,  15 ]. 

 However, the issue of withdrawal becomes more chal-
lenging once stem cell lines have been derived, manipulated, 
and combined with other biological materials, implicating a 
key concern: at what point—if any—is the original donor no 
longer considered a participant in research? 

 For those who believe that these downstream products are 
tied inextricably to the original donor (regardless of the 
degree of derivation and manipulation), the donor arguably 
should have the right to withdraw not only his or her actual 
biological sample but also the stem cell lines derived there-
from. Others counter that the protections contained in human 
subjects research laws and regulations were originally con-
ceived in order to prevent involuntary participation in 
research [ 18 ], particularly protocols involving physical harm 
or bodily violations. Depending on how one defi nes “research 
participant,” it may follow that once derivations and manipu-
lations of stem cell lines have proceeded, the original donor 
does not have the same rights and is not entitled to the same 
degree of protection as other research participants. Notably, 
however, existing policy and current academic literature 
appear to acknowledge that the US federal rules and regula-
tions governing informed consent for research with human 
subjects also apply to most research with biospecimens, 
except in some limited conditions [ 19 – 21 ]. 

 Drawing a line after which withdrawal is prohibited—
regardless of where that line is drawn—calls into question 
donors’ continued status as a research participant and impli-
cates their autonomy interests and privacy rights [ 22 ,  23 ]. It 
also gives rise to concerns related to bodily integrity and 
property rights in the tissue [ 24 ]. 

 Importantly, even if the right to withdraw downstream 
stem cell products is ethically appropriate, its practical unen-
forceability could render the right moot. More specifi cally, 
worldwide distribution of stem cell lines—which are almost 
universally coded or otherwise de-identifi ed—may severely 
limit the ability to trace or identify the lines a donor wishes 
to withdraw [ 23 ]. Accordingly, it is essential to inform a 
potential participant of the extent to which he or she may be 
able to withdraw consent to usage of the donated biological 
materials as well as the stem cell lines and other products 
derived therefrom.   

    Return of Research Results 

 Another fundamental question relating to the donation of 
biological materials is whether there is an ethical duty to 
return research fi ndings—whether the results are directly 

Contemporary Ethical Issues in Stem Cell Research



32

related to the research (“individual research results”) or not 
directly related to the central research question (“incidental” 
fi ndings)—to research participants [ 25 ]. Stem cell research 
raises particular challenges to result verifi cation. For exam-
ple, induced pluripotent stem cells (iPSCs) may have been 
genetically modifi ed, or embryos derived from donor 
 gametes may not be identical to donor genomes. Thus, it 
may be uncertain whether a presumed fi nding is valid unless 
it can be replicated with a fresh specimen from the donor. 

 The ethical implications of requiring return of research 
results may be intensifi ed as the discovery of clinically rele-
vant and scientifi cally valid information becomes more fre-
quent and donors increasingly express a desire to receive 
these fi ndings. Supporters of a duty to return results rely 
upon the principles of respect for persons and autonomy, as 
well as the notion that individuals have an interest in obtain-
ing personally relevant results and information about the 
research in which they participated. Among other factors, the 
nature and duration of the relationship between the research 
participant and the researcher may be the most important in 
determining whether a duty to return results exists [ 26 ]. A 
duty to return may also hinge on considerations related to 
ownership, property rights, autonomy, and an individual’s 
status as a “research participant.” 

 There are also practical considerations in considering the 
return of results to donors. First, the obligation to return 
results may strain already limited resources and delay 
research—particularly in jurisdictions that require that any 
discussion of genetic information be conducted by a clini-
cian with particular expertise. Second, where samples are de- 
identifi ed, locating the individual who donated the sample 
may be practically impossible. Third, if, during the consent 
process, researchers tell potential participants that research 
results may be returned, some donors may not seek medical 
treatment or undergo testing that they otherwise would have 
because of a misunderstanding that researchers would notify 
them of any and all negative fi ndings.  

    Compensation of Oocyte Donors for hESC 
Research 

 Encouraging involvement in scientifi cally valuable research 
by providing compensation to research subjects is the subject 
of much ethical discussion [ 27 ]. In the context of stem cell 
research, it is well settled that no compensation should be 
provided to those who donate clinically excess gametes and 
embryos because these donors have not expended any addi-
tional time or been subject to additional risk, and compensa-
tion could be construed as purchasing the bodily materials 
themselves. However, the issue of whether or not and to what 
extent women who donate their oocytes directly and solely 
for stem cell research should be compensated has been the 
subject of much debate [ 9 ]. While direct reimbursements for 

the costs associated with the donation process, such as travel 
costs or time taken out of work, are relatively commonplace 
[ 6 ], some commentators and policy-makers assert that 
women should be compensated beyond direct expenses for 
the substantial time, burden, and discomfort associated with 
the donation process [ 15 ]. 

 The process of undergoing hormonal stimulation for egg 
harvesting can be a lengthy and potentially risky process. 
Although it appears that serious complications rarely accom-
pany the egg harvesting process, some uncertainty remains 
regarding the frequency and severity of such risks, due to the 
dearth of long-term studies of risk conducted on donors [ 28 –
 30 ]. Some scholars assert that compensation for donation 
fairly promotes a mutual benefi t for both the researcher and 
the donor [ 31 ] and appropriately acknowledges the woman’s 
contribution and effort. 

 Others have argued that justice demands that compensa-
tion beyond direct expenses should be provided to women 
who donate their oocytes directly to research, as women in 
the USA have historically been allowed such compensation 
for the parallel act of donating oocytes for reproductive pur-
poses [ 9 ]. Indeed, the medical procedures and risks associ-
ated with oocyte donation are the same, regardless of the 
purpose for which the eggs are intended. 

 However, some commentators have asserted that compen-
sation of oocyte donors may compromise a potential donor’s 
ability to provide free and voluntary informed consent. 
Compensation may become coercive if it blinds a person to 
the risks involved in the research or if it leads a person to 
conceal or misrepresent information that would disqualify 
his or her from being eligible to participate [ 32 ]. Few studies 
have been conducted that support the argument that reason-
able compensation affects a person’s perception of risk pre-
sented by a protocol [ 33 ,  34 ]. Exactly what may constitute an 
undue inducement to participate in hESC research is unclear, 
as it must be determined on a case-by-case basis. In deter-
mining whether compensation qualifi es as undue induce-
ment, ethicists and policy-makers may consider whether the 
fi nancial incentive serves as the primary or sole reason for an 
individual to donate oocytes for research [ 35 ,  36 ]. 

 Further, it has been asserted that compensation of oocyte 
donors may not protect donors from exploitation or appropri-
ately respect the integrity of their biological materials. 
Compensating oocyte donors may exploit underprivileged 
populations who would not otherwise choose to engage in 
research. Scholars also worry that compensation of oocyte 
donors may lead to the “commodifi cation” of human bio-
logical materials, undermining the dignity or meaning of 
human life. These concerns may lead to prohibitions on 
compensation for the number or quality of eggs donated [ 15 , 
 32 ,  37 ]. Whether or not compensation for oocyte donation is 
analogous to purchasing biological materials or providing an 
incentive commensurate with the risk undertaken by the pro-
vider is still a topic of great debate [ 38 – 40 ]. 
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 While donors of oocytes for hESC research in the USA 
have historically not been compensated beyond reimburse-
ment for out-of-pocket costs and medical expenses related to 
the donation [ 6 ,  7 ], New York State has adopted policies that 
permit capped compensation of women for the time, burden, 
and discomfort associated with the donation process, so long 
as the donor also has been fully apprised of—and compre-
hends—the risks associated with donation [ 41 ]. This policy 
refl ects how compensation for donation of oocytes for hESC 
research may promote a balance between the individual and 
societal benefi ts of the research and the risks posed to 
research participants.   

    Ethical Issues Involving Translational Stem 
Cell Research 

 Clinical stem cell research has the potential to expand the 
range of therapies available for neurological or other kinds of 
disease and may be progressing more rapidly than the nor-
mative considerations applying to these research practices 
[ 42 ,  43 ]. While some cell-based therapies are already the 
standard of care for certain medical conditions, many other 
types of stem cell products may soon have clinical value. The 
increased focus on moving stem cell science from bench to 
bedside makes the need for ethical guidance for testing and 
using novel stem cell therapies in humans particularly acute 
[ 44 ]. The following section will focus on the ethical consid-
erations associated with clinical application of stem cell 
products. 

    Challenges to the Already Fluid Boundary 
Between Medical Practice and Scientifi c 
Research 

 Translational stem cell research involves the close—and 
often overlapping—connection between research and medi-
cal practice. Indeed, stem cell-based clinical research 
involves the shared interests of the two enterprises, as 
researchers and medical practitioners alike employ novel 
therapies and scientifi c theories. However, prevailing ethical 
principles distinguish scientifi c research from medical treat-
ment. It is commonly accepted that scientifi c research pro-
motes “generalizable knowledge” for the entire population, 
whereas medical treatment focuses on the well-being of the 
individual patient [ 11 ]. 

    Clinical Research Paradigm and Medical 
Innovation Model 
 Clinical application of cell-based therapies may fall within 
the traditional research paradigm. Typically, research pro-
ceeds in three sequential stages, in which researchers con-
duct experiments in vitro, then in vivo, and fi nally in human 

subjects. Clinical research, defi ned as any trial to evaluate 
the effectiveness and safety of medications or medical 
devices by monitoring their effects on large groups of indi-
viduals, represents the commonly recognized model for 
human subjects research [ 12 ]. These trials aim to produce 
generalizable knowledge that will yield benefi ts to a wider 
population or society at large. A number of clinical trials 
involving stem cell-based therapies for a variety of different 
diseases are currently underway [ 45 ]. 

 Where trials of stem cell-based therapies are presented as 
an alternative to existing treatment options, researchers and 
oversight committees should consider the principle of clini-
cal equipoise—i.e., the genuine uncertainty among expert 
clinicians about the relative merits of an investigational 
intervention and the available alternatives—when deciding 
which model to pursue [ 46 ]. In doing so, researchers should 
address whether a protocol or intervention is designed solely 
to deal with the research question or if it may have potential 
therapeutic benefi t [ 47 ]. Clinical equipoise assessments are 
based on the expected benefi ts and burdens of the interven-
tions for the overall patient population rather than on particu-
lar individuals’ unique characteristics. When an intervention 
is known to be particularly risky, or individuals are randomly 
assigned to an inferior therapy, clinical equipoise does not 
exist [ 48 ,  49 ]. 

 The medical innovation model may offer clinicians the 
opportunity to provide potentially benefi cial stem cell-based 
therapies outside the context of a formal clinical trial. 
Innovative therapies should (1) have an appropriate scientifi c 
rationale, (2) provide an explicit explanation for why the 
researchers need to pursue a more experimental option, and 
(3) include a well-articulated characterization of the treat-
ment regimen as well as a suffi cient data reporting plan, par-
ticularly for adverse events [ 50 ]. This model is distinguishable 
from the clinical research model in that the former concen-
trates on the welfare of the individual patient, while the latter 
focuses on scientifi c results that can be applied to a broader 
patient population [ 51 ,  52 ]. Although a suffi cient evidentiary 
base is necessary for using medical innovations, medical 
innovation is not standardized to a point where a trial is 
appropriate. 

 Notably, although the clinical research model and the 
medical innovation model differ, the two paradigms are not 
incompatible. In some cases, medical innovation (with ade-
quate preclinical evidence to support the intervention and 
appropriate ethical oversight) [ 51 ] may be an important 
alternative to the slower-moving clinical research process for 
individuals with serious illnesses and limited treatment 
options [ 53 ]. 

 Moreover, the distinctions between the protections offered 
by the clinical research model and the medical innovation 
model may be mitigated by encouraging physician-scientists 
who provide innovative therapies to share any relevant infor-
mation with other researchers and to move therapies that are 

Contemporary Ethical Issues in Stem Cell Research



34

successful for critically ill individuals into large-scale clini-
cal trials when possible [ 54 ]. In addition, by applying the 
criteria of medical innovation in surgical procedures to stem 
cell interventions, the medical innovation model could fur-
ther approach the level of ethical oversight and protection 
ensured under the clinical research paradigm [ 51 ,  55 ]. In the 
case of studies of cell-based therapies, particularly those that 
deviate from the standard of care, the two models at issue—
clinical research and medical innovation—should emphasize 
the scientifi c validity of the intervention. Both models also 
require intensive follow-up and evaluation.  

    Clinical Use of Unproven Medical Interventions 
 In contrast to the clinical research and medical innovation 
models, an ethically unacceptable approach to translational 
stem cell research is the clinical use of unproven medical 
interventions that do not have suffi cient previous research or 
demonstrable evidence that the procedures are safe and 
effective in the target population. This model, often referred 
to as the unproven intervention model, is distinguishable 
from the medical innovation model by its failure to support 
its interventions with adequate preclinical evidence [ 56 ]. As 
a result, although the medical innovation model and the clin-
ical research paradigm may be able to coexist within a single 
ethical and research framework, the use of unproven stem 
cell interventions may not meet the ethical standards estab-
lished and expected by the research community and beyond. 

 As noted above, a suffi cient evidentiary base is one of the 
core ethical requirements for using medical innovations [ 53 ]. 
Unlike medical innovations, unproven interventions gener-
ally do not include objective follow-up of patients and inde-
pendent evaluation. The ability to differentiate objectionable 
unproven treatments from valid medical innovations is one 
of the key challenges facing those concerned with the integ-
rity of stem cell treatments. 

 Some commentators have maintained that people should 
be permitted to select medical treatment based on their per-
sonal level of risk tolerance, but respect for patient autonomy 
may not always justify softening basic ethical protections. 
On the contrary, it may be imperative to ensure that appropri-
ate safeguards apply to procedures offered to the desperately 
ill, as they may be particularly vulnerable to abuse or 
coercion. 

 In the absence of regulatory oversight, patients and clini-
cians are often left to weigh the risks and benefi ts of a par-
ticular stem cell therapy, despite a lack of equipment to 
successfully perform this task. However, physicians can still 
provide invaluable protection against ethically unsupport-
able unproven interventions. The professional obligations of 
physicians, as exemplifi ed by the duty to minimize harm, 
may prohibit them from providing these therapies to patients. 
Empirical evidence suggests that many novel stem cell-based 
therapies are not effective or safe enough at this time to war-

rant distribution in the clinic [ 54 ,  57 ]. Recent deaths or 
severe physiological responses of patients who received 
unproven medical treatments have raised concerns about the 
stem cell clinics that have delivered these treatments [ 58 ]. 

 Patients seeking stem cell interventions frequently 
travel—sometimes abroad to foreign countries—giving rise 
to what is commonly referred to as “stem cell tourism” [ 59 ]. 
Although not all travel for innovative therapies is ethically 
problematic, many in the scientifi c community have 
expressed concern that lucrative stem cell treatments are 
being aggressively marketed to desperate patients without 
appropriate safeguards to ensure the safety and potential 
effectiveness of the advertised interventions and without a 
mechanism to prevent misleading or fraudulent claims [ 60 –
 62 ]. Approved stem cell therapies remain rare, and clinics 
offering unapproved stem cell treatments are frequently, 
though not exclusively, located in countries that are not 
known for their biomedical research [ 60 ]. In such cases, the 
jurisdiction in which an advertised procedure is offered does 
not indicate the extent to which such treatment “adheres to 
the widely accepted translational pathway from basic sci-
ence to clinical application” [ 61 ]. 

 In response to the explosion of stem cell-related market-
ing and tourism, efforts should be made to promote safe and 
effective treatments and prevent misleading or fraudulent 
advertising through demands for improved transparency of 
the methods, results, expertise, and oversight of clinics offer-
ing stem cell interventions [ 61 ].   

    Challenges to the Ethical Principles Central to 
Human Subjects Research 

 As with other fi rst-in-human clinical trials, translational stem 
cell research may require adopting and altering existing 
research oversight procedures in order to uphold the core 
ethical principles of human subjects research [ 54 ,  55 ,  63 ]. 
The clinical application of novel stem cell therapies may 
present unforeseeable risks and benefi ts to subjects and 
therefore require additional or different forms of oversight 
[ 64 ]. Research oversight committees, including institutional 
review boards (IRBs) and, in some instances, Embryonic 
Stem Cell Research Oversight Committees (ESCROs) or 
Stem Cell Research Oversight Committees (SCROs), must 
carefully weigh the risks and benefi ts to participants and 
monitor them over the course of the trial and consider study 
design issues (e.g., the potential harms, benefi ts, and safety 
of different clinical trials) [ 6 ,  54 ]. 

 While IRBs and ESCROs or SCROs are traditionally 
based in a single institution, effectively overseeing complex 
translational stem cell research may require expertise from 
more than one type of institution [ 65 ]. Relying on a more 
centralized strategy could encourage a “higher-level” review 
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process [ 51 ,  65 ,  66 ]. By promulgating ethical standards per-
taining to risks and benefi ts, a central committee could also 
facilitate information sharing among different research insti-
tutions that are using the same stem cell lines to produce and 
test their potential therapies [ 2 ]. 

 In addition to differing oversight procedures, the informed 
consent process must also account for the complex risks and 
the potential for unknown complications necessitating peri-
odic health assessments or withdrawal from a study [ 63 ,  67 ]. 
Ensuring that participants provide fully informed consent to 
participate in stem cell clinical trials is particularly challeng-
ing in light of the unique level of publicity surrounding this 
area of research. Stem cell research also may exacerbate the 
therapeutic misconception, which arises when research par-
ticipants do not understand the distinction between treatment 
and research [ 68 ,  69 ]. Individuals participating in novel stem 
cell trials may believe that their participation will necessarily 
include a therapeutic benefi t. When the therapeutic miscon-
ception is coupled with the promises of commercial stem cell 
therapies that have not been substantiated by scientifi c evi-
dence, participants may become further confused or misled 
as to the benefi ts of participation. Thus, a particularly rigor-
ous informed consent process is essential to ensure that 
potential participants are fully informed of the risks and ben-
efi ts of participating in stem cell research and understand the 
distinction between research and clinical care. 

 Additionally, where stem cell therapies seek to treat or 
cure conditions that impair cognitive function, such as 
Alzheimer’s disease, clinical trials will, by necessity, need to 
enroll individuals suffering from those conditions [ 43 ]. 
Because these individuals may lack the capacity to provide 
fi rst-person consent, special procedures should be in place to 
ensure that these clinical trials are conducted according to 
stringent ethical standards. Institutional oversight commit-
tees should consider additional protections for vulnerable 
populations, methods of communicating the risks and bene-
fi ts to individuals that will maximize their comprehension 
and foster individual’s assent or dissent to participation, and 
rules for appointing surrogate decision-makers in the event 
that the individual is incapable of providing fully informed, 
valid consent. 

 Finally, once therapies become widely available, the prin-
ciple of distributive justice may mandate affordable access to 
resulting therapies and treatments for those who participate 
in publicly funded translational stem cell research. It may be 
advisable that relevant stakeholders—including researchers 
in academic and private companies, government funding 
organizations, patients, and providers—consider, in advance, 
how to ensure the fair and transparent distribution of stem 
cell therapies and products. Providing access to the benefi ts 
of translational stem cell research for the broader community 
may ameliorate increasing societal concern about health 
disparities.   

    Conclusion 

 Applying well-established ethical frameworks to the design 
and conduct of stem cell research involves recognition of the 
varied ways individuals can contribute to or participate in 
stem cell research—as donors of gametes, cells, or embryos 
for hESC research, as participants in clinical trials, or as 
recipients of innovative stem cell-based therapies. Acquiring 
the biological materials to perform stem cell-based research 
should abide by norms that recognize donors’ rights. 
Additionally, the biological nature of stem cells may make it 
diffi cult for research institutions to abide by the three main 
principles governing human subjects research in testing 
novel stem cell-based therapies: benefi cence, respect for per-
sons, and justice. Finally, experiments studying the clinical 
application of stem cells continue to blur the distinction 
between research and medical treatment. The three 
approaches to introducing stem cell-based therapies in 
humans—the clinical research paradigm, the medical inno-
vation model, and the clinical use of unproven interven-
tions—are not always adequately protective of participants 
nor are they necessarily compatible. 

 Despite the continuing need to address ethical questions 
central to stem cell research involving human subjects, it is 
clear that stem cell research will continue to advance. As it 
does, policy-makers, ethicists, researchers, and oversight bod-
ies should consider how best to ensure that donors’ rights are 
respected and research participants are adequately protected.     

  Disclaimer   The views expressed in this chapter are solely those of the 
authors and do not necessarily represent those of the Empire State Stem 
Cell Board, the New York State Task Force on Life and the Law, the 
New York State Department of Health, Health Research, Inc., or the 
New York State Government.  
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     Abbreviations 

   2i    Two inhibitors   
  AVE    Anterior visceral endoderm   
  bFGF    Basic fi broblast growth factor   
  BMP    Bone morphogenetic protein   
  E    Embryonic day   
  EC    Embryonal carcinoma (stem cell)   
  EG    Embryonic germ (stem cell)   
  emVE    Embryonic visceral endoderm   
  EPI    Epiblast   
  EpiSC    Epiblast-derived stem cell or epiblast stem cell   
  ES    Embryonic stem (cell)   
  exVE    Extraembryonic visceral endoderm   
  FGF    Fibroblast growth factor   
  FGFR    Fibroblast growth factor receptor   
  gp 130    Glycoprotein 130   
  hES    Human embryonic stem (cell)   
  HSC    Hematopoietic stem cell   
  ICM    Inner cell mass   
  iPS    Induced pluripotent stem (cell)   
  LIF    Leukemia inhibitory factor   
  LIFR    Leukemia inhibitory factor receptor   
  MEF    Murine embryonic fi broblasts   
  NT ES    Nuclear transplant embryonic stem (cell)   
  PE    Parietal endoderm   
  PGC    Primordial germ cell   
  PrE    Primitive endoderm   
  SF    Steel factor   

  TE    Trophectoderm   
  TS    Trophoblast stem (cell)   
  VE    Visceral endoderm   
  XEN    Extraembryonic endoderm (cell)   

          Multipotential Cells in Early Mammalian 
Development 

 Throughout mammalian development, there exist only a few 
proven totipotent cells. Following fertilization, the zygote 
has the potential to differentiate into all cell types of the fetal 
membranes and placenta, as well as all cell types of the body, 
a capacity that defi nes totipotency. As the cleavage divisions 
take place, the earliest blastomeres also share this capacity, 
but by the time the blastocyst forms, cells have become lim-
ited or fi xed in their potential such that pluripotent but not 
totipotent cells are present. In the course of development, the 
progeny cells of the zygote continue to divide and differenti-
ate into cell types with different characteristics. As a part of 
this progression, specifi c populations of cells are imbued 
with the dual capacity of producing more cells exactly like 
themselves and of producing cells different from themselves 
through cellular differentiation. These self-renewing cells 
with the potential to differentiate are termed stem cells and 
are an essential part of normal growth and development. 
Their existence and persistence for different periods of time 
during embryogenesis has been the subject of curiosity and 
investigation since the earliest days of embryology. Questions 
regarding the potency of stem cells, their determination, and 
the control of their differentiation have been posed in order 
to better understand the great mystery of embryogenesis. 
Recently, interest in pluripotent stem cells has taken a more 
practical turn as their potential clinical application for the 
repair or replacement of failing or damaged organs enter the 
realm of possibility. Whether stem cells from the embryo can 
be harnessed and utilized in this way has yet to be demon-
strated, but the ease of their isolation, purifi cation, and prop-
agation, as well as control over their ultimate differentiation, 
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will determine the eventual usefulness of embryo-derived 
stem cells in regenerative medicine.  

    Role of Embryonic Stem Cells in 
Development 

    Lineage Specifi cation and Pluripotent Cells 
Within the Early Embryo 

 The totipotent cells of the cleaving mammalian embryo com-
pact to form a morula and become radially polarized. This 
ball of cells gives rise to a cystic structure called the blasto-
cyst by a process of cavitation at around embryonic day (E) 
3.5 (Fig.  1 ). During this process, the developmental potential 
of the blastomeres gradually becomes restricted, giving rise 
to distinct cell lineages. Prior to its implantation in the uterus, 
the late blastocyst-stage embryo comprises three molecu-
larly and spatially distinct cell lineages: the epiblast (EPI), 

the primitive endoderm (PrE), and the trophectoderm (TE) 
(Fig.  2 ). The pluripotent EPI lies in the interior of the inner 
cell mass (ICM) of the blastocyst and is encapsulated by the 
predominantly extraembryonic PrE, located on the surface of 
the ICM, and the TE, which comprises the epithelial surface 
of the blastocyst and is in contact with the outer environment 
[ 1 – 3 ]. The TE forms the fetal portion of the placenta, while 
the PrE gives rise to the yolk sac. By contrast the EPI gives 
rise to most of the fetus and adult organism.

    Two cell fate decisions take place during preimplantation 
development that ensure the proper specifi cation and spatial 
segregation of the extraembryonic lineages from the pluripo-
tent EPI. The fi rst involves the specifi cation of the TE from 
the ICM; the second occurs within the ICM and involves the 
segregation of the PrE from the EPI. It was originally thought 
that position alone infl uences lineage allocation, such that 
outer blastomeres give rise to TE, segregating it from the 
ICM, and thereafter outer ICM cells in contact with the blas-
tocoel cavity form the PrE. However, this strictly position- 

  Fig. 1    Overview of mouse embryonic development: from fertilization to 
midgestation. After fertilization has taken place within the oviduct, the 
preimplantation stage embryo makes its way to the uterus. The fi rst cell 
division, or cleavage, occurs approximately a day after fertilization. 
Thereafter cleavages take place approximately every 12 h. Transcription 
from the zygotic genome begins at the 2-cell stage (E1.5). Totipotency is 

lost by the time the embryos have entered the uterus (~E2.5). After hatch-
ing out of the zona pellucida, the mature blastocyst induces a decidual 
response and implants into the receptive uterus (E4.5). The latter half of 
embryonic development takes place within the uterus, with a maternal- 
fetal interface established between the trophoblast of the embryo and the 
maternal deciduum, eventually forming the mature placenta       
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based model has been challenged by studies showing that 
cell lineage allocation is strongly infl uenced by the expres-
sion of certain lineage-specifi c transcription factors [ 4 ,  5 ]. 
Initially, markers of derivative lineages, such as NANOG for 
EPI and GATA6 for PrE, are co-expressed in individual cells 
at variable levels, but expression subsequently becomes 
mutually exclusive as cells are biased to a particular lineage. 
It is debatable, however, whether these precursor cells, 
although biased to a specifi c lineage, exhibit plasticity 
depending on context. A cell’s potential, i.e., what it is capa-
ble of doing under experimental conditions, may not neces-
sarily refl ect the lineage for which it exhibits marker-specifi c 
expression. Recent studies have addressed this question by 
revealing that PrE precursor cells exhibit greater develop-
mental plasticity than EPI precursor cells and that plasticity 
is lost once the cells have sorted to their respective tissue 
layers and the PrE begins to epithelialize [ 6 ]. Moreover, the 
developmental potential of early ICM cells is greatly infl u-
enced by signaling pathways such as the FGF/MAPK signal-

ing pathway [ 7 ]. In the mouse, inhibition of FGF/MAPK 
signaling shifts all ICM cells to a NANOG-positive EPI fate, 
whereas removal of inhibition results in the restoration of the 
PrE lineage, indicating that the ICM cells retain a highly 
plastic state [ 8 ]. Rather surprisingly, however, this lineage 
segregation event in early bovine and human embryos, in 
contrast to rodents, does not appear dependent on FGF sig-
naling [ 9 ,  10 ]. 

 After implantation, the process of gastrulation takes place 
whereby cells of the EPI rearrange by morphogenetic move-
ments through the primitive streak to form the three germ lay-
ers: ectoderm, mesoderm, and defi nitive endoderm. As tissues 
are progressively formed in development, embryonic cell 
potential gradually becomes narrower until almost all of the 
cells of the embryo have acquired a highly restricted develop-
mental potential. The property of pluripotency then resides 
only in a relatively small population of cells, the primordial 
germ cells (PGCs), which are the progenitors of the male and 
female germ cells and eventually the gametes (Fig.  3 ).

  Fig. 2    Lineages of the fi rst three cell types to differentiate in the mouse 
embryo. The fetus and the extraembryonic mesoderm develop exclu-
sively from the EPI. The PrE, which differentiates from the ICM at the 

late blastocyst stage, gives rise to the extraembryonic endoderm. The 
TE of the blastocyst gives rise to the trophoblast giant cells and a large 
part of the chorioallantoic placenta       
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       Harnessing the Potential of Embryonic Cells 

 Embryos increase in size at a phenomenal rate while at the 
same time differentiating a variety of cell types. One means to 
accomplish this feat is the rapid expansion of multipotential 
cell populations in specifi c lineages at different stages of 
development, prior to their further differentiation. This results 
in what can be thought of as transitory populations of stem 
cells with the capacity to reproduce similar cells, often 
referred to as transit amplifying cells, with similar develop-
mental potential [ 11 ]. These stem cell populations exist only 
briefl y in the rapidly changing embryo, but their stem cell 
capacity can be revealed and exploited by experimental inter-
vention, which essentially “captures” the cells in a prolifera-
tive, stem cell state. Study of these cells constitutes the fi eld 
of embryonic stem cell research, which began with the study 
of spontaneous gonadal tumors of germ cell origin, the terato-
carcinomas. In the 1970s, it was discovered that teratocarci-
nomas could also be derived following the grafting of early 
embryos into ectopic sites in adults. These tumors consist of 
a chaotic array of differentiated embryonic cell types, as well 

as undifferentiated stem cells that can be propagated and/or 
differentiated in culture and can take part in embryonic devel-
opment in chimeras in vivo [ 12 – 15 ]. The stem cells of terato-
carcinomas were termed embryonal carcinoma (EC) cells and 
were thought to be the counterpart of pluripotent cells within 
the early embryo. Work with EC cells spurred the search for 
a means of deriving stem cells directly from embryos without 
the intervening step of tumor formation. In the following 
decades, stem cell lines were successfully isolated from the 
pluripotent EPI lineage of blastocyst-stage embryos and also 
from PGCs. The resulting cell lines are called embryonic 
stem (ES) and embryonic germ (EG) cells, respectively 
(reviewed by [ 16 ,  17 ]). In addition, pluripotent stem cells 
have been isolated from the epiblast lineage of postimplanta-
tion stage mouse embryos, namely the epiblast stem cells 
(EpiSC) [ 18 ,  19 ]. Finally, stem cells with a more restricted 
potential were isolated from the TE and PrE cell lineages of 
the mouse blastocyst, namely the trophoblast stem (TS) and 
extraembryonic endoderm stem (XEN   ) cells, respectively 
[ 20 ,  21 ]. Each of these embryo- derived stem cell types will be 
considered in detail in the following sections.   

  Fig. 3    Totipotent and pluripotent cells in the mouse embryo. Only the 
zygote and the blastomeres of cleavage stage embryos are truly totipo-
tent. After the differentiation of the fi rst lineage, the TE, totipotency is 
lost. The TE makes up the outer layer of cells in the cavitated embryo 

and is limited to making placental cell types. The epiblast lineage of the 
ICM is pluripotent; it can give rise to all cell types of the fetus, but not 
to trophoblast. At later stages of gestation, pluripotency resides only in 
the PGCs of the gonads       
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    Stem Cells Derived from Early Mouse 
Embryos 

    Embryonal Carcinoma (EC) Cells 

 EC cells were fi rst derived by culturing cells from germ cell- 
derived teratocarcinomas that occur spontaneously in the tes-
tes or ovaries of certain strains of mice. These tumors may 
contain differentiated tissues such as epithelia, bone, carti-
lage, muscle, fat, and hair, in addition to areas of rapidly 
dividing, undifferentiated stem cells [ 14 ,  15 ]. The tumors are 
not metastatic but are transplantable from one animal to 
another, and the EC cells derived from them can be propa-
gated indefi nitely in vitro. 

 In the 1970s, it was discovered that normal embryos from 
the blastocyst through early postimplantation stages, as well 
as isolated genital ridges, the primordia of the gonads, give 
rise to identical tumors when transplanted to ectopic sites in 
histocompatible hosts. In other words, teratocarcinomas can 
be derived from all stages of embryogenesis in which a high 
proportion of pluripotent cells can be identifi ed (Fig.  3 ). 
Stem cells can be isolated and maintained in vitro from these 
embryo-derived tumors and are identical to EC cells derived 
from spontaneous teratocarcinomas (Fig.  4 ) [ 13 – 15 ]. EC 
cells can proliferate indefi nitely in the undifferentiated state 
and still retain the ability to differentiate under specifi c con-
ditions, although there is considerable variability among dif-
ferent cell lines in the range of developmental potential, with 
some lines being very limited. One explanation for this vari-
able restriction of potential is aneuploidy, a condition that 
might arise during the transition from embryonic growth to 
tumor growth. Aneuploid cells or cells that have lost differ-
entiation and growth checkpoints may be at a proliferative 
advantage during the formation of tumors.

   EC cells have close parallels to embryonic cells. The pro-
tein synthesis profi le resembles that of the EPI of the egg-
cylinder- stage embryo. When placed into the embryonic 
environment by injection into a blastocyst, a stringent test for 
normal developmental potential, some EC cells have the 
ability to participate in development to form chimeras [ 22 –
 24 ], although compared with normal embryonic cells, the 
contribution of EC cells to chimeras is less extensive and less 
uniform, and EC cells seldom, if ever, differentiate into germ 
cells (Fig.  5 ) [ 25 ]. Furthermore, EC cells frequently continue 
to proliferate in an undifferentiated state, resulting in tumors 
in the chimeras. This incomplete regulation of EC cell prolif-
erative potential by the normal embryonic environment may 
refl ect genetic changes that occurred during teratocarcinoma 
formation or during the derivation or culture of the EC cells 
[ 12 ]. Nonetheless, the existence of stem cells in these 
embryo-derived tumors and the tantalizing similarity 
between EC cells and the putative stem cells of the embryo 

fueled hopes of isolating stem cells directly from embryos, 
bypassing the tumor formation step.

       Embryonic Stem (ES) Cells 

 In the early 1980s, three groups independently succeeded in 
deriving stem cell lines directly from early mouse embryos 
using different blastocyst culture conditions [ 26 – 28 ]. These 
primary cell lines, called embryonic stem (ES) cell lines, 
corresponded closely to the stem cells of the ICM and EPI. 
ES cell lines can be routinely derived from embryos by in 
vitro outgrowth of blastocysts, followed by disruption of the 
ICM and culture of the disaggregated cells in the presence of 
serum and the cytokine leukemia inhibitory factor (LIF) 
[ 29 ], or by growth on murine embryonic fi broblasts (MEFs), 
which provide a source of LIF (Fig.  4 ). Serum can be 
replaced by BMP4, so that mouse ES cells can be derived 
and cultured in serum-free media in the presence of LIF and 
BMP4 [ 30 ,  31 ]. In contrast to human ES cells that require 
FGF signaling for propagation (discussed later), mouse ES 
cells are induced to differentiate by FGF [ 32 ]. It was recently 
demonstrated that pluripotency of mouse ES cells does not 
require activation of signaling pathways, but rather the inhi-
bition of FGF/ERK signaling and glycogen synthase kinase 
3 (GSK-3) [ 33 ]. In this double-inhibitor condition (referred 
to as 2i), ES cells can be derived and propagated more effi -
ciently from recalcitrant genetic mouse strains, as well as 
from other mammalian species including rat. It is thought 
that under 2i conditions ES cells remain in a “naïve” state of 
self-renewal that is more refractory to differentiation [ 17 , 
 34 ]. Interestingly, this naïve state is established in the absence 
of FGF signaling, which is nevertheless required for the deri-
vation of other pluripotent cell types such as mouse EpiSCs 
and human ES cells (discussed later). 

 ES cells can be maintained as permanent, undifferentiated 
cell lines when propagated in the presence of serum with LIF 
or LIF and BMP4 or in 2i conditions. They generally retain a 
normal, euploid karyotype as well as the capacity to differen-
tiate into multiple cell types in vitro, in teratomas following 
transplantation to ectopic sites in host mice and in chimeras 
following blastocyst injection (Fig.  5 ). The majority of estab-
lished mouse ES cell lines are male (XY), since the XX 
karyotype appears to be less stable and one X chromosome is 
frequently lost. Gene and protein expression studies further 
defi ne the identity of ES cells. It is now known that a core 
regulatory network of pluripotency-associated transcription 
factors expressed in the EPI lineage of the ICM, including 
OCT4, NANOG, and SOX2, is essential for the maintenance 
of the ES cell state. These transcription factors positively 
regulate their own expression and repress the expression of 
genes promoting differentiation [ 35 – 40 ]. For example, ICM 
cells lacking OCT4 differentiate to TE in vivo and similarly 
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 downregulation of OCT4 in ES cultures in vitro induces TE 
differentiation [ 37 ,  41 ]. 

 With the exception of the trophectoderm and extraembry-
onic endoderm, ES cells can contribute to all cell types in 
chimeras, including the germ cells [ 42 ], a potential similar 

but not identical to that of cells derived from the ICM of the 
blastocyst, which consists of pluripotent EPI as well as extra-
embryonic PrE precursor cells (Fig.  2 ). ES cells thus appear 
to represent the in vitro counterpart of EPI lineage of the 
blastocyst-stage embryo. 

  Fig. 4    Derivation of stem cell lines from early mouse embryos. 
Embryonal carcinoma (EC) stem cells can be derived from spontaneous 
teratocarcinomas or from teratocarcinomas resulting from the ectopic 
transfer of pluripotent embryonic tissues. Embryonic germ (EG), 
 embryonic stem (ES), extraembryonic endoderm (XEN), trophectoderm 

stem (TS), and epiblast stem cells (EpiSC) can all be derived from 
embryos by a  combination of dissection and specialized culture condi-
tions (see text for details). The resulting cell lines have characteristics 
that mirror those of the early embryonic lineages from which they were 
isolated       
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 When LIF is withdrawn during culture, ES cells differen-
tiate and pluripotency is lost. LIF acts by binding a heterodi-
meric receptor complex comprised of the LIF receptor 
(LIFR) and glycoprotein 130 (GP130 or IL6ST). Receptor 
binding results in activation of GP130 signaling through the 
JAK/STAT pathway, which is essential for maintenance of 
pluripotency in vitro [ 43 ]. Several cytokines related to LIF, 
including ciliary neurotrophic factor, cardiotrophin 1, and 
oncostatin M, bind the LIFR/GP130 heterodimer and can 

substitute for LIF in vitro. Additionally, a combination of 
interleukin 6 and a soluble version of its receptor can substi-
tute for LIFR action. This combination of ligand and recep-
tor can activate GP130 homodimers and can be used to derive 
and maintain ES cells. In an interesting twist, the parallel 
between ES cells and the pluripotent cells of the EPI lineage 
of the embryo was challenged by the fi nding that GP130 sig-
naling is not essential for early embryonic development, 
since mice carrying mutations in either  Lif ,  Lifr , or  gp130  

  Fig. 5    Developmental potential and comparison of properties of mouse embryo-derived stem cells       
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develop beyond peri-implantation stages (see [ 44 ] for 
review). However, additional studies suggest that GP130 
 signaling is essential for maintaining pluripotency of the EPI 
during implantation delay or diapause [ 44 ], an explanation 
that would restore the parallel between ES cells and EPI cells 
of the blastocyst.  

    Embryonic Germ (EG) Cells 

 Spontaneous teratocarcinomas arising within gonads and 
teratocarcinomas developing from transplanted genital 
ridges were indications that stem cells were derived from 
PGCs prior to their differentiation into the highly specialized 
gametes. The discovery that steel factor (SF), the c- kit  ligand, 
is essential for the survival and proliferation of migrating 
PGCs in the embryo (reviewed by [ 45 ]) provided a clue to 
the necessary in vitro culture conditions for deriving stem 
cells of PGC origin. In 1992, two groups were successful in 
deriving stem cell lines, which became known as embryonic 
germ (EG) cells, directly from PGCs [ 46 ,  47 ]. As with the 
derivation of ES cells, LIF was an important ingredient in 
establishing permanently growing, pluripotent cell lines, but 
in addition, FGF2 (bFGF) and SF were required (Fig.  4 ). 
Both male and female EG cell lines can be isolated directly 
from PGCs prior to or during their migration in gastrulating 
embryos or shortly after their arrival in the genital ridges. 
The dedifferentiation of PCGs to EG stem cells is promoted 
by activation of the PI3K/AKT pathway [ 48 ,  49 ]. These cells 
have many characteristics of ES cells with respect to their 
differentiation potential in vitro [ 50 ,  51 ] and their contribu-
tion in chimeras and, like ES cells, are capable of contribut-
ing to the germ line of chimeric mice [ 52 ,  53 ] (Fig.  5 ). 

 The status of imprinted genes is one important respect in 
which EG cells differ from ES cells. The expression of 
imprinted genes is dependent on their parental origin as 
refl ected in the heritable, differential methylation of mater-
nally or paternally derived alleles [ 54 – 56 ]. The imprint is, 
however, reversible, as it is erased and established anew in 
the germ cells at each generation and this appears to have 
profound consequences for the expression of genes in EG 
cell lines. Some chimeras developing with EG cell contribu-
tions are normal and transmit the EG cell-derived genotype 
to the next generation. Others, however, show fetal over-
growth and skeletal abnormalities, features characteristic of 
chimeras made with androgenetically derived ES cells, 
which have a paternal imprint [ 52 ,  57 ]. This observation 
indicates variability in the expression of imprinted genes in 
independently derived EG cell lines. EG cell lines derived 
from early PGCs are highly heterogeneous with respect to 
the methylation status of imprinted genes whereas EG lines 
derived from later PGCs more closely resemble the uniform 
pattern seen in ES cells [ 52 ,  57 ,  58 ]. With respect to experi-

mental or therapeutic uses of EG cells, this important vari-
able in the state of imprinted genes is essential to consider.  

    Epiblast Stem Cells (EpiSC) 

 Mouse ES cells derived from the EPI lineage of the blasto-
cyst were the primary in vitro model of pluripotency for 
almost 25 years. Recently, however, pluripotent cell lines 
have been derived from early postimplantation stage mouse 
embryos, namely the EpiSC [ 18 ,  19 ]. Even though both ES 
cells and EpiSCs are pluripotent (Fig.  5 ), they differ in sev-
eral respects: EpiSC cannot colonize the ICM of a blasto-
cyst; consequently, the ability of these cells to contribute to 
chimeras has not been demonstrated; EpiSCs have a fl at-
tened colony morphology compared to the rounded ES cell 
colonies; EpiSCs express the core pluripotency-associated 
factors NANOG/OCT4/SOX2 but not some other factors 
such as KLF4, STELLA, and DAX1 expressed by ES cells; 
most importantly, however, EpiSCs require different extrin-
sic factors for their isolation and propagation, namely Activin 
and FGF2 (Fig.  4 ). These requirements are similar to those 
used for propagation of human ES cells and suggest major 
mechanistic differences in the establishment of pluripotency 
in mouse ES cells vs. mouse EpiSCs and human ES cells. 
Interestingly, mouse EpiSCs have also been derived from 
preimplantation embryos, the source of ES cells, raising 
questions as to the exact in vivo counterpart in the early 
embryo that is represented by EpiSCs [ 59 ].  

    Trophoblast Stem (TS) Cells 

 At fi rst glance, the TE would appear to be a highly differenti-
ated tissue. Certainly, within the TE, many cells rapidly 
become terminally differentiated, post-mitotic giant cells 
that undergo endoreduplication of DNA. However, cells 
directly in contact with the ICM, which are known as the 
polar trophectoderm, normally remain diploid and continue 
dividing in a relatively undifferentiated state, eventually 
forming the ectoplacental cone and extraembryonic ecto-
derm, which in turn form components of the placenta, includ-
ing the secondary trophoblast giant cells (Fig.  2 ). The polar 
TE constitutes a limited-potential stem cell population, bal-
ancing proliferation (self-renewal) with differentiation into 
highly specialized, physiologically active, and post-mitotic 
cells. 

 It has long been known that the maintenance of prolifera-
tion in the polar trophectoderm is dependent on signals from 
the ICM and its later derivatives, and that without these sig-
nals the cells differentiate into giant cells or other terminally 
differentiated cells of placental lineages [ 60 – 62 ]. FGF 
 signaling has been strongly implicated in mediating the 
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interaction between ICM and trophectoderm to maintain a 
proliferative TE cell population. This evidence comes both 
from the expression patterns of the FGF ligands and recep-
tors (FGFRs) and from mutant and transgenic mice. In the 
case of the  Fgf4  and  Fgfr2  null embryos, no diploid tropho-
blast cells are detected either in vivo or in embryo outgrowths 
in vitro, as all the cells become trophoblast giant cells [ 63 , 
 64 ]. A presumed hypomorphic allele of  Fgfr2  allows sur-
vival past the peri-implantation period, but embryos die later 
in gestation with multiple defects including a defi ciency of 
trophoblast cells and a complete lack of the labyrinthine 
component of the placenta [ 65 ]. Expression of a transgenic, 
dominant-negative FGF receptor in polar trophectoderm 
causes the cells to cease division and differentiate into tro-
phoblastic giant cells [ 66 ]. Another line of evidence comes 
from studies on a targeted mutation in  Oct4 , a gene coding 
for a transcription factor that synergizes with SOX2 to coop-
eratively bind the  Fgf4  promoter and regulate gene expres-
sion [ 67 ]. OCT4-defi cient embryos develop to the blastocyst 
stage, but the inner cells differentiate along the trophoblast 
lineage and trophoblast proliferation is not maintained. 
When FGF4 is added to cultures of the inner cells of  Oct4  
mutant embryos, ICM pluripotency is not restored but 
instead, dividing, undifferentiated cells that appear to be dip-
loid trophoblast cells emerge from the differentiated tropho-
blast layer [ 41 ]. 

 These observations pointed the way to the in vitro “cap-
ture” of a stem cell for the trophectoderm lineages by impli-
cating FGF4 in the maintenance of the diploid trophectoderm 
precursors. FGF4 added to the culture medium of isolated 
extraembryonic ectoderm suppresses differentiation into 
giant cells and maintains the population of undifferentiated 
trophoblast precursors [ 41 ]. Furthermore, culture of extra-
embryonic ectoderm on MEFs with the addition of FGF4 
and heparin facilitates the isolation of diploid epithelial cell 
lines that are capable of indefi nite growth in vitro (Fig.  4 ). 
These cells, called trophoblast stem (TS) cells, differentiate 
into trophoblast giant cells upon the removal of either FGF4 
or MEFs [ 20 ]. When TS cells are tested for their develop-
mental potential by injection into blastocysts, they contribute 
exclusively to trophoblast subtypes in chimeras [ 20 ]. Gene 
expression studies confi rm the molecular identity of TS cells 
and indicate that as they differentiate in vitro, they closely 
recapitulate the gene expression profi le of the trophoblast 
lineage in vivo (Fig.  5 ) [ 68 ]. Indeed, similar to the 
pluripotency- associated network that governs pluripotency 
in ES cells, a network containing TE-specifi c transcription 
factors such as CDX2 and GATA3 is essential for TS cell 
self-renewal; each of these factors, when misexpressed in ES 
cells, is suffi cient to force them to turn into TS cells [ 69 ,  70 ]. 
Other transcription factors important for TS cell self-renewal 
include EOMES, TCFAP2C, SMARCA4, ELF5, and ETS2 
[ 71 – 73 ]. These studies have provided further support to the 

notion that TS cells are indeed the in vitro counterparts of the 
proliferating polar trophectoderm. 

 TS    cells can be derived from blastocysts, from the extra-
embryonic ectoderm at E6–7, and from the chorionic ecto-
derm of E7.5 embryos at high effi ciency regardless of the 
strain or sex of the embryo [ 20 ] (and our unpublished obser-
vations) (Fig.  4 ). FGF1 or FGF2 can substitute for FGF4 in 
vitro, but the factor(s) supplied by the MEFs has not yet been 
identifi ed. However, since MEF-conditioned medium can 
substitute for MEFs, it suggests that a soluble factor is 
involved [ 20 ]. To this end, MEF-conditioned medium can be 
replaced by Activin and TGFβ (but not NODAL), highlight-
ing a critical role for these members of the TGFβ superfam-
ily for TS cell derivation and propagation [ 74 ,  75 ].  

    Extraembryonic Endoderm (XEN) Cells 

 PrE and EPI precursors are specifi ed within the ICM of the 
mid- to late blastocyst. Prior to implantation, the PrE lineage 
is spatially segregated from the EPI and forms an epithelial 
layer next to the blastocyst cavity. After implantation, PrE 
gives rise to parietal endoderm (PE), which comes into con-
tact with the TE, and visceral endoderm (VE), which covers 
the developing EPI and extraembryonic ectoderm. 
Extraembryonic endoderm (XEN) cells were fi rst derived 
from blastocyst-stage mouse embryos [ 21 ]. XEN cells 
express PrE-specifi c factors, such as GATA4, GATA6, and 
SOX17, which play critical roles in their self-renewal, sup-
porting the notion that XEN cells are the in vitro counterpart 
of the PrE lineage (Fig.  5 ) [ 21 ,  76 ]. XEN cell lines can be 
derived from intact blastocysts or isolated ICMs in TS cell 
conditions (on feeders or in hanging drops in the presence of 
FGF4 and heparin) followed by withdrawal of FGF4/heparin 
and culture on feeders [ 21 ,  77 ,  78 ]. They can also be isolated 
from blastocysts explanted in ES cell derivation conditions 
(on feeders in the presence of LIF) (Fig.  4 ) [ 21 ,  79 ]. The fact 
that these cells can be derived under a variety of conditions 
suggests that XEN cells do not require specifi c growth factor 
signaling pathway activation or repression to facilitate their 
derivation. Moreover, XEN cells have also been isolated 
from preimplantation rat embryos [ 80 – 82 ]. Interestingly, 
these rat-derived XEN cells have been reported to possess a 
more immature expression profi le exhibiting characteristics 
of ES, TS, and XEN cells and exhibit a highly dynamic and 
plastic potential contributing to different lineages in donor 
rat and mouse embryos [ 81 ,  82 ]. 

 XEN cells have been widely used as an in vitro model to 
understand how the extraembryonic endoderm lineage is 
specifi ed and expanded. For example, PDGF signaling has 
been shown to be required for the expansion of the PrE lin-
eage of the blastocyst, XEN cell isolation, and proliferation 
[ 79 ]. Moreover, the differentiation of XEN cells can be 
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directed into specifi c extraembryonic endoderm derivatives 
such as the embryonic visceral endoderm (emVE) [ 77 ] and 
extraembryonic visceral endoderm (exVE) upon BMP4 
stimulation [ 83 ,  84 ]. Finally, another study reported the 
functional similarity of XEN cells to the heart-inducing ante-
rior visceral endoderm (AVE), highlighting the potential util-
ity of these cells for developing improved protocols for 
cardiomyocyte differentiation [ 85 ].  

    Stem Cells from Cloned Embryos: NT ES Cells 

 Cloning is a mode of asexual reproduction resulting in off-
spring bearing the identical nuclear genome to their parent. 
In recent years, mammalian cloning has been achieved by 
the introduction of somatic cell nuclei into enucleated 
oocytes. Wakayama et al. [ 86 ] were the fi rst to report the 
derivation of ES cell lines from cloned blastocysts (Fig.  6 ). 
These cells are referred to as nuclear transfer (NT) ES cells. 
NT ES cells are identical in their developmental potential to 
normal ES cells in that they can be maintained as pluripotent 
stem cells when propagated in the presence of LIF, and they 
are able to contribute widely in chimeras. Furthermore, their 

transcriptional and posttranscriptional profi les are indistin-
guishable from ES cells derived from normal embryos [ 87 , 
 88 ].

   The ability to derive ES cells from cloned embryos allows 
for partnering of the technology of cloning with that of 
genetic engineering in ES cells and thus offers unprecedented 
opportunities for exploitation. In light of the ethical and sci-
entifi c controversies surrounding cloning, it is worthwhile 
making a distinction between cloning with the intent of gen-
erating individuals (reproductive cloning) and cloning with 
the intent of deriving genetically matched pluripotent ES 
cells (therapeutic cloning). NT ES cells can be used in thera-
peutic regimes, where ES cells generated from sick adult 
individuals could provide the basis for therapy by providing 
genetically matched stem cells. Genome manipulation could 
be undertaken to correct defects in the stem cells and the 
resulting cells could be used for the treatment of the sick 
individual through cell-based therapy (Fig.  7 ). An early 
study described the fi rst successful application of therapeutic 
cloning, where immunodefi cient mice were treated with their 
own genetically repaired NT ES cells [ 89 ] and subsequent 
studies have applied the technique to ameliorate the effects 
of Parkinson disease [ 90 ,  91 ].

  Fig. 6    NT ES cells: ES cells 
from cloned embryos. A somatic 
cell nucleus is transferred into an 
enucleated oocyte and allowed to 
develop in vitro to the blastocyst 
stage. The cloned embryo is then 
cultured on mouse embryonic 
fi broblasts (MEFs) in the 
presence of LIF for the derivation 
of NT ES cells       
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       Exploiting Mouse ES Cells 

 Mouse ES cells have been invaluable tools in embryological 
studies of cell fate and cell lineage, and they have also pro-
vided a versatile tool for gene manipulation. Pluripotent ES 
cells are capable of differentiation into the germ cells of a 
chimera, even after extensive in vitro culture, electroporation 
of genetic material, and drug selection. This capacity of ES 
cells has allowed for specifi c genetic changes to be engi-
neered into ES cells, selected in vitro, and subsequently 
introduced into mice through germ line transmission from 
ES cell chimeras [ 92 ]. The development of this “gene- 
targeting” technology and its exploitation during the past 20 
years have been the single most important use for ES cells to 
date. Both directed genome alterations, such as “knock- 
outs,” “knock-ins,” single-base changes, and gene replace-
ments, and random alterations, such as “gene traps,” 
insertional mutagenesis, and chemically induced mutagene-
sis, have become commonplace and thousands of mutations 
have been produced. 

 Once mutations are in the germ line, ES cells can again be 
put to use in the study of mutant effects on the development 
of embryos and/or organs. Combinations of mutant ES cells 
and normal cells in chimeras address questions about the cell 
autonomy of a mutant effect and the phenotypic conse-
quences of the mutant effect on cell-cell interactions and 
induction during development. Thus, in addition to being the 
means through which specifi c mutations are introduced into 
the mouse germ line through targeted mutagenesis, ES cells 
are also a tool in the analysis of those mutations.   

    Transdifferentiation of Embryo-Derived 
Stem Cells: Altering Developmental Potential 

 The coordinate regulation of specifi c signaling pathways is 
pivotal for the fi rst differentiation event involving the speci-
fi cation of TE vs. ICM lineages. Similarly, the isolation 
and maintenance of stem cells representing those lineages 
are promoted by the regulation of intracellular signaling 

  Fig. 7    A scheme for the treatment of genetic disorders, combining 
therapeutic cloning with gene therapy. Somatic cells from a mutant 
(−/−) animal are cultured and used as nuclear donors for injection into 

enucleated oocytes. The resulting cloned embryos are used to derive ES 
cells. The genetic defect is then corrected (+/−) by gene targeting in the 
ES cells which are then differentiated and returned to the mutant mouse       
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 cascades though culturing under appropriate conditions 
(Fig.  4 ). This raises the possibility that transdifferentiation 
between ES and TS cells could be encouraged by controlling 
the on/off status of key signaling pathways and transcrip-
tional regulators. For example, FGFR/MAP kinase signaling 
off, GP130/JAK/STAT signaling on, and OCT4 on character-
ize the ICM lineage, whereas the diploid trophoblast lineage 
would be specifi ed by FGFR/MAP kinase signaling on, 
GP130/JAK/STAT signaling off, and OCT4 off. Thus when 
the in vitro culture conditions of ES cells are changed to 
those of TS cells (i.e., withdrawal of LIF and addition of 
FGF4- and MEF-conditioned media), the ES cells transdif-
ferentiate. The central premise is that  Oct4  expression is 
extrinsically manipulated. In ES cell lines, when  Oct4  is 
repressed, the ability of the cells to self-renew is lost and 
they differentiate into what resemble trophoblast giant cells, 
even in the presence of LIF [ 93 ]. However, if  Oct4  expres-
sion is repressed and the culture conditions promoting TS 
cells maintenance are substituted for those promoting ES 

cells, the cells continue to self-renew, but now resemble TS 
cells in morphology and adopt a TS cell-specifi c gene expres-
sion profi le (Fig.  8 ). It was also demonstrated that misex-
pression of the two major TE-specifi c transcription factors 
CDX2 and GATA3 in mouse ES cells results in the transdif-
ferentiation of these cells to TS cells [ 69 ,  70 ]. Conversely, 
two studies have shown that TS cells can be reprogrammed 
to ES-like pluripotent stem cells via overexpression of  Oct4 , 
 Sox2 ,  Klf4 , and    c-Myc   or by c-Myc or  Oct4  alone [ 94 ,  95 ]. 
These observations suggest that ES cells and TS cells have 
the potential to transdifferentiate to each other and that the 
expression of key lineage-specifi c markers such as  Oct4 , 
 Cdx2 , and  Gata3  is pivotal in dictating their status and devel-
opmental potential in these transdifferentiation events.

   Similar evidence has also been shown for transdifferentia-
tion events between ES and XEN and ES and EpiSC stem 
cells. Forced expression of PrE-specifi c transcription factors, 
such as GATA4, GATA6, SOX7, and SOX17, is suffi cient to 
drive ES cells to adopt a XEN-like phenotype [ 76 ,  79 ,  96 ]. 

  Fig. 8    Interconversion of stem cell identity. The expression of  Oct4  is 
pivotal for maintenance of ES cell identity. Loss of  Oct4  and stimula-
tion of the MAP kinase pathway by exposure to FGF4 can change the 

developmental potential and identity of stem cells from that of ES to 
that of TS cells       
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Together these studies suggest that a change in developmen-
tal potential can be induced by manipulating the expression 
of key intrinsic regulators. Alteration of extrinsic signals 
could further reinforce the transdifferentiation event. ES 
cells can be converted to an EpiSC identity solely by a 
change in culture conditions [ 97 ]. Similarly, EpiSCs derived 
from postimplantation epiblast can spontaneously revert to a 
“naïve” ES-like state when cultured for several passages in 
regular ES cell conditions (on feeders with LIF) [ 98 ]. 
Conversely, EpiSCs can be reprogrammed to ES cells via 
forced expression of “naïve” pluripotency-associated factors 
such as KLF4, OCT4, LIF/STAT3, and the NR5A nuclear 
receptors [ 97 ,  99 – 102 ]. Moreover, another means to convert 
EpiSCs to ES cells is by culturing in ES cell media supple-
mented with LIF and small molecules targeting epigenetic 
modifi ers, which highlights the importance of the epigenetic 
signature in transdifferentiation [ 103 ].  

    Human Embryonic Stem Cells 

 Pluripotent stem cell lines have been derived from human 
blastocysts [ 104 ] and PGCs [ 105 ] with techniques similar to 
those developed for mouse embryos. These lines have been 
designated with the same terminology of ES and EG cells, 
respectively. Human ES (hES) cells differ signifi cantly from 
murine ES cells in colony morphology, proliferation rate, 
growth factor requirements, and epigenetic status. In contrast 
to murine ES cells, hES cells proliferate slowly and form fl at-
tened two-dimensional colonies and are dependent on FGF2 
and Activin/NODAL signaling [ 106 ]. Unlike murine ES 
cells, which tolerate passage as single cells following trypsin 
digestion, hES cells require mechanical or collagenase- 
mediated dissociation and passage as small clusters of cells 
[ 107 ]. Epigenetically, murine and human ES cells display a 
different pattern of X chromosome inactivation and promoter 
occupancy by pluripotent transcription factors [ 101 ]. 

 hES cells can proliferate indefi nitely in vitro and can 
maintain a stable karyotype under stringent culture condi-
tions. However, prolonged culture can also result in chromo-
somal abnormalities, such as trisomy 12 or 17 [ 108 ,  109 ], 
thought to arise during growth adaption to culture [ 110 ]. hES 
cells can be clonally derived and still maintain pluripotency 
when differentiated in vitro or as teratomas in vivo in nude 
mice. Their differentiation potential cannot, however, be 
tested in vivo in chimeras for obvious ethical reasons. 

 Until recently the differences between mouse and human 
ES cells were thought to be a variation of an otherwise com-
parable pluripotent population. The derivation of EpiSCs 
from explanted murine or rat postimplantation EPI changed 
this view. EpiSCs show striking similarities to hES cells with 
regard to their molecular properties, growth factor require-
ments, colony morphology, X-inactivation status, and  culture 

dynamics [ 18 ,  19 ,  97 ]. Thus in the mouse, two functionally 
distinct pluripotent states exist: a “naïve” LIF- dependent 
pluripotent stem cell state corresponding to the preimplanta-
tion ICM and a “primed” FGF2-dependent pluripotent stem 
cell state reminiscent of the postimplantation EPI [ 17 ,  34 ]. 
The overlap of characteristics between hES and mouse 
EpiSCs suggests that despite their blastocyst origin, hES 
cells exist in a primed pluripotent state. It remains to be 
determined whether it is possible to derive naïve pluripotent 
hES cells that more closely resemble mouse ES cells than 
EpiSCs [ 17 ]. In a recent study, treatment of hES cells with 2i 
medium supplemented with LIF and forskolin led to ectopic 
induction of key pluripotency factors OCT4, KLF4, and 
KLF2 and conversion of hES cells into a cell type that pos-
sessed the characteristics of mouse ES cells, including two 
active X chromosomes and responsiveness to LIF [ 111 ]. 
Understanding the precise nature of human ES cells as well 
as their relationship to pluripotent cells in the embryo is a 
prerequisite for their exploitation for biomedical benefi t. 
Although there are serious ethical considerations in the deri-
vation and use of human stem cells from embryos, their 
potential value for therapeutic uses as a readily available, 
renewable source of stem cells for a variety of organs and 
tissues has sparked an intensive research effort as well as an 
active public debate. The possibility of repairing or replacing 
failing organs with stem cells holds enormous appeal, espe-
cially if the stem cells can be engineered in vitro to avoid the 
host’s immune response.  

    Therapeutic Use of Stem Cells: Challenges 
and Perspectives 

 The extensive background of knowledge on mouse embryo- 
derived stem cells provides an experimental model for 
human embryonic stem cell research and a means of testing 
ideas on the biological basis of therapeutic interventions 
involving stem cells. Given the extensive data base of 
genomic and developmental information and the long history 
of mutagenesis and embryonic stem cell experimentation, 
the mouse is the ideal model organism for this purpose. The 
differentiation pathways leading to many specifi c cell types 
have been elucidated for stem cells in vitro and are supported 
by studies on developmental potential as assayed through 
contribution in vivo (reviewed by [ 112 ]). Even highly orga-
nized structures such as insulin-expressing cells with the 
three-dimensional structure of pancreatic islets have been 
differentiated from ES cells, demonstrating their potential 
for the assembly of functional organs [ 113 ]. The feasibility 
of using ES cells to effect cures through tissue transplanta-
tion has been tested and validated [ 114 ]. Through the manip-
ulation of histocompatibility genes, mouse stem cells can be 
engineered to escape the immune response [ 115 ]. 
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 With the advent of cloning mammals by nuclear trans-
plantation into enucleated egg cytoplasm, another technical 
innovation to avoid immune rejection is being tested in mice. 
Embryos cloned by nuclear transfer of somatic cell nuclei 
have been used as a source for the derivation of new ES cell 
lines that retain full developmental potential [ 86 ,  116 ]. Using 
this method, unique ES cell lines could be “tailor-made” 
through cloning from a donor’s somatic nuclei for eventual 
stem cell therapy of that same donor. Because the nuclear 
material originated with the donor, there would be no danger 
of immune rejection [ 89 ] (Fig.  7 ). Studies like these demon-
strate the potential for therapeutic uses of stem cells, and it is 
through the use of mouse stem cells that the strategies and 
therapies can be developed with a view to possible applica-
tion to humans. 

 The ethical and legal controversy surrounding hES 
research initiated the quest for alternative sources of human 
pluripotent stem cells. In a breakthrough discovery, Takahashi 
and Yamanaka used ectopic co-expression of four transcrip-
tion factor genes ( Oct4 ,  Klf4 ,  c-Myc , and  Sox2 ) to reprogram 
adult mouse fi broblasts into induced pluripotent stem (iPS) 
cells [ 117 ]. This methodology was quickly applied to human 
fi broblasts and other cell types, and a variety of reprogram-
ming methods to derive iPS cells have been developed 
(reviewed by [ 118 ]). This alternative source of pluripotent 
stem cells with ES properties offers hope for personalized 
regenerative cell therapies. However, questions remain as to 
how equivalent iPS cells are to ES cells and whether differ-
ences in their functionality will affect their behavior in vivo. 
There is an emerging consensus that iPS and ES cells are 
neither identical nor completely distinct but rather have over-
lapping characteristics [ 118 ]. Differences between human 
iPS and hES cells will affect their utility for clinical applica-
tions. While iPS cells have clear advantage for disease mod-
eling, both iPS and ES cells can successfully serve as drug 
screening and toxicity testing platforms. 

 Bone marrow transplant is the oldest and most widely 
available stem cell therapy (reviewed by [ 119 ]). 
Hematopoietic stem cells (HSCs) have been successfully 
used for decades to treat leukemia, thalassemias, or myeloid 
hypoplasia. HSCs do not need to be expanded ex vivo prior 
to transplantation and there is no need to reconstitute a com-
plex organ architecture [ 119 ]. However, the use of other 
types of pluripotent stem cells for therapeutic applications is 
still in its infancy and many hurdles need to be surmounted 
before their safe clinical use. The ideal therapeutic-quality 
stem cells should be pathogen-free, feeder-free, have no 
tumorigenic potential and have no exposure to cells or prod-
ucts from other species [ 120 ,  121 ]. Key priorities in translat-
ing stem cell research into therapies are generating stringent 
markers of pluripotency and assays to determine the capa-
bilities of a given human iPS or hES cell line and improving 
our understanding of directed differentiation. Establishment 

of rigorous standardized protocols in early preclinical and 
clinical trials is of extreme importance for achieving safety 
and effi cacy in stem cell therapeutic applications.     
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�Problems, Paradigms, and Systems Solutions

�Current Limits in Reprogramming and 
Differentiation Fields

Today, much biological information in the stem cell field is 
obtained from empirical studies. Thus, the original reprogram-
ming “cocktail” of four factors (Oct3/4, Sox2, c-Myc, and 
Klf4) and its consequent modifications [1–3] were determined 
by testing essentially random combinations of candidate fac-
tors suggested by genome-wide screens. Currently, the effi-
ciency of reprogramming remains low and the quality of the 
obtained cells is often questionable [4]. The original retroviral 
reprogramming method can transform only about 0.01 % of 
fibroblasts into induced pluripotent stem cells (iPSC). More 
relevant to medicine, “cleaner” adenoviral reprogramming or 
direct delivery of reprogramming proteins into cells is even 
less efficient (0.0001–0.001 %) [5]. The low efficiency and 
associated expense still impose barriers to broad medical 
application of the reprogramming methods [4, 6, 7].

Directed differentiation depends on predictive and effi-
cient conversion of a large number of pluripotent stem cells 
into a nearly homogeneous population of cells representing 
the desired cell lineage; this requires laborious testing of 

numerous factor combinations and growth conditions [8–10]. 
Among the most successful examples of directed differentia-
tion is a recent method of human cardiac differentiation, 
producing 64–89 % of contacting cells resembling cardio-
myocytes; routinely, only 10–20 % of pluripotent stem cells 
can be differentiated into cardiomyocytes [9]. Current tech-
nologies allow even direct lineage conversion, whereby brief 
exposure to a reprogramming cocktail precedes incubation 
with differentiation factors [11]. In some cases, the lineage 
conversion seems to be very efficient (up to 100 % of cells 
converted), but it remains to be seen to what extent the con-
version mimics normal differentiation and whether the quali-
ties of the obtained cells are affected by any remaining 
unerased epigenetic memory [12].

Beyond identifying combinations of reprogramming and 
differentiation “cocktails,” the molecular mechanisms under-
lying reprogramming, directed differentiation, or lineage 
conversion remain largely unknown. Obtaining and culturing 
of many cell types [including hematopoietic stem cells 
(HSCs)] in sufficient quantities is still difficult or impossible 
[13]. Systems analysis of gene interactions, reconstruction of 
gene regulatory networks (GRNs), and building quantitative 
predictive models will help us to explain the conversion of 
cell phenotypes, identify effective culturing conditions, and 
improve quantities and qualities of the converted cells.

�Deterministic and Stochastic View  
of Self-Renewal and Differentiation

One of the key features shared by both embryonic and adult 
stem cell types is their ability to self-renew. It is believed that 
self-renewal and pluripotency depends on a relatively small 
set of gene network circuits (kernels) connecting a few tran-
scriptional regulators [14]. It is assumed that these core tran-
scriptional circuits occupy top positions in the regulatory 
hierarchy within a stem cell of any kind and can regulate 
expression of thousands of genes, which define the self-
renewal state [5, 15]. In the case of embryonic stem cells 
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(ESCs), the most frequently suggested regulatory kernel 
involves the transcription factors Nanog, Oct4, and Sox2 
[16, 17]. More recent studies also include Esrrb and Sall4 as 
yet additional bona fide core pluripotency factors [18–22]. In 
the case of adult bone marrow HSCs, the suggested potential 
core regulators include Fli1, Scl, Gata2 [23], Tcf7 [24], and 
perhaps a few other transcription factors. Pluripotency in 
ESC and HSC is most likely regulated by different underly-
ing gene networks; however, some reports also suggest the 
importance of certain ESC factors, such as Sall4 for self-
renewal of HSC [25].

The topology and molecular interactions in the pluripo-
tency core networks ensure the presence of stable pluripo-
tency cell states. Mathematically, the stable states are 
described as attractors or vectors of the core transcription 
factor concentrations, towards which the concentrations 
evolve over time [26–29]. In ESCs, two or even more attrac-
tors apparently determine the pluripotent state [28, 30], since 
pluripotent cells express higher and lower concentrations of 
major pluripotency regulators, such as Nanog [28, 30, 31]. 
Theoretical studies of network motifs, such as fully con-
nected triads [32] with topologies similar to the suggested 
core pluripotency network and few published quantitative 
models, largely support the presence of more than one pluri-
potency attractor in ESCs [30, 33, 34]. The described studies 
allow the narrowing down of the general problem of “what is 
self-renewal and pluripotency?” to specific goals of (1) 
reconstruction of stem cell regulatory gene networks and (2) 
identifying and explaining attractor states for the most criti-
cal network motifs and domains.

The core regulatory networks are placed in the context of 
much broader array of genes controlling vital stem cell func-
tions (see Fig. 1a). One such function is susceptibility and 
response to external signals promoting pluripotency or dif-
ferentiation. Thus, Klf4 is essential for maintenance of iPSC 
[35, 36] and members of Klf family of transcription factors 
mediate LIF (leukemia inhibitory factor) signaling. At the 
same time, the core pluripotency factors Nanog, Oct4, and 
Sox2 positively regulate expression of Klfs [37]. The tran-
scriptional repressor Tcf3 is another example of interaction 
between the extrinsic signaling pathways and the core pluri-
potency transcriptional network. Together with Lef1 and 
other Tcf-like factors, Tcf3 mediates Wnt signaling [38–42]. 
Activation of the Wnt signaling pathway relieves Tcf3 
repression and promotes pluripotency [43]. Tcf3 occupies a 
high position in the regulatory hierarchy and, at the same 
time, may be an integral part of the core pluripotency net-
work [44]. ESCs are able to maintain their pluripotent state 
even in the absence of external signals, required for culturing 
(LIF, BMP) [42]. External signaling becomes completely 
dispensable if cell proliferation suppressors Erk1/2 and Gsk 
are inhibited [34, 45]. Thus, the core pluripotency network 
may be described as self-sustainable. Self-sustainability 

means that the core pluripotency network operates with a 
substantial amount of information, which the network can 
independently process and make decisions related to self-
renewal or differentiation.

With a certain probability, the concentrations of the pluri-
potency factors may cross the concentration limits defined 
by the stable attractor states and pluripotent cells differenti-
ate. Variation in gene expression may be the reason why the 
stable attractor states are lost. This hypothesis emphasizes 
the role of stochastic gene expression in cell fate determina-
tion, so many of the current models explaining stem cell 
behavior include both deterministic and stochastic compo-
nents [27, 28, 30, 34, 46]. Indeed, concentrations of the core 
factors, measured in individual pluripotent ES cells, form 
statistical distributions featuring local peaks (bimodality), 
possibly corresponding to dynamical semi-stable states or 
pluripotent attractors [28–30, 47]. In extreme cases, stochas-
tic variations in gene expression may lead to a loss of one or 
more of the key self-renewal factors. The remaining skewed 
and/or incomplete combinations of the core factors may 
result in commitment to a specific cell lineage [47, 48]. For 
instance, alternative expression of Oct4 or Sox2 in mouse 
ESCs may result in commitment of cells to either mesendo-
dermal (ME, Oct4) or neuroectodermal (NE, Sox2) fates [34, 
49–51].

The observed variations in gene expression levels or gene 
product concentrations may not be explicitly explained by 
the stochastic behavior of large and rare biological mole-
cules. Instead, there is a broad spectrum of molecular events, 
roughly divided into extrinsic and intrinsic fluctuations [52–
54]. Quantitative models aimed at describing stem cell 
behavior should take into account both the deterministic 
solutions with predicted attractor states and the substantial 
(stochastic) deviations from the deterministic paths and 
attractors.

�Types of Gene Networks and Models 
Describing Stem Cells

In general, the first step in model construction includes broad 
integration of data, involving genome-wide expression or 
epigenetic studies [55, 56]. Typically, these studies identify 
the most prominent candidate genes selectively expressed in 
self-renewing or differentiating stem cells. Linking such 
candidate genes into networks is based on their co-expression 
or the presence of similar binding patterns for transcriptional 
regulators in the gene control regions. However, the resulting 
GRNs are often too complex and require filtering and parti-
tion steps before a dynamical model can be constructed. 
Largely, models in the stem cell field are focused on a single 
kernel and involve few transcriptional regulators [28, 30, 33, 
34, 46, 57, 58].
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Quantitative dynamical models are biological hypotheses 
expressed in a formal way. Quantitative models provide 
room for capturing diversity and complexity of biological 
systems but require formalization and/or quantification of 
biological data. Current quantitative predictions still require 
experimental validation since the models contain many 
unknown or ambiguous parameters.

Roughly, all quantitative models are focused either on 
biochemical (BRN—biochemical reaction networks) or sta-
tistical interactions observed between genes in gene net-
works (SIN—statistical influence networks) [59] (see Fig. 2). 
Typically, BRN-based models describe gene product dynam-
ics and rely on systems of ordinary differential equations 
(ODE) or stochastic differentiation equations (SDE) [30, 
60], wherein the reaction constants are often represented by 
unknown parameters. Certain BRN-based models are limited 
by consideration of the reaction’s steady states (or gene 
response potentials) and rely on systems of logistic functions 
describing, for instance, fractional occupancy of binding 
sites for transcription factors (BSTF) in the gene control 

regions [61–63]. Since BRN-based models attempt to cap-
ture many biological details, they are better at handling 
smaller gene networks, typically about a dozen genes.

A second broad class of models, based on SIN, requires 
no specific knowledge of biology and may rely on genome-
wide readings of gene expression patterns, results of statisti-
cal analysis of gene associations in large databases, or both. 
SIN-based models include random and probabilistic Boolean 
models (RBN and PBN) [60]. In the late 1960s, Kauffman 
[64] first proposed the use of random Boolean networks 
(RBNs) to model GRNs. More recently, the probabilistic 
Boolean networks (PBNs) have been developed as the sto-
chastic extension of classic Boolean network models [65, 
66]. In a PBN, each node could potentially have more than 
one possible Boolean function to be randomly selected at 
each time step and the resultant output of each function car-
ries a probability. Subsequently, the long-run steady-state 
behavior can be studied in the context of a Monte Carlo 
Markov chain. It is assumed that concentration levels in 
GRNs can be approximated by the Hill function, which in 

Fig. 1  Networks proposing gene interactions in mouse embryonic 
stem cells. (a) The network reflects genetic interactions (interactome) 
and information flow across the pluripotency network in mESC. 
A common hypothesis suggests that a relatively narrow core circuit 
(red circle) may be responsible for processing information received 
from upstream signaling pathways (shown in pink on the top) and 
making decisions, including those leading to differentiation (green 
arrows). Each information processing step may involve additional 
factors (gray nodes), which are more peripheral to the core circuit. 

(b)  Hierarchical view of the pluripotency network for mESC; the 
network has been constructed based on gene expression data obtained 
from differentiating cells. (c)  Hierarchical gene network based on 
expression data obtained during reprogramming of mouse fibroblasts 
to induced pluripotent stem cells (iPSC). The red arrows mark highly 
similar Esrrb-Sox2 domain; the blue arrows show strikingly rear-
ranged Oct4-Sall4 domain. During reprogramming, the network is 
inverted with the main activator Oct4 present on the low hierarchical 
level (compare (b) and (c))

Quantitative Approaches to Model Pluripotency and Differentiation in Stem Cells
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extreme cases (high cooperativity) approaches a step function 
[67]. Thereby, the Boolean formalism can capture many 
dynamic properties of GRNs.

As it appears today, exploration of a complex system, 
such as the self-renewal gene network in ESCs, with largely 
unknown gene interactions, may be successfully modeled by 
starting from SINs, such as Boolean networks. Critical net-
work domains and kernels, crystallized from these prelimi-
nary studies, may be analyzed in detail, using steady-state or 
dynamic BRNs, as long as the required biological knowl-
edge is available for the interacting genes.

�Gene Networks and Deterministic 
Quantitative Models

�Data Integration and Network Construction

Functional properties of various biological systems can be 
uncovered by inferring the architecture of biological net-
works and modeling GRN dynamics using either reaction-
based (BRN) or statistical-based (SIN) models (see Fig. 2). 
With the advent of high-throughput biotechnologies, the 
GRNs of stem cells have been mapped and reverse engi-
neered. The past few years have witnessed the development 
of resources for stem cell-centered networks and databases 

for the broad stem cell community. A number of regulatory 
interactions are deposited in network-based repositories such 
as PluriNetWork [68], Plurinet [69], and iScMiD [17]. 
Additionally, WikiPathways provides a resource that high-
lights pathways contributed and maintained by the stem cell 
community [70]. In the context of transcriptome data, data-
bases such as FunGenES and StemBase contain gene expres-
sion data and interactive query tools with a Web interface 
[71, 72]; in addition to gene expression data, genome-wide 
protein–gene binding ChIP-seq/chip data in stem cells are 
collected in the public domain at NCBI’s GEO [73] data-
base, while databases such as ChEA [74] and ESCDb [75] 
include a number of processed ChIP-seq/chip results and 
allow users to query genes of interest. Other miscellaneous 
databases include StemDB (http://www.stemdb.org), which 
holds stem cell-related information (mRNA expression pro-
files, antibodies, primers, and protocols). Recently, regula-
tory regions relevant to stem cell activity in mouse genome 
have been mapped using either integrative analysis of chro-
matin modification patterns [76] or direct experimental test-
ing of extracted nucleosome-free DNA segments [77]. These 
data, along with sequence analysis based on binding motif 
models [78–80], may define directed transcriptional net-
works and biological reaction models (see below).

Currently, new provisional gene networks for mouse 
ESCs are generated and updated constantly [15, 17, 28, 55, 
56, 68]. However, these networks are often focused on vari-
ous specific aspects of mESC biology, constructed from data 
obtained under different conditions (e.g., different knock-
downs or differentiation conditions), and have resulted in 
substantial disagreements. Similarly designed, genome-wide 
studies of the core pluripotency factors protein–protein inter-
actions (interactomes) may produce only 20–40  % of true 
positives that are consistent among the studies [81–83]. 
Comparisons of larger number of genome-wide data sets 
produce even weaker agreements.

Examples of gene networks constructed for the core plu-
ripotency factors based on various types of data [19, 48, 84] 
are shown in Fig. 1, the different views of how the same gene 
network compensate then contradict each other. One promi-
nent but challenging goal is to integrate the enormous 
amount, diversity, and ambiguity of currently available 
genome-wide data sets across multiple informational layers 
in order to build more consistent GRNs and predictive quan-
titative models.

�Statistical Interaction Networks and Boolean 
Models

Even very general, abstract information regarding regulatory 
interactions between genes can be approximated by rather 
simple Boolean on/off switches; Boolean networks are 
among the common computational approaches to model the 

Fig. 2  Data integration and model construction strategies. Flow chart 
shows possible ways of data integration and construction of SIN- and 
BRN-based models and their relationships. While construction of SINs, 
such as Boolean networks and models, requires data integration, con-
struction of BRNs may require analysis and partition of the integrated 
networks into smaller domains and network motifs. Simple network 
motif models with known input/output characteristics may be conse-
quently integrated into larger BRN networks and models
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dynamics of the GRNs [64, 67, 85, 86]. A Boolean network 
can be represented by a directed graph G(V, F). An example 
is shown in Fig.  3a. G is defined a set of vertices (nodes) 
V = {x1, …, xn} connected by a set of Boolean functions 
F = {f1, …, fn}. Under the Boolean framework, each variable 
can take binary values of 1 representing “ON” or active state 
or 0 representing “OFF” or inactive state. The state of each 
node at time t is determined by the value of other nodes in the 
previous time step according to a list of Boolean functions 
F = {f1, …, fn}. A Boolean function fk is a logical function 
operating on the values of upstream nodes regulating the 
activity of node k via Boolean operators such as “and,” “or,” 
and “not.” At each time step, the nodes can be updated in a 
synchronous or asynchronous manner. Synchronous updat-
ing schemes simply assume that the reactions in the network 
G have similar timescales. Therefore, a variable is updated 
after all rules have been applied and all downstream nodes 
are updated simultaneously. Alternatively, asynchronous 
updating schemes take temporal ordering into account and 
can be categorized as either (1) un-deterministic, stochastic 

asynchronous such as random ordering updates [87] or (2) 
deterministic updating [88]. The total number of states of a 
network is finite (2N for a network G consisting of N nodes). 
For synchronous and deterministic asynchronous updating, 
the system relatively quickly arrives to steady states charac-
terized by either a limit-cycle or a fixed-point attractor. In 
contrast, states outside the attractors are transient and unsta-
ble. For each attractor, the set of all transient states leading to 
that attractor constitute the basin of attraction, a common 
feature, found in both discrete and continuous variable 
dynamical systems (see Fig. 3c, d).

Boolean network modeling can capture the collective 
behavior of sophisticated regulatory networks and has been 
applied to explore several complex biological systems. A 
Boolean network has been developed to simulate the yeast 
cell cycle and to predict cell cycle events [89]. A PBN has 
been successfully applied to analyze the dynamical behavior 
of a subnetwork consisting of 15 genes in human glioma [90]. 
Based on the analysis of joint steady-state probabilities for 
Tie-2, NF-κB and TGF-β3, NF-κB, the model predicted func-
tion for Tie-2, a receptor tyrosine kinase involved in tumor 
development. Frequently, Boolean networks are used to infer 
the underlying structure of GRNs from high-throughput time 
series of microarray data [91–94]. The REVEAL algorithm 
developed by Liang was among the first formalism to infer 
Boolean model structure. The algorithm uses Mutual 
Information to determine the dependency and regulation 
among nodes based on state transition tables corresponding to 
time series of gene expression patterns. As a result, a minimal 
set of inputs are identified that can uniquely determine the 
output at the next time point for each variable in the network. 
In practice, a semiquantitative approach has been developed 
to infer the regulatory interactions in differentiating ESCs 
from gene expression data. The method combines the Boolean 
updating framework with internal continuous expression lev-
els [95]. The resulting optimized network revealed a hierar-
chical structure with Oct4, Nodal, and E-cadherin on top and 
regulatory flow to Foxa2 through Oct4.

To facilitate the construction of BNs, there are several 
software packages available for (re)constructing, simulating, 
and visualizing Boolean networks (see Table 1). For exam-
ple, general toolboxes such as the RBN toolbox, the PBN 
toolbox [66], and the CellNetOptimizer [96] are publicly 
available under the Matlab environment. Additionally, 
CellNetOptimizer can be downloaded as a bioconductor 
package in R. Other interactive graphics tools such as 
NetBuilder [97] and DDLab [98] allow users to create, visu-
alize, and simulate genetic regulatory networks including 
discrete Boolean networks. Additionally, BooleanNet [99] is 
a tool used to simulate GRNs in a Boolean formalism; simi-
larly, the R package BoolNet [100] can generate, simulate, 
and reconstruct Boolean networks with support for three 
types of BNs: synchronous, asynchronous, and probabilistic. 

Fig. 3  Boolean networks and basins of attraction. (a) A formal descrip-
tion of a directed Boolean network; three Boolean functions (f1–f3) link 
the network nodes. (b) Example of Boolean network and (c, d) its 
dynamical solutions. (c) A basin for a single-point attractor. The net-
work nodes correspond to vectors of on/off node states. Red edge (loop) 
corresponds to a transition between the attractor states (the same state). 
(d) A basin for a cycle attractor. The red edges show transition between 
the consecutive attractor states. These cyclic attractors were observed in 
networks describing periodic biological processes, such as the cell 
cycle
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It also integrates with existing visualization tools such as 
Pajek [101] and BioTapestry [102].

�Biological Reaction Models for Transcriptional 
Gene Networks

Sometimes, molecular mechanisms of gene interactions are 
difficult to capture by the Boolean network models described 
above. For instance, high or low concentrations of Oct4 trig-
ger differentiation, whereas moderate Oct4 levels promote 
pluripotency in mESC [103, 104]. Modeling this rich response 
of Oct4 target genes may require concentration-dependent 
thermodynamic models for transcriptional regulation [105–
108]. Currently, there are several models for transcriptional 
regulation; steady-state models consider only responses of 
downstream genes to upstream regulators (in a transcriptional 
cascade), and more complex models take into account feed-
back loops and dynamics of the reaction components. Steady-
state models for transcriptional gene networks are based on 
sigmoid (logistic) functions and include standard sets of fea-
tures, such as interaction strength constants (binding affinity 
of transcription factors to DNA), cooperativity (energy of 
protein–protein interactions), and saturation of the target gene 
response. Below, we provide an example of a simplest quan-
titative framework for transcriptional regulation based on a 
single biochemical step binding of a transcription factor to 
promoter/enhancer of a target gene [109]. It is assumed that 
the binding reaction is the rate-limiting step in the cascade of 
biochemical reactions (binding, transcription, translation, 
etc.) leading to activation of the target gene.

Given concentration [x] of a transcription factor X and a 
binding constant (binding affinity) of a site K in a promoter 
of downstream gene Y, rate of Y activation by X is found 
from the equation describing probability p of occupancy of 
the binding site by X (fractional occupancy model):
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Here denominator is a partition function describing the 
sum of statistical weights for all possible states of the system 
(binding site + transcription factor), where 1 corresponds to 
empty (unbound) state. Numerator in (1) is a sum of statisti-
cal weights for all successful states, promoting initiation of 
gene Y expression; (1) corresponds to a single, bound state. 
If there are N binding sites for X with equal affinity in the 
promoter of Y, and any combination of the occupied binding 
sites initiates expression of Y (successful), then (1) becomes
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If X binds to the target sites cooperatively, then the model 
needs to include the energy of protein–protein 
interactions C:
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Model (3) is exact for N = 1, 2. For N > 2, the model still 
approximates the response very well [110]. The (3) (N = 2) 
may serve as an alternative to the Hill function; the main 
advantage is that the above equation can accommodate actual 
values for the binding site affinity and cooperativity. The 
model can be extended to arrays of binding sites with unequal 
affinities as well:
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Table 1  Software for network construction and network modeling

Name Source Implementation environment

BNM www.rustyspigot.com/software/BooleanNetwork/?url=/software/BooleanNetwork Standalone
BooleanNet code.google.com/p/booleannet/ Python
BoolNet cran.r-project.org/web/packages/BoolNet/ R/bioconductor
CellNetAnalyzer www.mpi-magdeburg.mpg.de/projects/cna/cna.html Matlab
CellNetOptimizer sites.google.com/site/saezrodriguez/software/cellnetoptimizer Matlab; R/bioconductor
DDLab www.ddlab.com/ Standalone
DVD v1 dvd.vbi.vt.edu/cgi-bin/git/dvd.pl Web-based
NetBuilder strc.herts.ac.uk/bio/maria/NetBuilder/ Standalone
Odefy www.helmholtz-muenchen.de/cmb/odefy Matlab
PBN toolbox code.google.com/p/pbn-matlab-toolbox/ Matlab
RBN toolbox www.teuscher.ch/rbntoolbox/ Matlab
RBNLab sourceforge.net/projects/rbn/ Java
LearnBoo www.maayanlab.net/ESCAPE Matlab
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Typically, the binding site affinities K are unknown; there-
fore, they are approximated via informational scores H, 
found from the actual DNA sequences of the binding sites 
using binding motif models (such as the consensus binding 
site) for X [78, 111]. TF-specific binding coefficient g may 
serve to emphasize unequal inputs from “strong” and “weak” 
transcriptional regulators [62].

Complex transcription regulatory regions may contain 
arrays of binding sites for multiple transcription factors. 
Typically, all inputs from arrays of activator and repressor 
binding sites are considered independently and the cumula-
tive outcome is calculated as a product of the positive and the 
negative inputs as follows [108, 112]:
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The first multiplicative term in (5) assumes that either 
array of occupied activating sites will add to the expression 
of the target gene; the second multiplicative term assumes 
that either array of occupied repressor sites will diminish the 
expression. Notice that model (5) operates on arrays of sites, 
where arrays may represent identical or different site types 
or even single binding sites, so (5) offers an opportunity to 
partition complex regulatory regions and then calculate the 
outcome of TF binding.

In the case of dynamic models, the calculated transcrip-
tional responses P are used to approximate the synthesis 
rates Pi in standard ODE describing gene product 
dynamics:
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Dynamic of ith component (node, gene product) in (6) 
depends on the synthesis and degradation with proportional-
ity constants α and β, correspondingly. In the absence of any 
specific knowledge regarding distribution and affinity of 
binding sites, P may be approximated by the general response 
function (3) (N = 2) and by the function (5) integrating mul-
tiple inputs [108].

�Estimation of Model Parameters,  
Overfitting Problems

Typically, a quantitative model incorporates a network 
describing a sequential order of gene interactions, dependen-
cies describing gene interactions themselves, and parame-
ters. In the case of Boolean models (see above), the 
parameters may correspond to logical rules for integration of 
multiple inputs. In the case of biological reaction models, the 
parameters are the reaction rates and constants, which are 
usually unknown. According to (3) and (6) above, a dynamic 

model for a network consisting of n nodes and m edges may 
require at least 3n + m parameters (synthesis, decay and 
cooperativity for n, binding constants for m). Fitting meth-
ods, such as Metropolis–Hastings or simulated annealing 
algorithms [113], are capable of identifying the parameter 
values, where model fits the data; however, the solutions may 
not be unique. The resulting parameters may be unrealistic 
and, sometimes, the model can even fit any data, suggesting 
that there is an improper balance between the number of 
open parameters and the amount of input data (overfitting).

In the case of BRN models (transcriptional gene net-
works), the number of parameters may be reduced by learn-
ing the relative values of binding constants from promoter 
and enhancer DNA sequences or using global parameters for 
most of the reaction components. For instance, degradation 
and synthesis constants may be set identically for all network 
components regulated in a similar manner. Biological net-
works have sufficient robustness to tolerate significant 
changes in component concentrations; hereby, adequate 
models are likely to tolerate certain global parameters as 
well. Perhaps, the realistic number of open parameters, when 
the model is still comprehensible to a human, should not 
exceed 3–5 in the case of network motifs (3–5 nodes, such as 
the core pluripotency circuit) and 10–20 parameters in the 
case of larger networks incorporating 3–5 network motifs 
[108].

Possible benchmarking tests, which might help to detect 
overfitting, include randomization of input data; further 
computational validation of a model requires mimicking 
genetic mutations in silico. Usually, a model is considered 
valuable if it predicts the in silico outcome for 50 % or more 
of the known mutations. More complex predictions, such as 
multiple knockdowns, are tested in vitro by collecting addi-
tional experimental data.

In the case of stem cells, the major experimental chal-
lenge is to obtain a reliable protein level readout in single 
cells for as many network components as possible. Tools 
available for such measurements include transgenic cell lines 
expressing GFP under the control of regulatory elements for 
the core pluripotency factors Nanog or Oct4 [48]. These cell 
lines provide the power to measure gene expression in living 
cells and record gene expression dynamics. However, these 
measurements can be done in a single channel only for either 
Nanog or Oct4. Routine immunostaining in combination 
with flow cytometry will allow an increase in the number of 
channels to 3–4 (1 transgenic Nanog + 2–3 channels for 
immunostaining) [114]. This number of channels will satisfy 
the elementary network motif models, such as the core circuit 
model, but will be insufficient for larger models. Methods 
based on high-throughput real-time PCR assays (BioMark™ 
System, Fluidigm Corporation) are capable of delivering 
readings for up to 96 genes (mRNA) in a single cell, but the 
number of cells (96) in this method requires using multiple 
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chips to achieve statistical sound cell numbers. Recently 
emerging mass cytometry-based methods [115] read the sta-
ble lanthanide isotope tags attached to antibodies using 
metal-chelating labeling reagents and allow reading of up to 
30 channels (proteins) or more in a large number of cells.

�Known Quantitative Models for Stem Cells

ESCs are becoming a major subject for quantitative model-
ing due to the relatively high level of understanding of this 
particular system. Early models focused on the structure of 
the core pluripotency network and transitions between alter-
native pluripotent states, corresponding to dynamic attrac-
tors. Three potential scenarios were identified, all producing 
bimodal statistical distributions for Nanog concentrations, 
observed in ESC culture in vivo [29]. In the first scenario, 

highly cooperative interactions between the core components 
produced a classical bistable switch with two attractors, the 
first corresponding to the high and the second corresponding 
to the low concentration of Nanog (see Fig. 4a, b) [28, 30]. It 
has been assumed that stochastic variations in gene expres-
sion may lead to transition between the states without loss of 
pluripotency [46]. Addition of a transcriptional repressor to 
the core pluripotency network produced a second scenario—
oscillation (Fig. 4c, d) [30]. Interestingly, in the context of 
the oscillator model, no stochastic noise is actually required 
to achieve transition between the suggested “high” and the 
“low” states. Inhibition of the core circuit may reflect known 
antagonistic interactions between the transcriptional regula-
tors Cdx2 and Oct4 [116], Zfp281 and Nanog [117], or Tcf3 
and Nanog [118]. Some of the core factors, such as Oct4, 
may be involved in both activation and repression [3]; the 
dual regulation properties of such pluripotency factors open 

Fig. 4  Known models for embryonic and hematopoietic stem cells. 
(a–f) Models for pluripotency in ESC. Dynamic solutions (phase 
spaces) are shown for the suggested network configurations. 
Cooperative interactions between the core factors (a) may produce a 
bistable system (b) with two-point attractors; (c) unilateral repression, 
combined with self-activation, produces oscillatory behavior (limit-
cycle attractor (d)); (e) mutual repression results in bistability (f) but 

with different distribution of the point attractors. (g) Model describing 
alternative cell lineage commitment in ESC. Two loosely linked 
bistable switches ensure choice between endoderm (Gata6 expression) 
and trophectoderm (Cdx2 expression) lineages. (h) Two parallel 
bistable switches reinforce each other and govern alternative commit-
ment of hematopoietic progenitors (here HSC) to erythroid or myeloid 
cell fates. Possible core HSC circuit is shown by the gray nodes
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the possibility for a third possible scenario, involving mutual 
repression (Fig. 4e, f) [119]. While unidirectional repressive 
interactions may produce oscillatory behavior of the system, 
mutual repression often results in a scenario similar to the 
classical phage lambda switch [120], but rather different 
from the bistability of cooperativity switch considered above.

Differentiation of stem cells provides a source of models 
appealing to mutual repression, associated bistability, and 
alternative lineage commitment [33]. Mutual repression 
between Cdx2 and Oct4 has been suggested to promote dif-
ferentiation towards the trophectoderm lineage, whereas 
mutual repression between Gata6 and Nanog seems to pro-
mote differentiation towards the endoderm (see Fig. 4g). One 
can see that the model integrates a pair of bistable switches, 
each combining a single pluripotency factor and a single lin-
eage commitment regulator [58]. This model predicted the 
quite interesting concentration-dependent (“bell-shaped”) 
response of Gata6 to the concentration of Oct4, resulting 
from direct activation and indirect repression of Gata6 by 
Oct4. Analogous concentration-dependent responses have 
been found in other well-studied systems, such as Drosophila 
embryogenesis [107]. Mutual exclusion between the alterna-
tive cell fates may be achieved, in part, via Oct4 activation of 
Cdx2 (trophectoderm primed cells); in its turn, Cdx2 
represses Oct4, prevents Oct4-mediated activation of Gata6, 
thus blocking endodermal cell fate. Interestingly, the 
explored network topology and the model suggested that 
Nanog overexpression, not suppression of the lineage-
specific factor Gata6, is the optimal way of reprogramming 
endodermic cells into iPSC.

HSCs are adult stem cells found in myeloid tissues such 
as red bone marrow with frequency ~10−4, relative to the 
other cell types. Unlike ESCs, HSC culturing is not a trivial 
task. A large fraction of HSCs in mice is present in a nonpro-
liferating or quiescent (dormant) state. Under native condi-
tions, when a very low frequency HSCs may enter the cell 
cycle, it typically leads to irreversible differentiation of 
HSCs to blood lineage progenitors. In this respect, it is still 
not quite clear whether the quiescent HSC state is analogous 
to the pluripotent ESC state. An architecture for the core 
HSC network, responsible for the transition between the qui-
escent and differentiated states, still remains obscure [23]. A 
simple three-gene model for quiescence based on Boolean 
networks has been proposed [121]. In Boolean terms, the 
stem cell genes should be “ON” and the differentiation genes 
“OFF” at the quiescent state; the genes switch to the opposite 
states when the cells are fully committed. Analysis of the 
model suggested that a hematopoietic stem cell represented 
by three genes can end up in either “rest” or “cycling” attrac-
tor states. Interestingly this may correspond to switching 
between the bistable and the oscillatory scenarios, described 
for ESCs above (see Fig.  4a–d). More detailed models 
explaining quiescence are not available, with the exception 

of models describing HSC pool exhaustion and cellular 
aging due to proliferation [122, 123].

One well-studied model for hematopoiesis focuses on a 
switch governing differentiation of HSCs into erythroid or 
myeloid lineages [124]. The switch is mediated by the 
mutual repression between transcription factors Pu.1 and 
Gata1 (see Fig. 4h) [125]. In this case, however, the bistable 
switch responsible for the alternative cell fate commitment is 
placed directly between these factors, and it is also rein-
forced by yet another parallel switch downstream (C/Epba—
Fog1). In both considered cases (see Differentiation of ESC 
above), differentiation events are typically associated with 
mutual repression; however, in the considered models the 
bistable switches occupy quite different positions relatively 
to each other and to the upstream/downstream genes. In the 
case of ESCs their communication is indirect and much 
“softer”; in the case of HSC the bistable switches appear to 
safeguard one another. Inferring differentiation and repro-
gramming conditions from future predictive quantitative 
models may have a great impact in the area of personal and 
regeneration medicine.

�Variation of Gene Expression  
and Stochastic Models

�Observed Variations in Gene Expression

Stems cells cultures are heterogeneous and they often contain 
pluripotent naive stem cells along with cells primed for dif-
ferentiation and differentiating cells [29, 126]. For this simple 
reason gene expression assessment en masse may inadequately 
represent gene activity in either of the present cell types. On 
the other hand, measuring gene expression in single cells is 
much less reliable than in cell culture or entire embryos. 
Nearly any available method, including real-time PCR, flow 
cytometry, or imaging, will inevitably produce noisy readings 
and failed data points. The gene expression data recovered 
from the single-cell analyses will already appear to carry vari-
ations in gene expression. The levels of the technical noise can 
be high, so the single-cell gene expression data are sometimes 
only suitable for construction of Boolean or other statistical 
inference networks [19]. The means to measure and separate 
the technical noise from the actual variation of gene expres-
sion are limited [127]. Fluorescent reporters seem to produce 
less technical noise than immunodetection or real-time PCR. 
Currently emerging detection methods based on multiple fluo-
rescent labels allow reliable lineage tracing and analysis of 
history of single cells [128].

While the technical problems associated with detection in 
single cells are well known, problems associated with bio-
logical interpretation of the actual variations (detected reli-
ably) are often obscure. In fact, in the absence of any 
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knowledge regarding the structure and the function of under-
lying gene network, any gene expression pattern would 
appear to an observer as “random,” “variable,” or “stochas-
tic.” Figure  5 demonstrates this interesting paradigm. A 
model system, where gene expression is explained from 
purely deterministic models and which requires no variation 
in gene expression (fly embryo gradients) [129–131], is for-
matted to mimic gene expression patterns observed in stem 
cell cultures. The existing models suggest that each peak 
level of expression of the downstream gene eve (Fig. 5a–c) is 
explained by completely different combinations of the input 
gradients [132, 133]. In the absence of exact knowledge, the 
presence of such expression patterns in stem cells would 
only be explained by variations of gene expression or sto-
chasticity. In reality this might be a purely deterministic out-
come produced by the underlying network.

Detected actual variations in gene expression may be of 
different biological origins and may occur on different tem-
poral scales as well [134–136]. Altogether, given the techni-
cal difficulties, problems with biological interpretation and 
high diversity of the noise, exploring variations in gene 

expression on the purpose of network modeling, should be 
approached with great care.

�Models for Intrinsic and Extrinsic Noise

Deterministic models predict gene product concentrations at 
the time point t1 based on the concentration of the compo-
nents at the previous time point (t0), assuming that all synthe-
sis and decay processes proceed with absolute precision. In 
reality, the stochastic nature of chemical reactions and 
imprecision of mRNA and protein synthesis machineries add 
substantial deviations to the concentrations calculated using 
deterministic models (see (6)). The stochasticity inherent to 
biochemistry of gene expression is considered as intrinsic 
noise or intrinsic fluctuations [54, 134]. Stochastic differen-
tial equations (SDE) are commonly used to describe intrinsic 
fluctuations in biological systems [28, 60]:

	

d x

dt
P x xi

i i i i i i i

[ ]
[ ] ,= − + ( )a b x s0 	 (7)

Fig. 5  A deterministic scenario for the observed variations in gene 
expression. (a) In fly embryo, formation of the eve stripes (output, in 
red) is usually explained from the gradients of upstream transcriptional 
regulators (Bcd, Cad, Tll, Hb, Kr, Kni, etc.). (b) The same gradients as 
in (a) but represented as stained cells (see the color box on the right side 
of the panel). (c) The embryo is disintegrated and the “cells” are mixed 

up. Panel (c) resembles variations of gene expression observed in stem 
cell culture. (d) Single-cell real-time PCR (Fluidigm chip) analysis of 
gene expression in mouse ESC. Even after two-way clustering (clusters 
are marked by the arrows on top), the expression appears “noisy.” (a–c) 
demonstrates that the noisy pattern on (d) may be obtained from a 
purely deterministic network
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The last term in (7) models intrinsic noise in the system, 
where x is a zero-mean white (Gaussian) noise and s is the 
noise level (standard deviation). For s > 0, the model solu-
tions become distributions centered on dynamic attractor 
states. This model is convenient since it assumes no specific 
source of the gene expression noise and adds a single param-
eter (x) to the model. The square root function of the concen-
tration is selected based on the assumption that higher gene 
product concentrations should provide better signal/noise 
ratio (SNR). Based on (7), concentration deviations caused 
by the intrinsic noise occur on the same timescale as the gene 
product synthesis cycle (minutes to hours). Figure 6 shows a 
possible solution of the SDE and possible trajectories of cells 
“traveling” around the basin of attraction (Fig. 6c).

Extrinsic noise is a more delicate matter; these fluctua-
tions of gene expression are often attributed to changing cell 
environments [134] and epigenetic levels of gene regulation, 
such as promoter DNA methylation or chromatin modifica-
tion [136], meaning that the extrinsic noise may represent 
unexplained deterministic events unaccounted by a given 
model (see also section “Observed Variations in Gene 
Expression”). The extrinsic noise may have a greater ampli-
tude and may occur on a longer timescale (cell cycle, hours 
to days) than the intrinsic noise, thus contributing more to 
the observed cell-to-cell variability of gene expression [136]. 
A common example of extrinsic noise is switching of a gene 
locus between active and inactive epigenetic states. In the 
active state the gene promoter becomes accessible to 

transcriptional machinery, which initiates a series of events 
leading to mRNA synthesis or “bursts” of transcription. 
Figure 7 demonstrates the potential order of epigenetic and 
transcriptional levels of regulation (Fig. 7a), dynamics of the 
gene product synthesis (Fig.  7b–d), and the corresponding 
cell-to-cell variability of the gene product under alternative 
epigenetic modes of regulation (Fig. 7e).

Few quantitative frameworks have been proposed for 
modeling the bursts of transcription and the resulting cell-to-
cell variability [54, 137–140]. Epigenetically active state of 
promoter may be described by a Boolean function F, which 
depends on the “concentration” (epigenetic state/grade of 
promoter) of the epigenetic factor:
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In (8), p1 and p2 are the probabilities of promoter activa-
tion or deactivation, r is a random number, and t is an inte-
gration step (time). Simulations shown in Fig. 7c assume that 
the probability of turning the promoter “ON” (association) p1 
linearly depends on the “concentration” of the epigenetic 
factor p1 ~ E (Fig.  7a). If the promoter is in “OFF” state 
(F = 0), at any given moment of time (integration step), there 
is a probability p1 of transition into an active “ON” state 
(F = 1); if the promoter is active, there is a probability p2 of 
transition into an inactive state. No transcriptional regulation 
is present in this particular model (but the probability p1 may 

Fig. 6  Deterministic and stochastic components of a model for pluri-
potency. (a) Phase space with a dynamic attractor corresponding to a 
pluripotent state. Color (from cold to warm) shows the potential of the 
attraction basin. The attractor shown may be classified as a damping 
oscillator. (b) Behavior of cell states is simulated in the same phase 
space in the presence of intrinsic noise. The states (cells) are now form-

ing a cloud “rotating” around the attractor. (c) Detailed consideration of 
hypothetical cell states present in the system. Naive pluripotent cells (in 
red) are close to the attractor; cells pushed to the edge of the attractor 
basin (see the ellipse on XY plane) become primed to differentiation (in 
orange); differentiating cells (in blue) are already left in the attractor 
basin
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be linked to the fractional occupancy p1 = P; see (3), (4), and 
(5)). Synthesis of the gene product X now depends on the 
state of the Boolean function F (in discrete form):
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This model now takes into account both the extrinsic (F) 
and the intrinsic (x) variations. The described method may be 
applied to study allelic variations in the gene expression, 
which may contribute to the formation of stem cell subpopu-
lations [141] (see Fig. 6e).

�Information Flow and Epigenetic Landscapes 
in Differentiation

�Information Flow and Epigenetic Memory

One interesting problem emerging from quantitative analysis 
of stem cell gene networks is informational flow in the sys-
tem during self-renewal and differentiation. Information 
content of any pluripotent cell state and each transient or ter-
minally differentiated state can be characterized, for instance, 
by a genome-wide set of gene expression levels. This rather 
trivial representation is supported by the frequently observed 

specific “molecular signatures” characterizing pluripotent 
and differentiated cell types in microarray studies [55]. 
During transition between two (rather arbitrary defined) 
neighboring cell states n and n + 1, genes specific to n + 1 are 
activated, while some genes specific to n are shut down and 
some genes specific to n maintain or slightly change their 
activity levels (see Fig. 8). One can see that the new informa-
tion, required to achieve the state n + 1 from state n, has been 
read from the genome. Intuitively, the amount of new infor-
mation may not exceed the amount of binary information 
contained in the DNA, encoding the newly activated genes, 
with the account of their transcription regulatory regions as 
well. In the case of differentiation, the genome plays a role 
similar to that of a storage device on a computer, such as CD 
or “read-only memory”—ROM. Interestingly, epigenetic 
information (genes which are still active, DNA methylation, 
chromatin modification states, and so on) from state n to 
state n + 1 may be considered as temporary memory or, by 
analogy with computers, “random access memory—RAM.” 
The epigenetic memory provides means for self-renewal, 
where a given number of active network components fluctu-
ates between different semi-stable states.

Finding cell-specific markers or tissue-specific transcrip-
tional regulators is, in fact, tracing the emergence of new 
information in differentiating cells. Separation of the new, 

Fig. 7  Contribution of epigenetic signals to variations in gene expres-
sion. (a) Architecture of regulatory levels in a promoter of an abstract 
“pluripotency gene.” Epigenetic factors, (“Epi.”), such as DNA methyla-
tion or chromatin modification, serve as a “valve” locking the function 
of basal transcriptional machinery (BTM) at the lower level. (b) Dynamic 
changes in the activity of the epigenetic factor affect switching the 

alleles of the downstream gene between “ON” and “OFF” states. (c) 
Transcriptional bursts in the “ON” states result in accumulation of the 
gene product (shown independently here for each allele). (d) Variations 
in the gene product of the downstream gene (sum of the two alleles). (e) 
Cell distributions with respect to the target gene product concentration, 
simulated for different modes of action of the upstream epigenetic factor
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specific information from epigenetic memory may help to 
focus on the right candidate genes and reduce complexity of 
gene networks and the network-based quantitative models.

�Attractor States and the Waddington 
Landscapes

Stem cells are capable of self-renewal and differentiating 
into terminal cell types. In a metaphorical way, Waddington 
[142] described the cells as marbles rolling down an epigen-
etic landscape containing “hills” and “valleys” during the 
development process: the “valleys” represent cell types sepa-
rated by the “hills.” From the network biology perspective, 

cells residing in the “valleys” are in the stable states, fixed-
point attractors. Alternatively, cells may be in unstable states, 
characterized by oscillation around multiple “valleys.” 
Different stable or transitive states are defined by character-
istic gene expression patterns and epigenetic signatures. 
Certain experimental observations support this view. For 
instance, induction of differentiation of human leukemia 
cells (HL60) into neutrophils by different stimuli suggested 
the presence of two different attractor states. Based on global 
analysis of gene expression, L60 cells adopted two different 
trajectories of differentiation which finally converged into 
the same “end program” attractor state under the two differ-
ent stimulating conditions [143]. Sometimes the attractor 
states are on the borderline between chaos and determinism. 
Mimicking cell fate commitment using RBNs produced such 
interesting borderline solutions [86]. Apparently, the model 
captured the generic properties of biological GRNs corre-
sponding to “critical” dynamics, which seems to reflect an 
equilibrium between adaptiveness and robustness. From this 
point of view, stem cells would be expected to reside rather 
in semi-stable states in order to be ready for environmental 
changes, such as external differentiation signals. Sometimes, 
such semi-stable states on the borderline of chaos are called 
“primed” states, poised for differentiation [27, 144, 145] (see 
Fig.  6). Apparently, cells may travel from one semi-stable 
state to another driven by stochastic gene expression noise or 
deterministic cycling, characterizing limit-cycle attractors, 
damping oscillators, or strange attractors.

One interesting property of a Waddington landscape 
emerges from considering epigenetic factors and rewiring of 
GRNs in development and differentiation. These events may be 
represented by slow-changing variables, which may be consid-
ered as parameters in dynamic models describing the system at 
any given moment of time. Gradual drift of these parameters in 
time will change the phase spaces and the arrangement of solu-
tions. This demonstrates that the dynamic attractors (see Figs. 4 
and 6) are not still, they are born when the corresponding tran-
scription factors come into the play, and the attractors can move 
across the phase space over time and give birth to new attrac-
tors or new stable states. This process is called bifurcation and 
it may reflect progression of development and sequential emer-
gence of new lineages and new cell types. From this point of 
view, the Waddington landscape is a temporal order of stage-
specific solutions and their bifurcations.
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Abbreviations

bFGF	 Basic fibroblast growth factor (fibroblast growth 
factor 2)

DMSO	 Dimethylsulfoxide
PBS	 Dulbecco’s phosphate-buffered saline
ECM	 Extracellular matrix
EGF	 Epidermal growth factor
FBS	 Fetal bovine serum
hNSC	 Human neural stem cells
LIF	 Leukemia inhibitory factor

�Introduction

Neural stem cells isolated from human fetal and adult sources 
have been propagated and expanded in culture to provide 
research platforms for understanding control of nervous system 
development and their potential as therapies for neural injury 

and diseases [1–5]. When transplanted into diseased hosts, 
human neural stem cells (hNSC) interact strongly with the path-
ological microenvironment, migrating to loci of nervous system 
injury, differentiating to replace damaged neurons and glia, 
restoring homeostasis to damaged cells, and delivering chemo-
therapeutic agents [6]. Culture methods that facilitate biological 
mechanisms favoring engagement of hNSC with cues in the 
host-diseased microenvironment to enact migratory and regen-
erative programs are critical for realizing this therapeutic poten-
tial. Fostering retention and control of the inherent developmental 
properties of NSC crucial to the therapeutic potential of NSC—
multipotency, the ability to differentiate to the different cell 
types of the nervous system, and self-renewal, the ability to 
undergo mitosis to multipotent daughter cells—is thus of intense 
interest. From a practical standpoint, producing large popula-
tions of hNSC is needed for understanding not only the thera-
peutic potential of hNSC but also how the cellular milieu 
influences expression of these developmental programs.

hNSC are cultured ex vivo in neurospheres [5, 7–10], 
monolayers [5, 11, 12], and multilayers [13]. Isolated cells 
introduced to a culture vessel aggregate and proliferate as free-
floating suspended masses that exhibit minimal interaction 
with nonadhesive substrates [5]. These “neurospheres” may 
grow both by proliferation of individual cells within each 
sphere and by “fusion” of nearby spheres into masses popu-
lated by thousands to millions of cells that interact strongly 
with each other by the secretion of cell adhesion and extracel-
lular matrix (ECM) molecules. Neurosphere culture remains a 
popular and standard technique for NSC propagation, but is 
criticized as being neither a unique property of neural stem-
ness [10, 14] nor an indicator of clonal proliferation [15]. 
From a technical standpoint, the physical nature of the neuro-
sphere mass of cells has led to difficulties in controlling stem 
cell differentiation by external factors in the bathing medium 
due to the nonuniformity of exposure throughout the cell 
mass. Furthermore, propagation is inherently limited by the 
consumption of nutrients by outer cells at the expense of inner 
cells, such that spheres eventually form dead cores that dimin-
ish culture yield as necrosis competes with mitosis [11, 16].
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Monolayer culture is induced by preventing neurosphere 
formation through seeding at a low density to decrease 
intercellular interactions [11, 12]. Plastic or glass substrates 
are often coated with biomolecules enabling NSC adhesion to 
the substratum, including poly-l- or d-lysine, poly-l- or 
d-ornithine, and ECM constituents such as fibronectin or lami-
nins [12, 17]. Monolayer culture has also been obtained with-
out adhesion-enabling biomolecules on corona discharge- or 
other ion plasma-treated surfaces, termed “tissue culture-
treated,” when cells are seeded at low density [1, 7]. Monolayer 
culture is favored because all the cells have ostensibly unim-
peded access to growth factors and nutrients in the medium. It 
has revealed that basic fibroblast growth factor (bFGF, FGF2) 
and leukemia inhibitory factor (LIF) are the only growth fac-
tors required to maintain self-renewal and multipotency of 
hNSC isolated from fetal telencephalon [7, 18, 19] such that 
they differentiate into neuronal and glial subtypes appropriate 
to the target brain region when engrafted into the nervous sys-
tem of living mammals [1]. This has allowed formulation of 
chemically defined culture media lacking serum [1, 2, 19].

This laboratory has developed methods for culture of fetal 
telencephalon-derived hNSC in multilayers by seeding on 
tissue culture-treated but otherwise unmodified plastic sur-
faces at relatively high densities [13]. Multilayers are inter-
mediate between monolayers and neurospheres—cells 
interact with each other in local aggregations or clusters but 
also with the substrate via lamellipodia extending toward 
adjacent cell clusters. Proliferation expands the cluster area 
horizontally along the substrate as well as vertically in each 
expanding cluster. Migration of cells between clusters along 
the lamellipodia and subsequent proliferation is hypothe-
sized to eventually unify previously discrete clusters. This 
culture mode produces large numbers of hNSC compared to 
both neurospheres and monolayers with the resulting cells 
suitable for differentiation control and transplantation. As 
culture of hNSC in multilayers is much less studied than 
monolayers and neurospheres, the present work explores 
quantitative parameters for successful propagation and main-
tenance of hNSC in this culture modality. Understanding 
these parameters will further acceptance of this technique for 
the realization of these advantages.

�Materials and Methods

�hNSC Source and Derivation

The hNSC used in this study, HFB 2050, were isolated from 
the telencephalon of a 13-week-old human fetal cadaver [1]. 
NSC were selected by serial culture in serum-free DMEM/
F12 culture medium supplemented with N2 (Life 
Technologies, Carlsbad, CA), 5 mM l-glutamine, and 10 ng/
mL LIF. Culture media alternated between 20 ng/mL bFGF 

(FGF2) and 20  ng/mL epidermal growth factor (EGF) to 
induce reentry into the cell cycle and to maintain the cells in 
a state of early neuroglial multipotentiality [17]. This proce-
dure required six enzymatic passages before cryopreserva-
tion in 10 % (v:v) DMSO, 50 % FBS, 40 % culture medium. 
Cells were maintained thereafter in defined, serum-free con-
ditions as described [13, 20, 21].

�NSC Culture

�Culture Conditions
Procedures previously described for multilayer culture of 
these cells were followed [21]. For this study, cryopreserved 
aliquots of cells from the original derivation were thawed and 
diluted sevenfold in culture medium of the following defined 
composition: Neurobasal medium (Life Technologies), 
Vitamin A-free B27 supplement (Life Technologies, Carlsbad, 
CA), 5  mM l-alanyl-l-glutamine (GlutaMax, Life 
Technologies), 20 ng/mL bFGF (R&D Systems, Minneapolis, 
MN), 10  ng/mL LIF (Millipore, Temecula, CA), 8  μg/mL 
heparin (Sigma-Aldrich, St. Louis, MO), and 2  μL/mL 
Normocin (Invivogen) [13, 21]. After collection of the cells by 
centrifugation at 200 rcf for 4 min, cells were resuspended in 
medium and cultured at 37  °C in humidified air containing 
5 % CO2 in 6- and 12-well plates, and T25, T75, and T225 
flasks fabricated of tissue culture-treated polystyrene (Cat. No. 
430639, 430641, and 3001, respectively, Corning Costar).

�Dissociation and Collection of Cells for Passage
Cells were passed by aspiration of medium and one wash 
with Dulbecco’s phosphate-buffered saline (PBS) followed 
by incubation in a volume of Accutase equal to one-fourth of 
the normal culture medium volume at 37 °C for 45 s. Lifting 
and dispersion of multilayers was then observed by light 
microscopy with gentle agitation of the culture vessel as 
described [13, 21]. Cells were dissociated to single cells and 
small aggregates (≤5 cells) by triturating 2 or 3 times with a 
5 mL disposable pipette, taking care to avoid undue shear 
stress, and transferred to a 15 mL conical polypropylene cen-
trifuge tube. Total time in Accutase was confined to <2 min. 
Enzyme was quenched by dilution with 6 volumes of culture 
medium used to wash the culture vessel, and cells were pel-
leted by centrifugation at 200 rcf for 4 min at room tempera-
ture. The pellet was resuspended in 1.0 mL culture medium 
by 2 triturations with an Eppendorf 1.0 mL pipetter.

�Quantitation of Viable Cells
At each passage, viable cell densities were quantified by 
counting on a Neubauer hemocytometer. Typically 2 μL of 
cell pellet resuspension was diluted 1:50 with PBS, and then 
an equal volume of 0.4 % Trypan Blue was added for a final 
counting dilution of 1:100. Cells exhibiting a bright white 
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boundary under phase contrast observation were scored as 
viable and used for seeding density and yield calculations.

�Seeding New Culture Vessels and Feeding
New culture vessels were seeded with dispersed cells at a 
desired surface area density. Freshly seeded cultures were 
allowed to grow at 37  °C without mechanical disturbance 
(including movement for observation) for at least 3 and up to 
5 days. The first feeding was a replacement of half the 
medium volume covering the cells with fresh medium con-
taining twice the normal concentrations of supplementary 
growth factors, i.e., 40  ng/mL bFGF, 20  ng/mL LIF, and 
16  μg/mL heparin. All medium replacements were per-
formed by slow rotation of the vessel about its horizontal 
axis (e.g., taking 5–10 s) to move the liquid off the growth 
surface to avoid detachment of the cells by the meniscus and 
into a flask corner. After removal and replacement of the 
desired liquid volume, the vessel was subsequently slowly 
rotated back to allow the refreshed medium to cover the cells 
while avoiding meniscus shear. After this first feeding, cells 
were washed and the medium replaced every 3–5 days utiliz-
ing the same liquid removal and replacement maneuvers to 
avoid detaching the cells from the growth surface.

�Coating Tissue Culture Vessels with Laminins

Culture vessels, including 6-well plates, T25, T75, and 
T225 flasks, were first coated by incubation in 10  μg/mL 
poly-l-ornithine (Sigma-Aldrich) in sterile PBS for 24 h at 
37 °C. Unattached poly-l-ornithine was removed by three 
washes with sterile PBS at room temperature. The surfaces 
were subsequently coated with 10 μg/mL mouse laminins 
(Life Technologies) in PBS by incubation for 24 h at 37 °C. 
The incubation solution was removed, the surface washed 
once with PBS, and the flasks stored for use at 4  °C as 
described [11].

�Time-Lapse Microphotography

Cells were plated on 35 mm diameter tissue culture-treated 
polystyrene Petri dishes for observation with a ×20/0.4 NA 
4.5 mm working distance objective (Meiji Techno, Saitama, 
Japan), and plated on glass bottom 35  mm FluoroDishes 
(Cat. No. FD35, World Precision Instruments, Sarasota, FL) 
for observation with a ×40/0.65 NA 0.5  mm working dis-
tance objective. The seeding density was 105 cm2 when the 
surface was untreated, and 4 × 104 cm2 when the surface was 
coated with laminin. Cells were observed with a custom 
inverted fluorescence microscope having an integrated 
CMOS imager interfaced via USB 2.0 with a computer for 
display (Lumascope, EtaLuma, Inc., Carlsbad, CA). Cells 

were transilluminated in brightfield at an oblique angle 
through the plastic dish cover with a white LED on a flexible 
cable. After plating, the dish was placed on the stage of the 
microscope inside a 37  °C incubator, a field of view was 
brought into focus, and successive images were acquired and 
stored as bitmaps at time intervals of 5 or 10 min for a collec-
tion period of up to 14 days with custom software 
(LumaView). Image files were assembled into movies with 
Adobe Premier 6.5. In brief, each 4  MB bitmap image 
(1,280 × 800 pixels) in a time-lapse series was replicated into 
five successive video frames (760 × 480 pixels). The result-
ing sequence of video frames was compressed by an MPEG-1 
codec into a movie for playback at 30 frames per second. 
Total time-lapse collection periods and movie durations are 
noted in each movie legend.

�Results

�NSC Growth in Multilayers and Monolayers: 
Intercellular Interaction with Continual 
Expression of Lamellipodia

�Growth on Tissue Culture-Grade Polystyrene
When introduced to a fresh surface, dissociated hNSC grew 
into multilayers with a stereotypical pattern and time 
course. The seed of freshly dissociated cells shown in 
Fig. 1a, in which the plane of focus is located at the flask 
floor, consisted of single cells and small aggregates of ≤5 
cells. After 3 days of undisturbed incubation at 37 °C, most 
cells had settled on the growth surface, aggregated into 
small colonies, and begun proliferating within these clus-
ters (Fig.  1b, left). Some cells along the edges of each 
cluster extended lamellipodia along the growth surface. 
Lamellipodia extended from nearby colonies appeared to 
be directed toward each other, suggesting a chemosensory 
tropism. This surface exploratory behavior by elaboration 
of lamellipodia was critical for establishment of proliferat-
ing multilayer cultures. Cells remaining as singlets unas-
sociated with any colony extended few, if any lamellipodia, 
suggesting minimal interaction with the surface. Settled 
cell clumps not expressing lamellipodia either did not 
proliferate or formed neurospheres that lifted away from 
the growth surface (Fig. 1b, right).

Between 3 and 5 days of incubation (Fig. 1c, left), colo-
nies increased in mass by proliferation, resulting in the mul-
tilayer appearance. In addition, cells migrated, as if in 
“chains,” along the exploratory lamellipodia established by 
cells near the peripheries of the colonies, especially lamelli-
podia that had come into contact with lamellipodia extended 
from adjacent colonies. Proliferation of these migratory cells 
resulted in establishment of “branches” or “chains.” 
Continual migration and proliferation of cells both along and 
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Fig. 1  Time course of fetal-derived hNSC multilayer growth on an 
uncoated, tissue culture-grade polystyrene surface. (a) Accutase-
dispersed cells freshly seeded in a T25 flask in 6 mL medium at a sur-
face area density of 1.3 × 105 cells/cm2 (3.25 million cells total cells). 
While not all cells had settled to the flask floor, as seen by out-of-focus 
cell boundaries, their center-to-center spacing was consistent with an 
average separation of 15.6 ± 3.9 μm expected for the area density of the 
seed. (b) Left: after 3 days of mechanically undisturbed growth, cells 
have aggregated and begun to proliferate within each group. Cells have 
also begun to explore the growth surface by expression of lamellipodia. 
Lamellipodia from nearby groups appear to project toward each other. 
Right: cells 3 days after seeding at <0.8 × 105 cells/cm2 in a different 

T25 flask. These cells formed small clusters, did not extend lamellipo-
dia, and died within 5 days of seeding, indicating that surface explora-
tion was critical for survival. (c) Left: between 3 and 5 days of culture, 
cells migrate along exploratory lamellipodia and proliferate to form 
branches that connect adjacent colonies. Right: over days 5–7, cells 
continue to proliferate within colonies, and migrate and proliferate 
along branches established between colonies. (d) Left: By 7–10 days 
after seeding, expanding colonies merge into multilayers. Right: cells 
have grown to confluence by 2 weeks of growth. The plane of focus was 
positioned at the growth surface such that the boundaries of lamellipo-
dia were the sharpest. Cells growing on top of surface-attached cells 
thus exhibit less sharp boundaries. Scale bar, 50 μm
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within these branches and subsequent extension of new 
lamellipodia enabled further branch/chain migration and 
proliferation to increase coverage of the growth surface area.

Over days 5–7 (Fig. 1c, right), growth progressed by the 
colonies appearing to flatten, suggesting that daughter and 
sibling cells sought and established contact with the growth 
surface with the resultant crowding stimulating further area 
expansion. By 7–10 days of growth (Fig. 1d), many branches 
between colonies had merged creating a more uniform cov-
erage of the growth surface by the cells to ~80 % confluence. 
Cells along colony peripheries continued to extend lamelli-
podia into unoccupied growth surface with concomitant 
chain and branch migration and proliferation. Growth con-
tinued in this highly stereotypical pattern until attaining con-
fluence by 2 weeks (Fig. 1e).

This pattern of growth was observed independently of 
passage number for up to 43 passages, the greatest passage 
studied.

�Time-Lapse Observation of hNSC Growth  
on Uncoated Surfaces
Movies of freshly seeded hNSC on glass surfaces revealed 
surprising dynamics underlying the stereotypical growth pat-
tern time course sampled in static images. Over the first 24 h 
(Movies 1 and 2), cells were mobile in the fluid medium, 
suggesting Brownian motion [22] as is observed during the 
initial stage of neurosphere formation [5]. Cells jostled into 
one another to aggregate into colonies that eventually became 
stationary on the surface. During the subsequent 1–2 days, 
cells in these colonies became unipolar in shape, producing 
extensive lamellipodia along the surface in multiple direc-
tions from each colony. One of the most striking observa-
tions was that many lamellipodia extended by cells located 
along peripheries of colonies were temporary. These lamel-
lipodia were extended relatively long distances and subse-
quently retracted to the cell soma over a period of ~30 min, 
suggesting chemotactile “sampling” of the surface. By the 
end of the third day, many lamellipodia became longer-
lived—particularly those extending toward lamellipodia 
extending from an adjacent colony of cells. Lamellipodia 
from one colony that touched a smaller neighboring colony 
triggered a rearrangement of cells in the smaller colony 
along the apparently contacting lamellipodia, an event remi-
niscent of neurosphere fusion [5]. Individual cells often 
migrated away from colonies, and then migrated back to the 
original colony merging in a different location, or merging 
with a different colony. One notable point of contact was 
extended lamellipodia, such that as multiple cells migrated 
and grouped, a branch was created.

�Growth on Laminin-Coated Polystyrene
When freshly dissociated hNSC were introduced to laminin-
coated polystyrene, single cells and aggregates of cells grew 

as a discontinuous monolayer (Fig. 2). By 1 day after seed-
ing, cells within clusters had begun flattening on the growth 
surface, adopting uni-, bi-, and multipolar shapes, and 
migrating with extensive lamellipodia (Fig. 2a). Over days 
1–3, the flattening of cells increased their surface area occu-
pancy, and cells migrated so as to disperse any initial clusters 
that had been previously formed (Fig. 2b). Cells continued to 
extend long lamellipodia and migrate resulting in prominent 
visible cytosol surrounding the nucleus of each cell with 
prominent lamellipodia (Fig.  2c). In contrast to growth as 
multilayers, cells on laminin underwent much less migration 
along lamellipodia established by other cells or clusters of 
cells grouping along pioneer lamellipodia. As a result, hNSC 
on laminin grew more as individual cells in small prolifera-
tion colonies, and clear unoccupied growth surface remained 
visible between adjacent cells for at least 12 days after seed-
ing (Fig. 2d).

In time-lapse observation, cells remained as individuals 
immediately on seeding, settling on the growth surface and 
extending lamellipodia (Movies 3 and 4). Cells began rapid 
migration along the surface, continually making apparent 
contact with each other, but typically passing either over or 
under one another apparently to regain contact with the lam-
inin-coated surface. As cells proliferated, nearby cells tended 
to remain close to one another resulting in small colonies of 
flattened adjacent cells. These colonies never resulted in the 
large extensive groupings of proliferated cells characteristic 
of growth in the multilayer pattern. Thus, cells seeded on 
laminin-coated surfaces began immediately to migrate along 
the surface, without undergoing extensive intercellular inter-
actions as on uncoated surfaces.

�Immunochemical Markers of Neuroglial 
Stemness

hNSC growing as multilayers on bare polystyrene and as 
monolayers on laminin stably expressed immunochemical 
markers of neural stemness and multipotency. All cells in 
cultures at 2 weeks stained positive for human nestin, the 
classical neural stemness marker whether cultured on 
uncoated (Fig. 3a) or laminin-coated polystyrene (Fig. 3c). 
Less than 5 % of cells stained for the neuronal marker dou-
blecortin or the oligodendroglial marker O4 (not shown), 
indicating that these culture conditions did not favor differ-
entiation to late, specific neuroglial lineages [13].

Cells throughout multilayer colonies expressed βIII-
tubulin as indicated by positive staining with the monoclonal 
primary antibody clone TuJ1 (Fig.  3c). Staining was con-
fined to long lamellipodia projecting from these peripheral 
cells. On laminin-coated surfaces, most cells stained positive 
for βIII-tubulin (Fig.  3d). While βIII-tubulin is generally 
regarded as a marker of neuronal commitment, it was 
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Fig. 2  Time course of fetal-derived hNSC growth on a laminin-coated 
tissue culture-grade polystyrene surface. (a) Cells 24 h (1 day) after seed-
ing. Aggregates and colonies of cells expressed extensive lamellipodia 
exploring the growth surface. (b) Cells 3 days after seeding. Cells have 
migrated from clusters and attached to the laminin-coated surface to flat-

ten. Each cell occupies greater surface area than comparative growth on 
uncoated polystyrene and expresses a greater profusion of lamellipodia. 
(c) Cells at day 7. The cells have established a discontinuous monolayer 
with unoccupied surface area between cells. (d) Cells at day 12 appear 
similar to cells at earlier times. Scale bar, 50 μm

Fig. 3  Immunostaining of nestin (a, c) and βIII-tubulin (TuJ1, b, d) of fetal hNSC grown as multilayers on uncoated tissue culture-grade poly-
styrene (a, b) and as monolayers on laminin-coated surfaces (c, d). Scale bar, 50 μm
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observed in nestin-positive NSC not expressing other mark-
ers of neuronal commitment. Therefore, βIII-tubulin may 
indicate an exploratory phenotype rather than specific lin-
eage specification [23, 24].

�Quantitative Parameters of hNSC Growth in 
Multilayers and Monolayers

�Cell Yield
Seeding a vessel with a greater number of cells increased the 
number of cells harvested at passage. Each culture vessel 
was seeded with a counted number of viable cells, and viable 
cells were counted at passage. The number of cells at harvest 
is plotted in Fig. 4a as a function of the number of cells in the 
seed for 242 otherwise uncoated tissue culture-grade poly-
styrene vessels (filled diamond) and 79 vessels of the same 
type coated with laminin (square). Both axes of the plot are 
logarithmic to provide equal representation of the data across 
each power-of-ten of cell number. In general, fewer cells 
were seeded on laminin-coated surfaces compared to 
uncoated surfaces, due to the larger cell area on laminin at 

confluence. As denoted by points located above the dashed 
line of equality, representing the same number of cells har-
vested as seeded, more cells were harvested than seeded 
from 67.4  % of uncoated vessels and 82.3  % of laminin-
coated vessels (P < 10−3, one-way ANOVA; F = 54.57, 
uncoated; 19.45, laminin-coated). Linear regression of cells 
out on cells in (constrained by 0 cells out on the y-intercept 
for 0 cells in) yielded slopes of 1.8713 ± 0.1305 (uncoated, 
R2 = 0.2956) and 1.7522 ± 0.4655 (laminin, R2 = 0.3287). 
Within the modest goodness of fit, the slopes are not signifi-
cantly different, indicating that these fetal hNSC grow simi-
larly on both surfaces. More noteworthy were the strong 
correlation coefficients of 0.5554 (uncoated) and 0.5893 
(laminin) between cells harvested and cells seeded. This 
indicates that >30 % of the variance in the number of cells 
harvested for the number cells seeded was accounted by the 
correlation between cells harvested and cells seeded, making 
the seed size the most significant predictor of cells obtained 
at harvest.

Yield, the number of cells at harvest per each cell seeded, 
was used to examine the roles of seed size and growth time 
in promoting cell growth. Cell yield was calculated as the 

Fig. 4  Yields of hNSC cultured on uncoated and laminin-coated 
surfaces. (a) The number of viable cells harvested plotted as a function 
of the number of cells seeded into 242 uncoated (filled diamond) and 
137 laminin-coated (square) culture flasks. Seed and harvest numbers 
ranged from 3 × 105 to 8.7 × 107. The abscissa and ordinate are repre-
sented with common logarithmic scales to give equal spatial representa-
tion on the graph across these orders of magnitude. The dashed diagonal 
line denotes the line of equality, in which the same number of cells were 
harvested as seeded. Lines through the data points (solid line, uncoated; 
finely dashed line, laminin-coated vessels) were obtained by linear 
regression of cells harvested on cells seeded, constrained by 0 cells 
harvested for 0 cells seeded. The slopes of these lines were not 

significantly different. (b) Yield, the number of cells harvested/the 
number of cells seeded, plotted as a function of the number of cells 
seeded for uncoated (filled diamond) and laminin-coated (square) ves-
sels. The abscissa has logarithmic scale to provide equal graphical rep-
resentation across of the range of seed size. The upward sweeping lines 
(solid line, uncoated; finely dashed line, laminin-coated vessels) were 
obtained by linear regression of yield on seed size, whereas the biphasic 
lines were least-squares minimization fits of a parabola to the data. Both 
fits were subject to the constraint of a yield of 0 for a seed size of 0. 
Parabolae provided significantly better description of yield as a func-
tion of seed size, indicating the requirement for an optimal number of 
cells to maximize yield
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number of viable cells harvested from each vessel at passage 
divided by the original number of viable cells seeded in the 
vessel, i.e., yield = cells out at harvest/cells in at seed. Yields 
were plotted in Fig. 4b as a function of the number of cells 
seeded in uncoated (filled diamond) and laminin-coated 
(square) vessels. Average yield on laminin, 2.156 ± 1.546, 
was not significantly different than that on uncoated polysty-
rene, 2.308 ± 1.614 (t test, P > 0.40). The correlation coeffi-
cients between yield and seed size were −0.2252 for uncoated 
and −0.2826 for laminin-coated plastic, suggesting that seed-
ing larger numbers of cells attenuated relative growth. 
Comparing fits of linear and parabolic functions to the data 
revealed that the biphasic parabola provided better goodness 
of fit between yield and seed size. Coefficients of determina-
tion R2 increased from 0.0255 for the line to 0.4764 for the 
parabola for cultures in uncoated vessels and increased from 
0.0654 for the line to 0.5421 for the parabola for cultures in 
laminin-coated vessels. Thus, yield was decreased both 
when too few or too many cells were seeded on either bare 
plastic or laminin-coated surfaces. While a linear relation 
between seed size and yield with slope >0 would suggest 
interactions between cells promoting proliferation, the better 
fits by parabolae indicate that an optimal number of seeded 
cells was necessary to maximize these interactions.

�Period of Time in Culture and Doubling Times:  
No Effect of Laminin
The period of time elapsing between seed and harvest 
(growth time) resulting in greatest yield ranged between 7 
and 21 days on bare polystyrene and between 5 and 14 days 
on laminins. Yield as a function of growth time is shown in 
Fig.  5a for uncoated (filled diamond) and laminin-coated 
polystyrene (square) for all vessels. Cells grown on laminin 
spread out such that each cell occupied greater surface area 
compared to growth as multilayers on uncoated polystyrene. 
Thus, cultures on laminin attain confluence earlier and were 
harvested after shorter growth periods. Yield initially 
increased the longer a culture was allowed to grow. For lon-
ger growth periods, yield decreased, consistent with contact 
inhibition of proliferation. Correlations between yield and 
growth time of 0.4463 for uncoated and 0.2037 for laminin-
coated polystyrene made growth time the second most sig-
nificant growth parameter after seed size.

To quantify growth dynamics of hNSC, the exponential 
growth function,
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where T is the growth period, and Nout and Nin are cells har-
vested and cells seeded, respectively, was used to calculate 
the doubling time constant t2 for vessels with yields >1. In 
this approach, the cells in each culture vessel are assumed to 

be a uniform population in which t2 is the average time period 
elapsing between the birth of a cell by mitosis and its subse-
quent mitosis into two daughter cells and t2 is stationary, that 
is, identical for each cell and constant during growth of the 
population. Yield, Nout/Nin, is thus predicted to be logarithmic 
with respect to growth time. Fitting exponential growth 
curves to the data of Fig. 5a decreased goodness of fit for 
cultures grown on uncoated surfaces (R2 = 0.1991 for the 
line, 0.1838 for the exponential), and only slightly improved 
goodness of fit for cultures grown on laminin-coated sur-
faces (R2 = 0.0415 for the line, 0.0503 for the exponential). 
More noteworthy, however, was that the slopes of linear rela-
tions between yield and growth time were not significantly 
different for the two growth surfaces (0.1151 ± 0.0203, 
uncoated; 0.0996 ± 0.0546, laminin-coated; t = 0.2646, 
P > 0.40). This suggests that cells on uncoated and laminin-
coated surfaces proliferated at the same rate.

To test this hypothesis, it was necessary to determine that 
the assumptions underlying the simple doubling function 
model were applicable to hNSC growth on both surfaces. 
Doubling times t2 calculated for each culture vessel were 
shown as frequency histograms for both growth surfaces in 
Fig. 5b. Dividing the growth time T of each harvested culture 
by the doubling time t2 calculated for that culture results in a 
normalized growth time T/t2. Plotting each culture’s yield 
against its normalized growth time revealed that all points 
obtained on both growth surfaces were coincident along the 
same line having a slope indistinguishable from log(2.0) 
(Fig. 5c) with excellent goodness of fit (R2 = 0.9992), indicat-
ing validity of the assumptions underlying the doubling 
model for growth on both uncoated and laminin-coated 
surfaces.

Distributions of t2 for uncoated and laminin-coated poly-
styrene substrates shown in Fig. 5d revealed no effect of lam-
inin on growth rate. Doubling time t2 was not significantly 
greater for cultures grown on uncoated polystyrene (aver-
age ± SD, 13.660 ± 11.461 days) compared to laminin 
(13.193 ± 13.339 days) by both parametric (t test, P > 0.8) 
and nonparametric (Kolmogorov–Smirnov test, P > 0.60) 
tests. Furthermore, restricting the comparison to the 80  % 
fastest growing cultures in each group, to exclude cultures 
that might have experienced unknown anomalous conditions 
contributing to abnormally slow growth, did not result in a 
significant difference in t2 (9.260 ± 3.387 days, uncoated; 
6.939 ± 3.527 days, laminin; t test, P > 0.30). Thus, laminin 
does not act as a growth factor for hNSC.

�Inverse Correlation Between Doubling Time  
and Yield
Yield and doubling time t2 measured for individual cultures 
were strongly correlated on both types of growth surfaces. 
As shown in the plot of yield as a function of doubling time 
in Fig.  6, greater yields were obtained with shorter t2. 
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The correlation coefficients were −0.342 on polystyrene and 
−0.566 on laminins. The increased correlation on laminin is 
consistent with the relatively rapid surface spread of the cells 
into a monolayer within the 3-day period during which cells 
on uncoated polystyrene gradually underwent aggregation 
into colonies and attached to and explored the surface. This 
faster spread attenuated yields on laminin with respect to 
those obtained with uncoated polystyrene as cells prolifer-
ated horizontally on the laminin-coated surface and attained 

confluence with a decreased number of cells rather than both 
horizontally and vertically within and at the peripheries of 
the multilayer colonies formed on uncoated surfaces.

Growth dynamics of hNSC on uncoated and laminin-
coated polystyrene were not significantly different by analy-
sis of yield dependence on t2. Least-squares analysis was 
used to fit exponential and polynomial functions to the data 
of Fig. 6. Single exponential functions (see Fig. 6) provided 
the best fits, R2 = 0.3962 for polystyrene and 0.4630 for laminins. 

Fig. 5  Growth rates of hNSC on uncoated and laminin-coated sur-
faces. (a) Yield plotted as a function of time elapsing between seed 
and harvest (growth time) for hNSC seeded on uncoated (filled dia-
mond) and laminin-coated (square) surfaces. Straight lines (solid, 
uncoated, yield = 0.1037T + 1; dashed, laminin-coated, 
yield = 0.1386T + 1) were obtained by linear regression of yield on 
growth time subject to the constraint of yield = 1.0 for a growth time 
of 0 days. The upwardly curved lines (solid, uncoated, yield = 20.0656T; 
dashed, laminin-coated, yield = 20.0952T) were obtained by least-
squares fitting of the exponential doubling function, yield = 2constant T 
to the data. (b) Frequency histograms of the doubling time t2 calcu-

lated from (1) for hNSC grown on uncoated (open columns) and 
laminin-coated (closed columns) polystyrene vessels. (c) Validity of 
exponential growth model for proliferation of hNSC on uncoated 
(filled diamond) and laminin-coated (square) surfaces. For each 
culture, growth time T was divided by t2 calculated from (1), and the 
culture yield was plotted as a function of this normalized growth 
time. The best-fitting line (R2 = 0.9992) has slope log10(2) = 0.30103, 
indicating consistency of hNSC growth on both uncoated and lam-
inin-coated polystyrene surfaces with the exponential growth model 
of (1). (d) Frequency distributions of doubling time t2 on uncoated 
(square) and laminin-coated (filled square) surfaces
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More complicated functions did not improve goodness of fit. 
For example, double exponential functions resulted in 
R2 = 0.3749 for polystyrene and 0.4372 for laminins. The 
best fits of polynomial functions of the form 
yield =

=
a ti

n

i

n
( )21∑  were obtained with the highest order 

tested, n = 6, resulting in R2 = 0.366 for polystyrene and 0.447 
for laminins. Rate constants of the single exponential func-
tions for uncoated (average ± SEM, 0.0369 ± 0.0123 days) 
and laminin-coated polystyrene (0.0273 ± 0.0242) were not 
significantly different (two-sample t test with unequal vari-
ances and sample sizes, P > 0.36). Thus, laminin did not 
change the proliferation rate of fetal-derived hNSC as mea-
sured by the dependence of yield on doubling time.

�Surface Seeding Density Dependence of Yield 
and Doubling Time
Yield was strongly dependent on the number of cells seeded 
per unit surface area of growth surface (the seeding density) 
for both uncoated and laminin-coated vessels, having corre-
lation coefficients of −0.2561 and −0.2042. The greatest 
yields of hNSC grown in multilayers on uncoated polysty-
rene surfaces were obtained by seeding within a range 
between 0.8 and 1.2 × 105  cm2. For cultures seeded in this 
range, yields were >2.0 in >50 % of cultures for all growth 

periods (Fig. 7a). Seeding outside of this range resulted in 
decreased yields. At lower seeding densities, e.g., 
<0.6 × 105 cm2, cells aggregated into small colonies that did 
not express exploratory lamellipodia (Fig. 1b, right). These 
colonies proliferated at rates too slow to overcome cell death, 
which decreased yield to <1.0. Seeding densities 
>1.2 × 105  cm2 resulted in aggregation of cells into large 
neurosphere-like colonies within several days. While these 
colonies typically flattened on the growth surface and 
engaged in the multilayer pattern of proliferation, they some-
times detached from the substrate to form neurospheres. The 
attached colonies were large enough to attenuate access of 
interior cells to nutrients in the extracellular medium and 
decrease yield. Even greater seeding densities (e.g., 
>1.6 × 105  cm2) favored more rapid aggregation into larger 
neurospheres, which would detach from the surface, never 
form multilayers, resulting in decreased yield, consistent 
with the negative correlation between yield and seeding 
density.

Growth on laminin-coated polystyrene shifted the opti-
mum seeding surface density to a lower range such that 
fewer cells were necessary to evoke proliferation. Seeding 
densities as low as 5 × 103 cm2 resulted in yields >1.0, and 
decreases in yield were not obtained until cells were plated at 
densities >1.2 × 105 cm2 (Fig. 7a).

These biphasic functional relationships between seeding 
density and yield for both uncoated and laminin-coated sur-
faces revealed complexities in the interactions between cells 
determining yield. As these intercellular interactions are 
encapsulated formally in the seeding density, polynomials of 
the form yield density=

=∑ ai
i

i

n
( )

1
 were fitted to the data, 

where the ai are coefficients indicating the strength of each 
order term in density, and omission of the zeroth order term 
(n = 0) constrained each fit to 0 yield for a seeding density of 
0. Linear fits (n = 1) were interpreted as a simple paracrine 
interaction in which each cell secretes diffusible or surface-
attached growth factors promoting proliferation of itself and 
neighboring cells by a non-saturable interaction. Lines 
exhibited the worst goodness of fit for both surfaces, how-
ever (R2 = 0.002, uncoated; 0.0009, laminin-coated; see 
Table 1), indicating that the intercellular interactions under-
lying the surface density effect were more complicated than 
could be described by a simple linear model. Goodness of fit 
was improved most greatly by increasing the order of fitted 
polynomial to n = 2, which describes the biphasic relation-
ship as a parabola. R2 was 0.0400 for uncoated surfaces and 
0.0286 for laminin-coated surfaces, denoting improvement 
of the parabola in describing yield as a function of seeding 
density compared to a line by factors of 20 and 32, respec-
tively. Increasing the order of the fitted polynomials improved 
goodness of fit by a proportionally decreasing amount by 
providing local maxima most closely coinciding with the 
observed optimum seeding densities. While polynomials up to 

Fig. 6  Yield as a function of doubling time t2 for hNSC growth on 
uncoated (filled diamond) and laminin-coated (square) surfaces. The 
curves (solid, uncoated; dashes, laminin-coated) are best-fitting expo-
nential functions of the form yield = −a b t× 2 2 . Best fitted parame-
ters: uncoated polystyrene, a = 3.7701 ± 0.4414, having units of yield 
which is dimensionless, and b = 0.0369 ± 0.0123 days (R2 = 0.3962); 
laminin-coated surfaces, a = 2.5195 ± 0.5215 and b = 0.0273 ± 0.0242 
days (R2 = 0.4630). The b or slope parameter did not significantly differ 
between the two surfaces (two-sided P > 0.36, t = 0.3558, 112.374 
degree of freedom by the Welch–Satterthwaite equation). The yield 
intercepts a, where the fitted lines intersect the yield ordinate at 0 dou-
bling time, tested significantly different (one-sided P < 0.04, t = 1.8304, 
dof = 156.27). This is consistent with decreased yield on laminin with-
out change in the hNSC growth rate
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n = 6 were fitted, R2 did not improve beyond n = 4 for uncoated 
surfaces and n = 5 for laminin-coated surfaces, due to provid-
ing local maxima in the fitted curves most closely coinciding 
with the observed seeding density ranges producing greatest 
yields. The best-fitting parabola for growth on uncoated plas-
tic was relatively sharp, extending through the data points on 
both upward and downward trajectories, and having its max-
imum at 1.2 × 105 cells/cm2, the largest seeding density that 
did not result in a decrease in yield. The best-fitting parabola 
for laminin extended upward well beyond the actual data, 
peaking at 2.5 × 105 cells/cm2, such that the observed data 
points were situated along the increasing portion of the 
curve. This suggests that plating density was less critical on 
laminin, consistent with the decreased tendency of cells to 
aggregate by enhanced interaction with the growth surface 
compared to uncoated surfaces. This increased surface inter-
action appeared to improve survival and enable growth at 
lower seeding densities.

Seeding surface density exerted minimal detectable effect 
on t2 on both uncoated and laminin-coated plastic (Fig. 7b). 

Correlation coefficients between t2 and surface density were 
only +0.079 on uncoated and −0.040 on laminin-coated 
polystyrene. This is consistent with the biphasic relation-
ships between surface density and yield, given the inverse 
relation between yield and t2 (Fig. 6). Fitting of the data to 
parabolae, however, while better than lines, resulted in rela-
tively poor goodness of fit (R2 = 0.023 uncoated, 0.156 lami-
nins). Therefore, while the effect of seeding density is most 
pronounced on yield, it had much weaker influence on 
growth rate as measured by doubling time.

�Discussion

�Growth Patterns of fhNSC

Previous studies have established the minimal set of growth 
factors (basic FGF and LIF) and their concentrations neces-
sary to sustain proliferation in chemically defined serum-free 
media [2, 8]. Within the context of these requirements, 
growth of fetal hNSC in multilayers and monolayers was 
studied in the present work to understand how these patterns 
emerge in culture and how culture parameters such as seed 
number and growth time determine cell yield. Each growth 
pattern was found to progress with a unique time course in a 
stereotypical series of events. These patterns were found to 
originate from differences between the extents to which cells 

Fig. 7  Density of cells initially seeded on the growth surface. (a) Yield 
as a function of seeding density (cells/cm2) for hNSC growth on 
uncoated (filled diamond) and laminin-coated (square) surfaces. The 
curves are fits of quadratic polynomials (parabolae) of the form 
yield = a × d2 + b × d, where d is surface seeding density, to the respective 
data. Fits were constrained to yield = 0 at d = 0. Fitted parameters: 
uncoated surfaces (solid line) a = −3.0 (±0.65) × 10−10, b = 5.0 

(±0.47) × 10−5; laminin-coated surfaces (dashed line), a = −1.0 
(±0.83) × 10−10, b = 5.0 (±2.33) × 10−5. (b) Doubling time t2 as a function 
of seeding density for hNSC growth on uncoated (filled diamond) and 
laminin-coated (square) surfaces. Fitted parameters for parabolae: 
uncoated surfaces (solid line) a = −8.0 (±0.5) × 10−10, b = 2.0 (±0.9) × 10−4; 
laminin-coated surfaces (dashed line) a = −1.0 (±0.7) × 10−9, b = 4.0 
(±3.0) × 10−4

Table 1  Goodness-of-fit coefficients of determination R2 for polyno-
mials of different order fitted to yield as function of seeding density

Order 1 2 3 4 5 6

Uncoated 0.0020 0.0400 0.0853 0.1357 0.1367 0.1367
Laminin 0.0009 0.0286 0.0917 0.0983 0.1020 0.1027
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interact with each other and with the culture surface during 
the first few days of culture. Dynamics of fetal- and adult-
derived hNSC have been quantified previously for growth in 
neurospheres [5] and monolayers [25]. They have also sug-
gested extensive intercellular dynamics during growth of 
fhNSC in neurospheres, in which smaller aggregates of cells 
coalesce by “neurosphere fusion” into larger, smooth-
surfaced aggregates [5]. The present study documents the 
extensive motile activity of fhNSC underlying dynamics of 
growth in multilayer and monolayer patterns to reveal how 
multilayers are capable of greater cellular production than 
either neurosphere or monolayer modes [13].

�Cell Motions During Early Growth

Motions of cells both within the liquid medium and along the 
growth substrate were observed to be crucial for fhNSC sur-
vival, growth, and proliferation. Furthermore, elaboration of 
lamellipodia early in culture was found to be the most reli-
able indicator of cell survival and proliferation. hNSC are 
typically cultured on low-attachment surfaces to encourage 
formation of neurospheres [5], and on coated surfaces to pro-
mote monolayer formation [2, 7, 25] and to avoid serum-
containing medium [11, 12]. The erratic mobility of freshly 
dispersed cells in the fluid phase above tissue culture-treated 
but otherwise uncoated plastic surfaces is reminiscent of 
“Brownian motion,” in which the cells are randomly buffeted 
by water molecules and, more likely, microscopic fluctua-
tions in convection aided by heat from the light source [22, 
26]. This motion enables their coalescence into small (e.g., 
20–100 cell) clusters during the first 24–72 h after plating, 
which is further reminiscent of neurosphere formation [5]. 
Instead of coalescence into larger aggregates, however, clus-
ters were observed to attach to the culture surface resulting in 
the nucleation of multilayers, as though the clusters had 
“fused” with the surface rather than other clusters. Cells 
within the clusters or colonies elaborate lamellipodia within 
minutes of surface contact that repeatedly “sample” the sub-
strate by rapid extension and retraction. These extension and 
retraction cycles occur in different directions until a fortu-
itous encounter with the proximate area surrounding lamel-
lipodia extended by a neighboring cluster, which stabilizes 
both lamellipodia such that they are much less likely to 
retract. This “contact” appears to promote proliferation of 
cells within both clusters as well as adherence of cells to the 
substrate and enable exchange of cells between clusters by 
migration along the substrate. This early pattern explains the 
observations of Wakeman et al. [13] that multilayer forma-
tion is most successful by allowing freshly plated cells to 
remain undisturbed for 3–5 days before any movement of the 
culture vessel. It also explains their observed critical depen-
dence of culture yield and proliferation rate on the surface 
area density of the seeded cells quantified in this study.

�Substrate Attachment and Multilayer Versus 
Monolayer Growth

The comparative strengths of surface attachment and inter-
cellular interactions appear to determine the subsequent pat-
tern of growth as neurospheres, multilayers, or monolayers. 
Our time-lapse studies indicate that laminin coating of the 
surface induces a growth pattern characterized by extensive 
interaction with the substrate almost to the exclusion of the 
extensive intercellular interactions observed with neuro-
spheres and multilayers. Freshly seeded cells were observed 
to attach to laminin surfaces, express lamellipodia, and begin 
migration along the surface within minutes of seeding. 
Apparent colonies form only after extensive migration and 
proliferation of the freely motile cells results in the diminu-
tion of free surface area, suggesting that some colonies arise 
as families of daughter cells lacking space to migrate away 
from the site of mitosis.

With weaker surface attachment, hNSC also move in the 
fluid phase above the substrate and readily interact with each 
other to create clusters. Then, depending on the strength of 
surface affinity, they either proliferate within the clusters to 
form neurospheres in the case of weakest surface attachment 
or simultaneously interact with both each other and the sur-
face to create the flattened colonies that nucleate prolifera-
tion as multilayers. Cells migrate away from colonies with 
which they were originally associated to join either the cen-
tral masses of other colonies or the cells extending along the 
multicellular branches that form along lamellipodia initially 
projected by surface-attached cells during their initial explo-
ration of the growth substrate. Thus, the branch or chain 
migration originally documented by Imitola et al. [27] results 
from wandering cells recruited to already growing branches 
of their colonies of origin and other colonies.

�Quantitative Parameters of Growth

�Growth Time Course and the Exponential 
Doubling Model
One perhaps striking finding of the present study is the quan-
titative consistency of fetal hNSC growth dynamics in multi-
layers and monolayers. Earlier studies of hNSC derived from 
fetal telencephalon and subventricular zone between 5 and 
20 weeks gestation found doubling times ranging from 7 to 
21 days, dependent on cell isolate, duration of continuous 
culture in bFGF and LIF, and growth factor concentrations, 
but with averages of 12–15 days under the most optimal 
growth conditions [2, 25]. The present study found a similar 
wide range of doubling times for hNSC derived at 13 weeks, 
in optimally supplemented culture media, with an average of 
13 days, indistinguishable from the earlier data. Therefore, 
these data represent proliferation dynamics characteristic of 
hNSC derived from this source.
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Previous studies have generally used relatively constant 
growth periods in determination of yield, such that this effect 
could be masked [2, 8, 25]. By allowing growth time to vary in 
this study, however, it became possible to elucidate that hNSC 
proliferation was consistent with the simple exponential dou-
bling model. In this model, each cell in a culture population 
undergoes mitosis with a constant doubling time across the 
entire span of culture, from seeding to increasing fluence. The 
results of the present study are consistent with proliferation 
dynamics being both uniform across the population of cells and 
stationary with respect to the duration of the culture. 
Nonetheless, given the morphological differences observed in 
the growth patterns of multilayers and monolayers, it is reason-
able to conclude that more detailed examination of the timing 
of individual cell divisions, e.g., with fluorescently tagged vital 
nuclear markers, will be necessary to reveal the temporal fine 
structure of hNSC growth to test the model’s assumptions.

Growth Dependence on Intercellular Interactions
Statistical analysis of growth data unsurprisingly shows that 
the number of harvested cells was most strongly determined 
by how many cells were seeded and the period of time they 
were allowed to grow. Absence of correlation between num-
ber of cells harvested per number seeded (yield) and the seed 
size, however, results from a biphasic (or higher order) rela-
tionship between yield and seed size. Since yield is ulti-
mately determined by the proliferation rate of each cell 
during the culture period, this relation suggests that both 
positive and negative interactions between cells influence 
survival and proliferation.

A model incorporating competing influences is captured 
in an inverted parabolic relation. For example, a linear, addi-
tive model, in which each cell secretes a growth factor (at a 
constant rate), binding to a saturable receptor necessary for 
survival, produces an increased yield at greater seed number, 
i.e., a relation with a positive slope. If, instead, synthesis and 
secretion of the growth factor are dependent on the secreted 
growth factor, the relation becomes parabolic. As seed size 
increases, the cells become closer in proximity, the interac-
tion is positive, and yield increases. Due to the saturable 
receptor interaction necessary for synthesis and secretion of 
the growth factors, however, at a critical seed size, the posi-
tive effect of increased cell density attains a maximum. 
Competition between the crowded cells begins to deplete the 
extracellular concentration of secreted growth factor, and 
synthesis and secretion rates become limited. Thus the effect 
of further crowding is a negative influence, which may 
include competition for nutrients and other growth modes 
favored by cell crowding, such as neurosphere formation that 
predominates at greater seed sizes [13], to decrease yield.

Wakeman et al. [13] observed that proliferation in a non-
neurosphere, multilayer growth pattern in serum-free medium 
could be obtained by seeding fetal hNSC at a sufficiently 
large surface area density of ~105 cells/cm2. The present work 

quantitatively defines the ranges of seeding densities around 
this optimum resulting in both maximum yields and shortest 
doubling times for both uncoated and laminin-coated sur-
faces. The optimal seeding density of 105  cells/cm2 on 
uncoated plastic spaces each individual cell (or small aggre-
gate) at mutual separation distances at which paracrine inter-
actions by small diffusible growth factors are feasible. For 
closely packed cells (i.e., arranged on a hexagonal lattice), the 
average center-to center separation distance is 34  μm. For 
cells with an average diameter of 10 μm, the average edge-to-
edge intercellular distance is thus 24 μm, which can be tra-
versed by a 10 kDa growth factor with a diffusion constant of 
1 μm2/s in an average time of 2.5 min. As multilayers tend to 
form from aggregates, this intercellular separation is less 
important as cells within each colony are able to maintain 
high local concentrations of growth factors to sustain sur-
vival. With laminin coating, however, the minimum seeding 
density observed in this study of 104 cells/cm2 places the cells 
with an average edge-to-edge separation distance of 98 μm, 
which increases the average diffusion time to 40  min. 
Therefore, laminin appears to relax the requirements for 
intercellular communication by diffusible growth factors.

�Laminin

While laminins, other ECM molecules, and surface coatings 
are not required for culture of fetal hNSC as monolayers [1, 
25], they had been regarded as necessary for growth in the 
absence of serum [11, 12] until discovery of the multilayer 
growth pattern [13]. The findings of the present study reveal 
that laminin-coated surfaces induce a monolayer growth pat-
tern morphologically characterized by extensive exploration 
of the surface by lamellipodia almost to the exclusion of the 
attractive intercellular contacts that develop in multilayer 
and neurosphere patterns. Thus, laminin eliminates the early 
phase of interactions between cells necessary in multilayer 
culture, and intercellular interactions only appear later as 
proliferation decreases the available surface area. These sur-
face interactions also appear to decrease the need for para-
crine interactions between cells, as revealed by the shift in 
yield to greatly decreased area seeding densities and the wid-
ening of the yield curve to a much broader range of densities. 
Laminins and other ECM have been considered to be growth 
factors similar to bFGF, LIF, EGF, and others that sustain 
survival and proliferation, largely due to apparent sharing by 
integrins of signal effectors converging on mitogen-activated 
mitosis regulators [11, 17] sustaining NSC. The present 
study revealed, perhaps surprisingly, that the profound mor-
phological effect of laminin on the fNSC growth pattern was 
accompanied by no increase in the proliferation rate com-
pared to growth on uncoated plastic, as measured by the dou-
bling time constant, or on the functional dependence of yield 
on the doubling time. Thus, our findings support the hypoth-
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esis that laminin facilitates survival of fetal hNSC without 
changing cell cycle dynamics as has been observed for other 
artificial growth surfaces [28]. As elaboration of lamellipo-
dia was found to be the key indicator of survival and prolif-
eration in both monolayer and multilayer growth patterns, 
and laminin evokes very early expression of lamellipodia, 
this exploratory phenotype may promote essential metabolic 
processes that provide a necessary condition for proliferation 
on artificial substrates. It is thus noteworthy that transcrip-
tome profiling of human neocortical germinal zones at the 
same period of fetal development coinciding with the isola-
tion of hNSC used in the present study has revealed abundant 
expression of laminins as well as β-tubulins within areas of 
stem and progenitor cell self-renewal [29].
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           Introduction 

 Developments in embryonic stem cell (ESC) research and 
regenerative medicine over the last decade have led to wide-
spread optimism that stem cells offer great potential for 
studying and treating human disease. Patients suffering from 
a range of degenerative and autoimmune diseases, such as 
Parkinson’s disease and type 1 insulin-dependent diabetes, or 
genetic disorders such as alpha-1-antitrypsin defi ciency or 
cystic fi brosis, would benefi t from tissue replacement therapy 
to replace and replenish diseased tissues and to provide genet-
ically corrected tissues [ 1 ]. While some diabetic patients are 
currently treated with pancreatic organ transplantation or iso-
lated pancreatic islet transplantation, the major limitation for 
such therapies remains the inadequate supply of donor tis-
sues. The potential for ESC and induced pluripotent stem 
cells (iPSC) to expand almost indefi nitely and to differentiate 
into precursors of all the tissues in the human body generates 
optimism that these cells provide an untapped resource for 
such tissue replacement therapy [ 2 ]. Moreover, the use of 
stem cell lines to research the origins of human disease and to 
test corrective treatments is of great potential interest to the 
pharmaceutical and biotech industries. 

 Certain hematologic malignancies are routinely treated 
by ablative therapy and CD34+ stem cell transplantation, 
while graft versus host disease (GVHD) may be attenuated 

with the use of mesenchymal stem cell (MSC) transplanta-
tion [ 3 ]. One of the criteria for CD34+ stem cell treatment, 
like bone marrow and some forms of organ transplantation, 
is to ensure matching (for human leukocyte antigens, HLA) 
between donor and recipient, since poorly matched trans-
planted tissues are recognized by the recipient’s immune 
system as foreign, and will be rejected. 

 A solution to this hurdle is to use HLA-identical or autol-
ogous tissue; while this may be possible for some cases of 
peripheral blood CD34+ stem cell, bone marrow, and pan-
creatic islet transplantation, it is not possible for most types 
of organ and tissue transplantation, except where the donor 
is an HLA-identical sibling. Similarly, it would not be pos-
sible to use autologous ESC-derived tissue unless an embryo 
was created by parthenogenesis or by somatic cell nuclear 
transfer. While embryos may be created for therapeutic pur-
poses, current ethical considerations ensure that the embryo 
must be implanted and develop to full term, and that thera-
peutic tissues resulting from such embryos are limited to 
provision of normal bone marrow or hematopoietic stem 
cells (HSC) for treating HLA-identical siblings. The gener-
ation of HLA- selected ESC lines for differentiation into tis-
sues for treating a sibling would overcome potential 
problems of rejection of HLA-nonidentical tissue but does 
not take account of the moral and ethical issues related to 
creation, and subsequent destruction, of embryos for pur-
poses other than procreation [ 2 ]. 

 In contrast, the development of autologous iPSC lines 
from each individual who requires a tissue transplant is tech-
nically feasible and ethically acceptable, although at present 
impracticable. iPSC are commonly generated by retroviral 
transduction of differentiated cells (e.g., fi broblasts from an 
autologous skin biopsy) with genetic factors that restore plu-
ripotency to the cells. Such cells then have the properties of 
ESC in terms of their potential for self-renewal and differen-
tiation into multiple tissues, and benefi t from being geneti-
cally identical to the individual requiring cell replacement 
therapy who provided the original skin biopsy. The limita-
tions of both ESC and iPSC in regenerative medicine include 
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the practicalities of directed differentiation and the time 
required to produce suffi cient differentiated, functional tis-
sues for transplantation. This article makes the assumption, 
therefore, that ESC and iPSC used for therapeutic purposes 
will be made available from a repository, such as a stem cell 
bank [ 4 ]. 

 While ESC and iPSC have been extensively characterized 
phenotypically and genotypically, there is surprisingly little 
information on their expression of molecules relating to the 
immune system and, in particular, HLA molecules. Even 
among those ESC lines that have been deposited in national 
stem cell banks for use by researchers, few have their HLA 
type listed. Yet it is clear from clinical studies using HSC 
that HLA matching is important and the contribution of HLA 
expression to rejection of HSC cannot be ignored [ 3 ]. This 
chapter draws on current understanding of the immunobiol-
ogy of organ and tissue transplantation to examine the likeli-
hood that differentiated tissues derived from ESC and iPSC 
may, at some stage, express HLA molecules and, following 
transplantation, will participate in an immune response that 
culminates in destruction of the transplanted tissues unless 
they are HLA matched or unless the recipient receives long- 
term immunosuppressive treatment. Much of our knowledge 
of stem cell biology and transplant immunology derives 
from basic research in animal systems, but the principal 
mechanisms and pathways mirror those in humans; for the 
purpose of clarity, this chapter is written from the perspec-
tive of stem cell transplantation in humans.  

    Immunogenicity and the Innate Immune 
Response 

 Immunogenicity is the term that describes the ability of a sub-
stance or tissue to elicit an immune response in the host indi-
vidual; thus, for example, a protein, a virus, or a tissue is said 
to be immunogenic if the host raises a response that culmi-
nates eventually in destruction and elimination of the protein 
or virus or tissue. The property that immunogenic substances 
have in common is that they are regarded as “foreign” in 
some way to the host. The immune system, comprising both 
innate and adaptive components, has evolved so that an indi-
vidual is unresponsive, or tolerant, to “self” substances (pro-
teins, cells) but is able to respond quickly to protect itself 
against harm from “non-self” (or foreign, or dangerous) 
exogenous proteins, pathogens, and cells. The potential for 
ESC and iPSC to elicit an immune response has been little 
studied and the possibility that stem cell-derived tissues may 
be rejected remains a barrier to clinical transplantation of 
stem cells and their derivatives. While the development of 
iPSC raised optimism that this barrier could be ignored, 
because “self” stem cell-derived tissue could, in principle, be 
created from iPSC generated from the individual requiring 

the transplant, the practical limitations of this approach have 
reinstated the barrier. In addition, a recent paper that appeared 
to demonstrate the immunogenicity of autologous iPSC in 
mice emphasizes the need to study this subject in greater 
depth [ 5 ]. 

 The innate immune system is the fi rst line of defense and 
is highly effective at protecting against pathogenic infections 
but is not suffi cient, on its own, to establish the exceptionally 
specifi c memory and rapid recall responses that are charac-
teristic of the adaptive immune response. Adaptive immunity 
develops with time and is initiated primarily by “licensed” 
dendritic cells that are activated by the combined functions 
of innate immunity, including receptor–ligand interactions, 
the physiological components of physical barriers such as 
the skin (enzymes, pH), and infl ammatory or chemotactic 
proteins such as fragments of the complement system, hista-
mine, and tumor necrosis factor (TNF) [ 6 – 8 ]. The receptor–
ligand compartment of the innate immune response consists 
of a system of molecules, strongly conserved among species, 
that initially distinguishes self from non-self (Table  1 ). A 
non-self signal to the immune system, sometimes called a 
“danger” signal, can be initiated by the presence of patho-
gens, or of proteins not normally expressed but induced by 
factors relating to tissue handling and transplantation, such 
as hypoxia and other cell stress-related proteins. The simple, 
repeating pathogen-associated molecular patterns (PAMPs) 
present on bacterial cell walls and many microorganisms are 
recognized by pattern recognition receptors (PRRs) such as 
Toll-like receptors (TLRs) expressed by most cells of the 
innate immune system, including macrophages, neutrophils, 
natural killer (NK) cells, and dendritic cells (DC). These 
cells typically respond by releasing infl ammatory proteins 
such as interferon-γ (IFN-γ) and TNF.

   An alternative set of molecules form recognition elements 
termed damage-associated molecular patterns (DAMPs) that 
are expressed on heat shock proteins (HSPs) and other mol-
ecules induced by cellular stress; they are recognized by 
additional TLRs which facilitate scavenging of harmful mol-
ecules such as reactive oxygen species (ROS) that can induce 
cell apoptosis. The outcome of the response to HSPs and 
ROS is an altered balance in the expression of pro-survival 
proteins including Bcl-2 and BclxL, and the pro-apoptotic 
protein Bax, such that the cells either succumb to apoptosis 
or are better able to survive the hypoxic environment [ 9 ,  10 ]. 

 Local infl ammation results in activation of vascular 
endothelial cells which then activate the complement and 
coagulation cascades, resulting in release of a range of 
components that have two main outcomes: induction of 
endothelial adhesion molecules and chemokine receptors 
promoting accumulation of infl ammatory cell types, and 
increase in vascular permeability that facilitates entry into 
the tissues by cells of the adaptive immune system [ 11 ]. 
While the expression of markers of the innate immune 
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system in ESC and iPSC has not been formally studied in 
any depth, it is likely that transplanted iPSC-derived tissues 
will be no less susceptible than any other foreign body to 
immunological surveillance by the innate immune system 
which, once initiated, proceeds via induction of pro- and 
anti-apoptotic gene transcription, and production of infl am-
matory cytokines, chemokines, and adhesion molecules. In 
particular, transplanted stem cells and their derivatives are 
likely to suffer hypoxic damage during the transfer, and 
there may be local tissue damage at the site of injection and 
implantation. The ensuing local infl ammation results in 
enhanced vascular permeability with increased drainage of 
extracellular fl uid into the lymphoid system, thereby trans-
porting free graft antigens from the site of injection or cel-
lular damage to the draining lymph nodes where they 
engage the adaptive immune response. 

 The fi rst task of the adaptive immune response to stem 
cell transplantation is to determine whether the tissue is self 
or non-self. The purpose of stem cell transplantation is repair 
and replacement of diseased and damaged tissue, so a crite-
rion for transplantation is that the stem cell-derived tissue 
should be functionally and phenotypically normal and, there-
fore, as nearly identical as possible to the original tissue that 
has become dysfunctional. A number of groups of molecules 
expressed by the stem cell-derived tissues are likely to be 
nonidentical and include the class I and class II molecules 
encoded by the Major Histocompatibility Complex (MHC) 
of genes, the ABO blood group antigens and some minor 
histocompatibility (mHC) antigens such as the male H-Y 
antigen or certain mitochondrial gene products—unless the 
stem cells were derived from the recipient itself. Expression 
of dissimilar MHC molecules, in particular, indicates that the 
tissue is non-self in origin and is a highly potent inducer of 
the adaptive immune response.  

    Tissue Compatibility 

 The likelihood that transplanted stem cells will induce an 
adaptive immune response resulting in rejection depends 
upon their ability to express molecules that will be recog-
nized by the recipient as non-self or foreign, whether they be 
molecules tethered in the stem cell membrane or intracellu-
lar proteins that may be recognized as antigenic peptides 
when presented in the context of MHC class II molecules. 

    Blood Group Antigens 

 More than a century ago, Karl Landsteiner and other inde-
pendent researchers revealed the existence of the ABO sys-
tem of antigens expressed on the membranes of red blood 
cells that are responsible for a transfusion reaction when 
ABO-incompatible blood is infused. Human ABO antigens 
are a family of molecules that have a conserved glycoprotein 
and glycolipid core structure inserted in the cell membrane, 
with exposed oligosaccharides that form the H antigen, 
known as group O, or variant carbohydrates forming the A 
and B antigens. Humans also possess naturally occurring 
IgM and IgG antibodies against the non-self A or B antigens 
that are thought to arise during infancy through cross- reactive 
recognition of simple repeat-pattern structures on gut com-
mensals (bacteria, viruses) and other environmental antigens 
including plants [ 12 ]. Thus, a blood group A individual 
develops anti-B antibodies, a blood group B person develops 
anti-A antibodies, group O individuals develop both anti-A 
and anti-B, and group ABs do not have ABO antibodies. 

 ABO antigens are expressed on other cell types besides 
erythrocytes, including some epithelial cells and also vascular 

   Table 1    Components of innate immunity   

 Stimulus for innate 
immune response  Molecular stimuli  Recognition by pattern recognition receptors (PRRs) 

 Tissue infection by bacteria, 
viruses, fungi 

 Pathogen-associated molecular patterns (PAMPs) on 
structural and nucleotide components of pathogens 

 PRRs expressed on dendritic cells, macrophages, 
granulocytes, NK cells, NK T cells, γδT cells 

   Lipopolysaccharide (LPS), peptidoglycan, fl agellin, 
yeast zymozan 

  TLR2, TLR4, TLR5, c-type lectins (e.g., mannose-
binding proteins), NLRs 

  Ss and dsRNA of viruses  TLR3, TLR7, TLR8 
  CpG motifs of bacterial DNA  TLR9 

 Tissue stress: cell damage, 
heat stress, ROS induced by 
ischemia/reperfusion 

 Damage-associated molecular patterns (DAMPs) 
  Heat shock proteins  TLR2, TLR4 
  High mobility group box 1 (HMGB1)  TLR2, TLR4, RAGE 
  MICA, MICB  NKG2D 
   Hyaluronic acid fragments, heparan sulfate fragments  TLR2, TLR4 

   RAGE  receptor for advanced glycation end product,  MICA & B  MHC class I polypeptide-related sequence A and B,  TLR  Toll-like receptor,  NLR  

nucleotide-binding, oligomerization domain-like receptor  
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endothelial cells [ 13 ,  14 ]. ABO-matching for blood 
 transfusion, bone marrow and organ transplantation is nor-
mally mandatory in clinical practice in order to avoid loss of 
the tissue through hyperacute rejection, and is most likely to 
be necessary also for stem cell transplantation and regenera-
tive medicine. ESC express ABO antigens and differentiated 
cells including cardiomyocytes and hepatocytes, derived in 
vitro from ESC, display ABO blood types [ 15 ]. 

 The Rhesus blood group antigens that are also expressed 
on erythrocytes elicit strong antibody responses following 
exposure to rhesus-incompatible blood, but there are no pre-
existing anti-Rhesus antibodies and it is not generally neces-
sary to match for Rhesus antigens in tissue and organ 
transplantation.  

    The MHC Antigens 

 The MHC is a large system of around 200 genes that encode 
widely expressed cell surface molecules whose principal 
function is to act as recognition elements and to present frag-
ments, or peptides, of potentially threatening antigens to 
cells of the adaptive immune system. The MHC is located on 
chromosome 6 in humans (at 6p21.1–21.3) and encodes 
three major classes of molecules involved in immune 
defense, including the class I and class II genes which have 
multiple allelic forms, and the more conserved class III genes 
which encode proteins of the complement system and the 
cytokines, lymphotoxin, and TNF [ 16 ].  In humans, the class 
I and II gene products of the MHC are termed the Human 
Leukocyte Antigens, or HLA molecules, and are so-called 
because they were fi rst described as being expressed at high 
density on white blood cells. They have variable distribution 
that relates to their function: class I molecules are expressed 
on virtually all nucleated cells of the body while class II mol-
ecules are expressed mainly on cells of the immune system 
that have an antigen processing and presentation function; 
the expression of both is enhanced and extended in an infl am-
matory milieu, mimicked in vitro by culturing in the pres-
ence of the pro-infl ammatory cytokine IFN-γ. 

 The structure of the two classes of HLA molecules is 
broadly similar, refl ecting their common function. The three 
principal groups of class I HLA molecules (HLA-A, -B, and 
-C) are heterodimeric, comprising the highly polymorphic α 
chain of around 44 kDa which inserts into the cell mem-
brane, non-covalently bound to the conserved 
β2-microglobulin chain of around 12 kDa (encoded outside 
of the MHC) [ 17 ]. The α-chain has three domains, of which 
the distal α1 and α2 domains form the peptide-binding 
groove that presents peptides of 8–9 amino acids in length. 
The three polymorphic class II HLA molecules (HLA-DR, 
-DP, and -DQ) are also heterodimers, with a two-domain 
α-chain of around 34 kDa and a two-domain β-chain of 

~29 kDa, the distal domain of each chain together forming 
the peptide-binding cleft that presents peptides of around 
13–15 amino acids. The two chains are tethered by insertion 
into the cell membrane and are stabilized by the bound pep-
tide. The extensive polymorphism of the HLA molecules 
together with the bound peptides confers massive potential 
for inducing immune reactivity when tissues and cells 
expressing non-self HLA molecules are transplanted. The 
MHC class II genes also encode a series of additional, rela-
tively non-polymorphic proteins involved in antigen process-
ing and presentation, including LMP genes encoding 
proteasome components, the TAP1, TAP2, and tapasin mol-
ecules responsible for class I-peptide assembly, and the DM 
and DO molecules that regulate a similar peptide loading 
function in the HLA class II molecules.  

    The Minor Histocompatibility Antigens 

 A third group of potentially immunogenic non-self antigens, 
called minor histocompatibility antigens (mHC), may be 
responsible for graft rejection responses even in individuals 
receiving a transplant from an HLA-identical sibling. These 
antigens are not expressed on the cell surface but instead are 
peptides derived from intracellular proteins, and include the 
male-specifi c H-Y antigen and certain mitochondrial pro-
teins. The H-Y antigen, in particular, is known to invoke an 
immune response and causes GVHD in male recipients of 
HLA-matched female HSC, is responsible for skin graft 
rejection in MHC-identical mice, and is associated with 
reduced renal transplant function in patients [ 18 – 20 ]. The 
creation of autologous ESC lines by nuclear transfer may 
introduce additional and nonidentical mHC antigens derived 
from extranuclear components of the donor oocyte.   

    The Adaptive Immune Response 

 The innate immune response is highly effective at neutraliz-
ing the threat from pathogens and exogenous proteins but is 
not, on its own, effective at eliminating transplanted tissues. 
However, it does contribute to the adaptive immune response 
and facilitates the fi rst interaction between allogeneic MHC 
molecules expressed by the transplant and T cells that initi-
ate adaptive immunity. 

 A pivotal event in the immune response is activation of 
naive CD4 T “helper” cells when their T cell receptors 
engage with molecular complexes on antigen-presenting 
cells (APC) consisting of the distal domains of the α and β 
chains of MHC class II and their bound peptide [ 21 ] (Fig.  1 ). 
At the same time, the CD4 molecule engages with a con-
served sequence of amino acids on the membrane proximal 
domain of the class II β chain to stabilize the interaction. 
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Engagement of the T cell receptor, termed “signal 1,” induces 
intracellular signaling pathways in the APC leading to tran-
scription of genes encoding co-stimulatory molecules such 
as CD28 whose interaction with the CD80 and CD86 ligands 
on the CD4 T cell provides the “second signal” that is essen-
tial for full T cell activation, and “helper” cytokines such as 
interleukin-2 (IL-2). Activated CD4 T cells, through release 
of cytokines, are able to proliferate and provide help for acti-
vation and differentiation of CD8 T cells and B cells into 
cytotoxic T cells and antibody-secreting plasma cells, 
respectively. Engagement of the T cell receptor in the absence 
of signal 2 is likely to result in T cell deletion, anergy, or 
tolerance [ 22 ].

   A number of subsets of CD4 T cells are recognized and are 
loosely defi ned both by their function and by the cytokines 
that drive them, although they exhibit signifi cant plasticity 
[ 23 ,  24 ]. Regulatory CD4 T cells, or Tregs, arise in the thy-
mus and protect the individual from making inappropriate 
responses to self proteins and peptides, but may also be 
induced in the periphery under certain conditions that prevent 
full T cell activation [ 25 ]. CD4 T follicular helper (Tfh) cells 
are present in B cell follicles and enable germinal center for-
mation and antibody production. Activated CD4 T helper 
cells may be of the Th1 or the Th2 phenotype, distinguishable 
by the range of cytokines they secrete that determine their 

function. Th1 cells are driven by IL-12, produced by activated 
dendritic cells, and principally secrete IL-2, IFN-γ, and 
TNF-α that mediate endothelial cell activation, increased vas-
cular permeability and recruitment, and activation of cells 
involved in delayed-type hypersensitivity (DTH) responses. 
Th2 cells secrete cytokines that help in B cell activation (IL-4, 
IL-5) as well as the inhibitory cytokines IL-10 and IL-13 that 
suppress macrophages and Th1 cells, respectively. CD4 Th9 
cells secrete IL-9 that enhances mast cell activity and pro-
motes Th2 cells, while CD4 Th17 cells are driven by IL-6, 
TGF-β, IL-21, and IL-23 to differentiate into IL-17-producing 
cells that are critical for supporting autoimmune responses 
but not Tregs. 

 Like CD4 T cells, naïve CD8 T cells are also activated 
only when they receive the two activation signals, beginning 
with engagement of CD8 T cell receptors with the α1/α2/
bound peptide complex of MHC class I molecules together 
with binding of the CD8 co-receptor with a set of conserved 
amino acids on the membrane proximal α3 domain of the 
class I heavy chain to stabilize the interaction. CD8 T cells 
receive high levels of co-stimulatory signals from activated 
dendritic cells and are induced to produce IL-2 that promotes 
proliferation and differentiation into cytotoxic cells. 

 B lymphocytes function both as APC and as antibody- 
producing effector cells but, like CD8 T cells, require CD4 T 
cell help for differentiation into mature antibody-producing 
plasma cells. B cells are able to acquire and internalize exog-
enous antigen through recognition by the surface immuno-
globulin receptors. Antigen is processed internally and 
presented at the cell surface as peptides in the binding cleft 
of MHC class II molecules where they engage with CD4 T 
cell receptors and receive help from the activated CD4 cell. 
Activated B cells are then able to proliferate and begin the 
processes of somatic hypermutation and affi nity maturation, 
resulting in the production of high affi nity antibody of the 
IgG class that is effective at neutralizing the initial antigen. 

 An important secondary effect of CD4 T cell help is the 
generation of memory T and B cells that have altered cell 
surface molecules and a reduced requirement for CD4 T cell 
help. Memory B cells are terminally differentiated plasma 
cells that have already undergone affi nity maturation and are 
able to immediately produce high affi nity, neutralizing anti-
body, while memory T cells exist at higher frequencies and 
are therefore more effective in their response to antigens, 
although their requirement for activatory cytokines persists. 
CD8 memory T cells, in particular, do not require co- 
stimulatory molecules on APC for differentiation into cyto-
toxic cells, thereby enabling them to respond rapidly to 
viruses that infect somatic cells. 

 During a typical, conventional immune response to exog-
enous antigen, the fi rst step of antigen presentation is initi-
ated when macrophages, dendritic cells, or B lymphocytes 
encounter and internalize the antigen (Fig.  2 ). The antigen 

  Fig. 1    T cell activation. T cell activation and the initiation of the adap-
tive immune response require two signals delivered from the antigen- 
presenting cell (APC) to the responding T cell. The initial low affi nity 
interaction between the αβ T cell receptor and the MHC-peptide com-
plex on the APC is stabilized by adhesion molecules and binding of the 
CD4 or CD8 co-receptor molecule. This initiates phosphorylation of 
immunoreceptor tyrosine-based activation motifs (ITAMs) on the cyto-
plasmic tails of the CD3 molecule, providing Signal 1. Signal 2 is the 
result of interaction between the co-stimulatory molecules CD80 and 
86 on the APC and CD28 on the T cell, which induces expression of 
CD40 on the APC and its ligand, CD40L on the T cell. The two signals 
initiate subsequent signaling pathways leading to expression of cyto-
kine genes, particularly  IL - 2 , whose gene product has an autocrine 
effect on the T cell and induces upregulation of the IL-2 receptor and T 
cell effector functions       
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may be a foreign, dangerous pathogen or protein, or it may 
be self protein that is continually sampled during normal 
immune surveillance. Internalized antigen is trapped in cell 
membrane vesicles that fuse with lysosomal vesicles within 
the cytoplasm where the proteins are broken down by proteo-
lytic enzymes into shorter lengths of protein. These protein- 
rich vesicles then move towards the endoplasmic reticulum 
where they fuse with vesicles containing newly formed class 
II molecules. With the help of HLA-DM and the regulatory 
HLA-DO molecules, the proteins are trimmed to shorter 
peptides and transported by chaperone proteins that engage 
with the invariant chain occupying the peptide-binding cleft 
of the nascent class II molecules and exchange it for anti-
genic peptide. These class II molecules migrate via the Golgi 
body to the cell surface where they insert in the cell mem-
brane and display the bound peptide for immune surveillance 
and recognition by CD4 T cells.

   Immune surveillance is also required to identify and 
respond to unusual intracellular proteins, whether they are 
normal cell proteins that are misfolded, or altered by onco-
genic processes, or viral components manufactured within 
infected cells. Foreign proteins located within the cytosol 
undergo degradation within the proteasome to produce short 
peptides that are transported by the TAP1 and TAP2 proteins 
to the peptide-binding cleft of MHC class I molecules. MHC 
class I molecules bearing antigenic peptides are similarly 
transported to and inserted into the cell membrane for pre-
sentation to CD8 T cells. 

 The T cell activation stage that follows depends upon the 
rules of MHC restriction dictating that T cells will normally 
only respond to APC-presenting antigenic peptides in the 
context of MHC class I or class II molecules that are identi-
cal to those expressed by the responding cells, i.e., “self” 
MHC. MHC restriction was demonstrated in elegant experi-
ments with infl uenza-infected cells, where ‘fl u peptide- 
specifi c       T cell lines could proliferate in vitro when cultured 

  Fig. 2    Pathways of antigen processing and presentation. The MHC 
class II pathway processes and presents endocytosed extracellular pro-
teins while the MHC class I pathway primarily processes and presents 
newly synthesized endogenous proteins and viral components. New 
proteins, including MHC class I molecules, are synthesized in the endo-
plasmic reticulum (ER), sampled, tagged with ubiquitin, and degraded 
by proteasomes in the cytosol, then further degraded to peptides in the 
TAP (transporter associated with antigen processing) molecules located 
in the ER. The correct folding of new MHC class I heavy chain with 
beta-2 microglobulin, and the loading of peptide, are mediated by the 
class I chaperone proteins, calnexin, calreticulin, and tapasin. The 
newly formed MHC class I-peptide complexes are transported via the 
Golgi apparatus to the cell surface where they embed in the cell mem-
brane for presentation to CD8 T cells. New MHC class II molecules are 
also synthesized at the ER where the two chains are complexed with the 
“invariant chain” (that preserves the peptide-binding site) and pass 
through the Golgi apparatus to be released in lysosomal vacuoles within 

Fig. 2 (continued) the cytosol. There, the invariant chain is shortened 
to become the CLIP (Class II associated invariant chain peptide). At the 
same time, extracellular protein antigens taken up by endocytosis are 
enclosed within endosomes and degraded to peptides under acidic con-
ditions. The vacuoles fuse to form endolysosomes where the CLIP pep-
tide is replaced by antigenic peptide to form the MHC class II-peptide 
complex, a process that is mediated and counter-regulated by the 
HLA-DM and HLA-DO molecules, respectively. This complex is trans-
ported and inserted within the cell membrane for presentation to CD4 T 
cells. Two additional pathways, termed autophagy and cross-presenta-
tion, enable presentation of endogenous (viral) proteins by MHC class 
II and exogenous proteins (endocytosed, virus-infected dead cells, for 
example) by MHC class I molecules. These strictly regulated pathways 
provide the initial help for generation of virus-specifi c cytotoxic T cells 
when viruses infect stromal cells that are not professional APC and 
therefore lack co-stimulatory molecules. The cross-presentation path-
way may also be important for generation of alloantigen-specifi c cyto-
toxic T cells following transplantation       
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with virus-infected cells of the same MHC-type as the 
responding cells, but would not proliferate if the ‘fl u-infected 
cells were from a different MHC background. However, T 
cells are able to respond to APC with a different MHC back-
ground, and this is thought to be a result of cross-reaction 
where T cells with strong specifi city for the bound peptide 
have a less stringent requirement for identical MHC. 
Similarly, when responder T cells have strong specifi city for 
self-MHC, they may have less stringent specifi city for the 
bound peptide which, in allogeneic transplantation, may be 
derived from the donor MHC molecules. Indeed, studies in 
naïve mice have shown that T cells able to respond to pep-
tides derived from normal antigens exist at a frequency that 
is around 100-fold lower than the frequency of T cells able to 
respond to foreign MHC molecules.  

    Direct and Indirect Pathways 
of Allorecognition 

 Following allogeneic transplantation, there are three princi-
ple pathways for activation of T cells and generation of an 
immune response that culminates in rejection of the trans-
plant [ 26 ]. The major stimulus of rejection is expression, by 
cells of the transplanted tissue or organ, of HLA molecules 
that are different from those of the recipient. Cell fragments 
bearing donor HLA molecules may be shed from the graft 
(as a result of the trauma of the donor operation) and are 
acquired by recipient APC, processed, and the resulting 
HLA peptides are presented in the context of recipient HLA 
molecules to the recipient’s immune cells (Fig.  3 ). This is 
termed the indirect pathway and is analogous to the process-
ing and presentation of normal antigens in a conventional 
immune response. In the direct pathway, recipient immune 
cells are able to recognize and respond to intact HLA 
expressed on donor cells, in contravention of the MHC 
restriction dogma. This is likely to be due to cross-reactive 
recognition of the donor HLA/peptide complex by recipient 
T cells. A third pathway, termed the semi-direct pathway, 
may operate under certain conditions where membrane 
exchange occurs between donor and recipient cells so that 
recipient APC present both processed HLA peptides and 
intact donor HLA; evidence for this pathway is limited to 
experimental models of transplantation and its contribution 
to clinical graft rejection remains to be studied [ 27 ].

   The relative contribution to graft rejection by the direct 
and indirect pathways is unclear and may depend on the type 
of transplant. During the fi rst hours and days following organ 
transplantation, donor dendritic cells in the grafted tissue are 
activated by the innate response to tissue injury and leave the 
graft, migrating via chemokine gradients to recipient drain-
ing lymph nodes where they encounter recipient lymphoid 
cells that are then able to mount a strong, acute rejection 

response via the direct pathway. At later stages, donor den-
dritic cells will have been replaced with recipient APC that 
are then likely to encounter donor HLA during normal 
immune surveillance, resulting in continual presentation of 
donor HLA peptides via the indirect pathway and contribut-
ing to a chronic rejection response [ 28 ]. 

 In the case of regenerative medicine, the tissues differen-
tiated from ESC or from iPSC will not, at early stages, be 
vascularized, will not contain dendritic cells, and are likely 
to express only low levels of HLA class I and no HLA class 
II molecules. This supports the widely held notion that ESC- 
and iPSC-derived tissues are not immunogenic. As the devel-
oping stem cell-derived tissue becomes vascularized 
following transplantation, the blood vessels and ensuing tis-
sue dendritic cells will be host-derived; as such, they will 
neither initiate a rejection response nor will they act as a tar-
get. However, as the tissue differentiates and develops into 

  Fig. 3    Pathways of allorecognition. ( a ) In direct allorecognition, unique 
to transplantation, self-restricted recipient T lymphocytes ( pink ) recog-
nize intact, donor MHC class I and class II molecules (by cross- 
reactivity) expressed on donor-derived APC ( blue ). ( b ) In indirect 
allorecognition, recipient CD4 T lymphocytes ( pink ) recognize and 
respond to donor MHC molecules that have been taken up and processed 
by recipient APC ( pink ), and presented as peptide fragments in the pep-
tide binding cleft of recipient MHC class II molecules. ( c ) In the semi-
direct pathway, donor-derived material in the form of secreted exosomes 
and membrane fragments bearing intact donor MHC molecules are 
acquired by recipient APC and presented intact to recipient T cells       
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mature, functional tissue it will begin to express normal 
 levels of HLA. Moreover, recipient APC infi ltrating the 
transplanted stem cell-derived tissue will sample the tissues 
and process them, and present the resulting peptides which 
will include both normal tissue peptides to which the host 
will be tolerant, and HLA peptides of the stem cell donor 
type which, unless HLA-identical, are highly likely to gener-
ate a rejection response. Once rejection is initiated, the 
resulting infl ammatory environment will contribute locally 
high levels of IFN-γ that have the capacity to upregulate the 
expression of HLA class I and II molecules, thereby increas-
ing immunogenicity and enhancing rejection.  

    Mechanisms of Rejection 

 A wide range of cellular and molecular interactions collabo-
rate in the immune response to an allograft and are character-
ized by a variety of pathological features identifi ed in 
allograft biopsies, including perivascular and parenchymal 
cellular infi ltration, complement deposition indicating the 
presence of alloantibodies, tissue infarction and/or fi brosis, 
and progressive vasculopathy with occlusion of the graft vas-
culature. In clinical transplantation these processes lead to 
acute rejection episodes over short time periods and require 
additional immunosuppressive therapy. They also initiate a 
chronic rejection process over a longer timeframe, with pro-
gressive attrition of graft function that is relatively resistant 
to current immunosuppressive strategies. In order to gain a 
better understanding of mechanisms leading to deterioration 
in graft function, research in transplant immunology makes 
use of experimental models of transplantation where a par-
ticular cell type or pathway has a dominant role. Such 
research has established that a pivotal component in graft 
rejection is recognition of graft antigens by CD4 T cells that 
are able to provide help for a range of mechanisms, the dom-
inant ones being CD8 T cell-mediated cytotoxicity, B cell- 
mediated alloantibody production, and CD4 T cell-mediated 
infl ammatory responses collectively termed delayed type- 
hypersensitivity (DTH) [ 29 ]. 

    Delayed-Type Hypersensitivity 

 The DTH response, initiated by CD4 T cell activation fol-
lowing recognition of graft antigens, mirrors the nonspecifi c 
innate immune response with recruitment of macrophages, 
neutrophils and NK cells, and also additional lymphocytes. 
These cells secrete cytokines and chemokines that upregu-
late adhesion molecules, induce endothelial cell activation, 
and thereby increase both vascular permeability and coagu-
lation, and leukocyte migration, promoting extensive tissue 
damage. Innate immune cells bearing Fc receptors engage in 
phagocytosis and antibody-dependent cellular cytotoxicity 

of target cells coated with antibody. NK cells are particularly 
   likely to target stem cell-derived tissues because they express 
only low levels of HLA class I and may therefore be unable 
to engage the NK-inhibitory receptors, but instead may pro-
mote NK activity through engagement of the NKG2D family 
of activating receptors. CD4 T cells activated in response to 
organ transplantation may be directly activated and have 
specifi city for intact HLA class II, or they may be HLA 
peptide- specifi c, as a result of encountering donor DC 
migrating from the graft that express high levels of HLA 
class II. The graft itself expresses class II target antigens on 
the vascular endothelium, and class II may be induced on 
other parenchymal structures. CD4 T cells themselves are 
not directly cytotoxic but they engage with target cells and it 
is easy to see how a localized nonspecifi c infl ammatory 
response initiated by CD4 T cells can cause extensive graft 
damage. In the case of transplanted stem cell-derived tissues, 
it is harder to understand how CD4 T cells and the DTH 
response can play a direct role in rejection: stem cell-derived 
tissues do not harbor the highly antigenic DC and neither do 
they express class II target antigens. It is therefore appropri-
ate to draw a distinction between the mechanism of tissue 
damage caused by nonspecifi c immune cells including mac-
rophages, neutrophils, and NK cells as a result of the innate 
immune response, to which stem cells would be susceptible, 
and the almost indistinguishable DTH response mediated by 
the same cells but induced by class II-specifi c CD4 T cell 
activation.  

    Cytotoxic T Cells 

 CD8 T cell-mediated cytotoxicity is initiated, following con-
ventional organ transplantation, when donor DC expressing 
high levels of both HLA class I and class II encounter recipi-
ent CD8 and CD4 T cells. The normal requirement for cog-
nate CD4 T cell help for activation of CD8 T cells, however, 
is not fulfi lled. Instead, help must be provided when CD4 
and CD8 T cells directly recognize alloantigen through for-
mation of a three-cell cluster comprising donor DC and 
recipient direct-pathway CD4 and CD8 T cells, so that help 
for CD8 T cells is non-cognate but linked [ 30 ]. Alternatively, 
donor-reactive CD8 T cells may be activated via the semi- 
direct pathway if recipient DC present donor HLA peptide to 
recipient indirect-pathway CD4 T cells, and on the same cell, 
present intact donor HLA class I acquired through mem-
brane exchange; again, help is non-cognate but linked. 
Subsequently memory CD8 T cells may respond to class I 
expressed on the graft with reduced requirement for CD4 T 
cell help. Target cell death occurs when an immunological 
synapse, or supramolecular adhesion complex (SMAC) 
forms at the point of contact between the cytotoxic CD8 T 
cell (CTL) and the target cell [ 31 ]. The CTL undergoes 
structural alterations of its cytoskeleton with the result that 
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lytic granules within the CTL move to the SMAC. CTL 
 perforins then puncture the target cell membrane, and gran-
zymes enter the cell and, together with Fas ligand, activate 
caspase pathways which induce death of the target cell 
through apoptosis within around 20 min; the CTL is then 
released to kill further target cells. 

 In the case of transplanted stem cell-derived tissues, it is 
diffi cult to understand how, in the absence of donor dendritic 
cells, the initial CTL activation can occur. Indirect pathway 
CD4 T cells may be activated by presentation of donor HLA 
peptides derived from both class I and class II molecules, but 
since these peptides are unlikely to be present as 
 conformational epitopes on the surface of the stem cells they 
do not present a target for CTL killing. Only the semi-direct 
pathway provides a plausible mechanism for generation of 
stem cell-specifi c CTLs.  

    B Cells and Antibody 

 Like CD8 T cells, B cells also require CD4 T cell help for 
maturation into antibody-forming plasma cells. In conven-
tional transplantation, this may be provided in a non-cognate 
fashion when B cells interact with donor HLA on donor DC 
and receive linked help from CD4 T cells responding directly 
to donor HLA on the same DC [ 32 ]. Alternatively, recipient 
B cells may function as APC and internalize donor HLA 
acquired through their surface immunoglobulin B cell recep-
tors. The B cell processes the donor HLA and presents pep-
tides to indirect pathway CD4 T cells that respond by 
providing cognate help to the B cell. This second scenario, 
but not the fi rst, is a possible mechanism for generation of 
antibodies to stem cells. B cell activation most likely takes 
place in the lymph nodes draining the transplantation site. 
Here, activated B cells undergo massive proliferation and 
antibody gene rearrangement in the lymphoid follicles of the 
secondary lymphoid tissue. This process of affi nity matura-
tion and isotype switching results in the production of high 
titer, high affi nity antibody that is effective at binding to tar-
get tissue. On binding, the target tissue is then destroyed 
through complement activation and opsonization. A propor-
tion of plasma cells migrate to and persist in the bone mar-
row, ready to respond rapidly to a repeat stimulus. 
Alternatively, some B cells, instead of becoming plasma 
cells, remain as memory B cells that can respond rapidly to 
antigenic challenge since they have already undergone affi n-
ity maturation.   

    Avoiding Allograft Rejection 

 Working on the assumption that stem cell-derived tissues 
will be susceptible to transplant rejection (unless they are 
derived from the recipient or from an HLA-identical donor), 

it is necessary to consider what strategies may be adopted to 
avoid the immune response [ 2 ]. One approach that has been 
used with some success in experimental stem cell transplan-
tation is to implant the cells or tissues into immunologically 
privileged sites of the body. Such sites include the brain, pro-
tected by the blood–brain barrier, the cornea, the anterior 
chamber of the eye, and the testis, protected by the blood–
testis barrier and by Sertoli cells. Tissues transplanted to 
these sites appear to be less susceptible to rejection than 
when transplanted to other sites of the body. Moreover, tis-
sues from these protected sites are less rapidly rejected than 
other tissues when transplanted to alternative sites. Protective 
mechanisms include physical barriers provided by cellular 
tight junctions, reduced lymphatic drainage, the presence of 
anti-infl ammatory cytokines such as transforming growth 
factor-β (TGF-β) produced by APC in the cornea, and pro-
tective proteins including the enzyme indoleamine 
2,3- dioxygenase (IDO) that protects the developing semi- 
allogeneic fetus. Although several experimental studies have 
shown encouraging results with transplantation into the brain 
of cells differentiated from hESC, the potential for immune 
privilege at this site has been disregarded and, for the most 
part, researchers use immunodefi cient or heavily immuno-
suppressed recipients [ 33 ,  34 ]. The degree of immunological 
privilege may be limited, as found in a study where addi-
tional intervention in the form of co-stimulatory blockade 
(CTLA4-Ig, anti-CD40L, anti-LFA-1) was required for sur-
vival of hESC transplanted into mouse testes [ 35 ]. 

 The standard approach for avoiding rejection in clinical 
transplantation is twofold: where practically possible, tis-
sues are closely HLA-matched, and recipients are treated 
with immunosuppressive drugs for the lifetime of the trans-
plant. In many cases, the closer the HLA match between 
donor and recipient, the lesser the requirement for immuno-
suppression, although a study of transplantation of ESC-
derived tissues in MHC-matched mice demonstrated that 
mHC antigens are suffi cient to provoke graft rejection [ 36 ]. 
The challenge, for both organ transplantation and regenera-
tive medicine, is to achieve a level of immunosuppression 
that prevents graft rejection but that maintains the individu-
al’s protection from infection and malignancy. In clinical 
transplantation, a wide range of approaches to immunosup-
pression are now available, which can be tailored according 
to the type of transplant and the level of immunosuppression 
required. Typically, organ transplant patients receive a calci-
neurin inhibitor (cyclosporine or tacrolimus) that may be 
combined with steroids and an anti-proliferative agent such 
as azathioprine or mycophenolic acid. Additional forms of 
immunosuppression include the m-TOR inhibitors, siroli-
mus and everolimus, and the so-called biological agents that 
include antibodies to lymphocyte cell surface molecules 
whose role is to deplete immune cell subpopulations (ATG 
or anti-thymocyte globulin, anti-CD3, anti-CD52, anti-
CD20), to prevent T cell activation (anti-CD25), or to block 
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co-stimulatory activity (anti-CD40L, CTLA4-Ig). A range 
of these immunosuppressive agents is routinely used in 
recipients of bone marrow transplants or pancreatic islets, 
and it is likely that they might be used in a similar fashion in 
regenerative medicine. 

 An alternative approach to pharmaceutical immunosup-
pression is to harness the body’s own resources for regulat-
ing the immune system to prevent inappropriate immune 
responses. Regulatory, or suppressor, T cells (Tregs) are 
CD4 T cells, which co-express the cell surface CD25 mole-
cule (the IL-2 receptor α-chain) and the intracellular FoxP3 
 transcription factor, and maintain a state of immunological 
unresponsiveness to self tissues and proteins in normal indi-
viduals and prevent the development of autoimmune disease 
[ 25 ]. Naturally occurring Tregs arise in the thymus and 
appear to mediate their suppressive function by secretion of 
the immunosuppressive cytokine, IL-10, and also by the 
unusual, constitutive expression of CTLA-4 which binds to 
the ligands CD80 and CD86 on APC with higher affi nity 
than the lymphocyte co-stimulatory molecule CD28, thereby 
transmitting regulatory in place of activatory signals to both 
DC and lymphocytes. Experimental studies have found that 
natural Tregs may be isolated, expanded in vitro in the pres-
ence of IL-2 and transferred to recipients of organ transplants 
where they are able to mediate donor-specifi c suppression 
[ 37 ,  38 ]. This approach is undergoing phase I clinical trials 
with the goal of inducing donor-specifi c unresponsiveness 
following tissue transplantation, thus avoiding the side 
effects associated with immunosuppressive drug treatment 
[ 39 ]. It is reasonable to suggest that this course of action may 
also be effective for regenerative medicine, although it is 
highly labor-intensive. 

 Alternative approaches for inducing donor-specifi c toler-
ance may be more practicable in stem cell transplantation and 
the potential to generate cells and tissues of different lineages 
from hESC and iPSC promotes the possibility of inducing 
stable tolerance by creating a state of mixed hematopoietic 
chimerism, where donor and recipient hematopoietic cells 
coexist and are unresponsive to each other’s dissimilar HLA 
types. This approach is based on clinical evidence of toler-
ance to organ allografts in patients who have undergone mye-
loablation and hematopoietic reconstitution to treat a blood 
malignancy, and who have also received a renal transplant 
from the same (allogeneic) individual who donated the bone 
marrow [ 40 ]. A number of patients were able to discontinue 
immunosuppression with no detriment to renal transplant 
function, and this was associated with detectable hematopoi-
etic chimerism in the peripheral blood. Current research in 
this fi eld is focusing on clinically appropriate strategies for 
facilitating the induction of mixed hematopoietic chimerism 
in patients who require organ or tissue transplants but who are 
not suffering from blood malignancies [ 41 ]. In the fi eld of 
regenerative medicine, this type of donor-specifi c tolerance 
might be achieved by creating both the replacement tissue, for 

example, pancreatic islets, to treat the patient’s underlying 
disease, as well as hematopoietic tissue to induce mixed chi-
merism, from a single source of hESC or iPSC. 

 Genetic modifi cation is an experimental strategy that may 
be used to minimize or reduce the immunogenicity of tissues 
for transplantation, or of hESC and iPSC. Proof of principle 
has been obtained in experimental organ transplantation 
where adenovirus or lentivirus-mediated overexpression of 
immunosuppressive gene products such as CTLA-4 and 
IL-10 has been shown to ameliorate graft rejection [ 42 – 44 ], 
while another promising pathway is inducing overexpression 
of protective, anti-apoptotic genes such as A20 and bcl-xL 
[ 45 ,  46 ]. Of more direct relevance to stem cell transplanta-
tion, genetic manipulation of hESC and iPSC is relatively 
straightforward and has enabled preliminary studies in 
attempting to reduce their immunogenicity by, for example, 
preventing expression of HLA class I using RNA interfer-
ence. Mouse recipients of HLA class I-knockdown hESC 
showed reduced T cell activation and alloantibody produc-
tion compared with recipients of wild-type hESC, but were 
not more susceptible to NK activity [ 47 ].  

    Immunogenicity of ESC and iPSC 

 There has been a long-held assumption, possibly based on the 
fact that semi-allogeneic fetuses normally survive in utero, 
that ESC are not immunogeneic but are, instead, immuno-
logically privileged cells. It is only in the past decade that 
studies have formally questioned this assumption and have 
set out to determine whether ESC express immunogeneic 
markers or have immunosuppressive properties, and very few 
studies have considered the immunogenicity of iPSC. Since 
ESC and iPSC develop into normal mature tissues, it is rea-
sonable to assume that they have the potential to express 
HLA, and will begin to express these markers as they differ-
entiate into functional tissues. One of the fi rst studies to look 
for HLA expression found that hESC express low levels of 
HLA class I and no detectable class II, and as they differenti-
ate into embryoid bodies, only class I expression increases 
[ 48 ]. At the same time, Fandrich et al. found that rat ES-like 
cells injected into allogeneic hosts were not rejected and 
instead contributed to chimerism, resulting in long-term 
acceptance of a subsequent allogeneic heart graft [ 49 ]. 

 While the absence of HLA expression is consistent with 
avoidance of the adaptive immune response, it raises the pos-
sibility that stem cell-derived tissues may fail to become 
established after transplantation because they are susceptible 
to immune surveillance by NK cells. It has long been 
acknowledged that NK cells kill target cells through recogni-
tion of the absence of HLA class I on the target cells, a mech-
anism that possibly evolved to protect against oncogenes and 
viruses that avoid the attention of CD8 T cells by downregu-
lating HLA class I expression by the host cell. The mechanism 
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of recognition involves two sets of NK receptors and the 
absence of class I alone is not suffi cient for NK activation [ 50 , 
 51 ]. The inhibitory NK receptors include killer cell immuno-
globulin-like receptors (KIRs) and leukocyte immunoglobulin- 
like receptors (LILRs), both expressing immunoreceptor 
tyrosine-based inhibitory motifs (ITIMs) on their intracyto-
plasmic tails, and their ligands on target cells are predomi-
nantly the classical HLA or MHC class I molecules and Ly49 
molecules in mice. They also express numerous activating or 
coactivating NK receptors that induce common intracellular 
signaling pathways through immunoreceptor tyrosine-based 
activating motifs (ITAMs), the NKG2D receptor complexes, 
and the CD244 receptor system. The activating receptors ini-
tiate    signaling when they engage with nonclassical HLA class 
I-like molecules including MICA, MICB, and HLA-G, but 
co-expression of classical HLA class I engages the KIRs and 
terminates intracellular calcium mobilization, cytoskeletal 
rearrangement of perforins and granzymes, cytokine produc-
tion and proliferation of the NK cells. 

 Further evidence for the immunogenicity of ESC contin-
ues to accumulate [ 52 – 54 ], together with reports demonstrat-
ing their tolerogenic potential [ 33 ] and their reduced 
expression of MHC compared with adult cells [ 55 ]. Evidence 
that HLA expression by both ESC and iPSC is regulated by 
DNA methylation and epigenetic silencing is consistent with 
the possibility that differentiated stem cells have the poten-
tial to express levels of HLA normally found in mature, func-
tional tissue, implying that strategies to improve the survival 
of stem cell transplants should continue to be explored [ 56 ]. 
Finally, of particular relevance to iPSC-derived tissues, the 
recent paper that demonstrated failure of both syngeneic and 
allogeneic iPSC to form teratomas in mice cannot be ignored. 
Rejection of teratomas appeared to be associated with local-
ized immune responsiveness, while syngeneic (but not allo-
geneic) ESCs were tolerated and successfully formed 
teratomas [ 5 ]. The possible contribution of viral elements to 
immunogenicity was negated by the fact that iPSC created 
by a nonviral, episomal approach were also rejected. 
Yamanaka’s group suggested that the non-differentiated 
iPSC expressed a different set of tumorigenic markers and 
were appropriately rejected by the host’s immune defense 
mechanisms; non-differentiated cells would not be used for 
regenerative medicine for this very reason, and in any case, 
transplantation of HLA-matched ESC should instead be con-
sidered [ 57 ].  

    Stem Cell Banking for HLA-Matched 
Transplantation 

 A bank of HLA-typed, pluripotent stem cell lines will be an 
invaluable resource for research into heritable diseases and 
for regenerative medicine. Selection of a cell line from such 
a resource requires an understanding of HLA typing, and 

insight into HLA matching criteria appropriate to the pur-
pose for which the cell line will be used. 

 HLA glycoproteins have evolved from common ancestral 
genes, through gene duplication, translocation of gene frag-
ments, equal and unequal recombination and point mutation 
into a highly polymorphic system comprising multiple HLA 
loci and their constituent alleles. As a result, different HLA 
types (the combination of co-expressed maternally and 
paternally inherited HLA glycoproteins at each locus) have 
arisen, driven by environmental selection and survival mech-
anisms resulting in a high degree of diversity between indi-
viduals within and (more notably) between ethnic groups. 
Simple Mendelian genetics for codominant inheritance dic-
tate that each individual possesses any two of the many hun-
dreds of possible HLA alleles at each locus, having inherited 
one HLA haplotype from each parent. Siblings have a one-
in- four chance of sharing two HLA haplotypes (HLA identi-
cal) or no haplotypes (HLA-mismatched). Occasionally, the 
parents may share a common HLA allele, in which case their 
offspring would be homozygous at that HLA locus and sib-
lings would be HLA identical at one or more loci. 

 A wide range of epitopes at each HLA locus (e.g., HLA- 
A, HLA-B) can be recognized by alloantisera and monoclo-
nal antibodies, and further polymorphism is identifi able at 
the DNA and amino acid sequence level that is indistinguish-
able using serological methods, but carries important bio-
logical signifi cance. In general, alloreactive B cells exposed 
to alloantigen produce antibodies that recognize tertiary epi-
topes on the protein surface, whereas alloreactive T cells are 
able to distinguish small differences in amino acid sequence 
either through direct recognition of the conformational pro-
tein or indirect recognition of foreign peptide presented by 
self HLA. 

 Clinical experience gained over the last 50 years from 
allogeneic bone marrow, peripheral blood stem cell, umbili-
cal cord blood stem cell, and solid organ transplantation has 
established the effi cacy of reducing the immunogenic poten-
tial of transplanted tissue through minimizing the number of 
mismatched HLA alleles between donor and recipient. Close 
donor and recipient HLA matching correlates strongly with a 
reduced incidence of GVHD and graft rejection following 
allogeneic HSC transplantation, and rejection-free long-term 
graft survival following kidney transplantation [ 58 ]. 

    HLA Matching 

 Recognition of the contribution of donor-recipient HLA 
matching to improved outcome following HSC and kidney 
transplantation has promoted the establishment of national 
and international strategies to address the logistics of provid-
ing HLA-matched tissue for unrelated donor-recipient pairs. 
National HSC donor registries have combined to form the 
international “Bone Marrow Donors Worldwide” (BMDW) 
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registry that now contains information for over 20 million 
potential stem cell donors, representative of all major ethnic 
groups. BMDW is thus able to identify suitably HLA- 
matched unrelated donors for the majority of HSC  recipients. 
Furthermore, national and international registries, such as 
Eurotransplant, UNOS, and NHS-Blood and Transplant 
(UK), comprising algorithms and databases of HLA-typed 
potential recipients, have been established to facilitate organ 
allocation and improve transplant outcome. 

 Although achieving a perfect allelic donor-recipient 
match at all HLA loci (HLA identical) confers the greatest 
advantage on transplant outcome, in clinical practice ensur-
ing a complete HLA match is not always possible. However, 
not all HLA locus mismatches contribute equally to the 
graft rejection response and for unrelated solid organ trans-
plantation, matching at the HLA-A, -B, and -DR loci is con-
sidered practicable [ 59 ]. The degree of mismatch between 
donor and recipient is represented as “0.0.0” for a “zero 
mismatch” which is associated with a low incidence of graft 
rejection, while a donor that is mismatched for both HLA 
specifi cities at each locus is represented as “2.2.2” (or “six 
antigen mismatch”) and this is associated with an increased 
incidence of graft rejection and post-transplant complica-
tions often associated with increased requirement for 
immunosuppression. 

 In contrast, HLA matching requirements for allogeneic 
HSC transplantation are more stringent because of the pres-
ence of immunocompetent alloreactive T cells in the trans-
planted donor tissue and in the recipient immune system that 
confer propensity for both GVHD and graft rejection, respec-
tively. It is therefore essential to use high resolution typing 
techniques to ensure close HLA matching at the allelic level, 
with no more than a single mismatch permitted between 
donor and recipient at the HLA-A, -B, -C, -DR, and -DQ loci 
combined. 

 Many patients awaiting allogeneic tissue transplantation 
are immunologically sensitized to foreign HLA and harbor 
T and/or B memory cells acquired through previous expo-
sure to HLA alloantigens. The most common route of expo-
sure is through pregnancy, when paternal HLA antigens 
expressed on the semi-allogeneic fetus are recognized by 
the maternal immune system. Similarly, previous blood 
transfusion and tissue transplantation are common sources 
of HLA-specifi c allosensitization. HLA allosensitization is 
identifi ed by the presence of circulating IgG HLA-specifi c 
antibodies in the patient’s serum and this acts as a marker 
for the presence of memory T and B cells. While the major-
ity of primary immune responses to HLA alloantigen are 
readily attenuated by modern immunosuppression, second-
ary responses attributed to memory T and B cells are often 
refractory to suppression using conventional agents, result-
ing in uncontrolled graft destruction. In the case of HLA-
mismatched HSC and solid organ transplantation, it is 

therefore essential to avoid donor mismatches to which the 
recipient is sensitized.  

    Populating a Pluripotent Stem Cell Bank 

 The considerations of HLA matching and sensitization 
described for organ and HSC transplantation are likely to be 
relevant, to some degree, to regenerative medicine and stem 
cell therapy. Ideally, adult pluripotent stem cells would be 
derived directly from the intended recipient and used for autol-
ogous transplantation, but this is currently impracticable. 

 An alternative approach is to create national and interna-
tional stem cell banks, containing a limited number of highly 
selected pluripotent stem cell lines that can undergo large- 
scale expansion and be used to provide suffi cient differenti-
ated tissue to treat large numbers of potential benefi ciaries. 
Such tissue transplants would be allogeneic and therefore 
likely subject to allorecognition and rejection by the host 
immune system, necessitating strategies for overcoming the 
immunological barrier, including HLA matching and 
immunosuppression. 

 Pluripotent stem cells can be derived from surplus blasto-
cysts donated after in vitro fertilization and ESC lines are 
established with capacity for massive expansion and differ-
entiation into functional somatic tissue. Human embryonic 
stem cells (hESC) offer great potential for therapeutic use 
with the formation of stem cell banks containing HLA-typed 
cell lines to provide a resource with which to deliver large- 
scale therapy. However, the diversity of HLA types in the 
potential donor and recipient populations confers a practical 
challenge that would restrict their therapeutic effi cacy. Taylor 
et al. undertook studies to estimate the number of hESC lines 
required to achieve a 0.0.0 HLA mismatch showed that a 
bank of 150 random UK donors would provide ABO com-
patible, zero HLA-A, -B, and -DR-mismatched tissue for 
only 18 % of the population and increasing the size of the 
bank to 1,500 cell lines would match 32 % of potential UK 
recipients. If the bank was restricted to include HLA-A, -B, 
and -DR homozygous cell lines, a relatively small panel of 
only ten HLA homozygous donors selected from a popula-
tion of 10,000 donors would provide maximum clinical util-
ity and zero HLA-mismatched tissue for 38 % of UK 
recipients [ 60 ]. 

 The use of iPSC for populating such a stem cell bank 
would overcome ethical considerations of deriving cell lines 
through the destruction of human embryos. Taylor and col-
leagues have recently taken a practical approach to discover-
ing the feasibility of establishing a stem cell bank comprising 
HLA-typed iPSC lines. Similar studies from Japan and the 
USA have recently confi rmed Taylor’s earlier fi ndings that a 
relatively small number of clinically useful cell lines would 
be required to populate such an iPSC bank in Japan, where 
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the ethnic mix is limited, and in the USA, where there is 
extensive ethnic diversity [ 57 ,  61 ,  62 ]. However, all of the 
studies concluded that this would be a labor-intensive 
 exercise, requiring the screening of many tens of thousands 
of volunteers in the hope of identifying by chance the 
required HLA types for populating the banks. In contrast, 
Taylor and colleagues’ practical methodology was to fi rst 
compile a list of all theoretical homozygous HLA types in 
the UK and rank them according to frequency, based on a 
representative population consisting of 10,000 consecutive 
UK deceased organ donors [ 4 ]. This list would provide an 
HLA match for all potential UK recipients. The list was then 
used to interrogate the BMDW database of around 20 mil-
lion volunteer potential stem cell donors to fi nd a minimum 
of ten donors that matched each of the homozygous HLA 
types; this limit was chosen to ensure a greater chance that 
volunteer donors would be of blood group O (universal 
donor blood type). This yielded a list of 236 ranked homozy-
gous HLA types (out of 405 theoretical types), all of whom 
exist as potential donors who could be approached for con-
sent to donate skin cells, for example, to populate the iPSC 
bank. The top 150 of these 236 donors would provide a zero 
HLA mismatch for 93.16 % of the UK population [ 4 ]. 

 Recent research thus supports the anticipation that, pro-
viding the practical and technological hurdles of directed dif-
ferentiation and expansion of ESC and iPSC, can be 
overcome; there are robust approaches that will minimize the 
immunological challenges of regenerative medicine.      
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           Introduction 

 The ability of larval and adult urodeles to regenerate the 
complex spatial organization of amputated limb segments 
has been known since the experiments of Spallanzani [ 1 ] in 
the sixteenth century. Limb regeneration is accomplished by 
the histolysis of tissues at the amputation site to release resi-
dent stem cells, as well as differentiated cells that undergo 
dedifferentiation to progenitor cells. These cells accumulate 
under the wound epidermis to form a regeneration blastema 
that grows and self-organizes into the tissue patterns and 
morphological shapes of the amputated structures. Blastema 
formation and growth requires early signals mediated by 
amputation and by the wound epidermis that lead to histoly-
sis, as well as subsequent interactions between regenerating 
nerve axons and wound epidermis that drive blastema cell 
accumulation and proliferation. These signals and interac-
tions are the subject of this chapter.  

    Stages of Limb Regeneration 

 Figure  1  illustrates the stages of a regenerating urodele (larval 
Ambystoma) limb [ 2 ]. Within 24 h after amputation (depend-
ing on limb size), epidermal cells migrate over the wound 
surface to provide a thin epithelial sheet that thickens within 
3–4 days to form an apical epidermal cap (AEC) several 
 layers thick in the center of the amputation surface. 
Undifferentiated mesenchymal cells derived by the histolysis 
of dermal, nerve sheath, and muscle and skeletal tissues accu-
mulate under the AEC to form the accumulation blastema or 

early bud. The outer layers of the AEC are protective, whereas 
its basal layers appear to be equivalent to the outgrowth- 
promoting apical ectodermal ridge (AER) of amniote embry-
onic limb buds [ 3 ].

   Regenerating motor, sensory and sympathetic axons, as 
well as capillaries, penetrate into the forming blastema, with 
sensory axons reaching the AEC by the early bud stage. 
Eventually regenerating motor axons will innervate devel-
oping muscle, and sensory and sympathetic axons will 
innervate the skin, skeletal structures, and blood vessels. 
Following reinnervation of the AEC, the early bud grows 
rapidly to a conical medium bud stage. As the blastema con-
tinues to grow through late bud and redifferentiation stages, 
its cells self-organize the patterns of differentiation that rep-
licate the amputated limb parts. While the growth and dif-
ferentiation of the blastema appears similar to embryonic 
limb bud development, the requirements for mesenchymal 
proliferation in the two are not the same. Blastema cell pro-
liferation is dependent on signals generated by interaction 
between the AEC and the regenerating nerves, whereas pro-
liferation of limb bud mesenchymal cells relies solely on 
signals from the AER, the counterpart of the AEC in the 
regenerating limb. 

 The tissues of the new limb parts derived from the blas-
tema redifferentiate in continuity with their parent tissues. 
Differentiation and morphogenesis of the blastema take 
place in a proximal to distal and anterior to posterior 
sequence, except that in the proximodistal (PD) axis, the dig-
its begin differentiation prior to the carpals or tarsals. 
Differentiation in the dorsoventral (DV) axis appears to take 
place simultaneously across the axis. The remainder of the 
regenerative process consists of growth to match the size of 
the unamputated limb. 

 Light and electron microscopic studies have suggested 
that myofi bers of the limb cellularize to produce mononu-
cleate cells that dedifferentiate to form blastema cells [ 4 ]. 
Recently, using the satellite cell-specifi c transcription factor 
Pax-7 as a marker, satellite cells were shown to contribute to 
the limb regeneration blastema and develop into new muscle 
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[ 5 ]. By grafting individual limb tissues from transgenic 
 GFP- expressing axolotls in place of their unmarked host 
counterparts, Kragl et al. [ 6 ] showed that blastema cells 
derived from muscle, fi broblasts, cartilage, and Schwann 
cells retained an epigenetic memory of their origin and 
redifferentiated into their preexisting parent cell types but 
that dermal fi broblasts also undergo transdifferentiation into 
chondrocytes and tenocytes, confi rming earlier results 
[ 7 – 9 ]. Dermal fi broblasts contribute nearly half the blas-
tema cells of the amputated axolotl limb and contribute the 
majority of the regenerated chondrocytes [ 10 ]. In the axolotl, 
dermis represents ~19 % of the limb tissue, while cartilage 
represents 6 %. However, grafts of triploid dermis to diploid 
limbs contributed an average of 43 % of the blastema cells 
and grafts of triploid cartilage only 2 %. Thus, dermal fi bro-
blasts are overrepresented in the blastema by more than a 
factor of 2, and cells from cartilage are underrepresented by 
a factor of 3. 

 These results show that cartilage and muscle of the regen-
erate are each derived from two sources, cartilage from 
dedifferentiated chondrocytes and transdifferentiated fi bro-
blasts and muscle from dedifferentiated myofi bers and satel-
lite stem cells. However, it is unclear what the proportional 
contributions of dedifferentiated mononucleate cells vs. sat-
ellite cells to regenerated muscle might be. Satellite cells 
could be the sole source of muscle in regenerating limbs, or 
the proportions of satellite cells and dedifferentiated myofi -
bers might change with age, metamorphosis, or species of 
animal. Inducible genetic marking of myofi bers and/or 
genetic ablation of satellite cells in transgenic animals might 
provide answers to these questions. Assuming that myofi ber 
dedifferentiation is real, regeneration of the urodele limb 
involves the simultaneous use of four different mechanisms: 
dedifferentiation and redifferentiation, differentiation of 
adult stem cells, transdifferentiation, and regrowth of single 
cells, in this case axons of neurons.  

  Fig. 1    H & E-stained longitudinal sections of larval Ambystoma fore-
limbs regenerating from ( a ) the mid-humerus and ( b ) the distal tips of 
the radius/ulna. Sections of upper arm regenerates are shown for 4, 7, 
and 14 days postamputation, along with a methylene-blue-stained 
whole mount of a 21-day regenerate ( line  indicates amputation level). 
Sections of distal R/U regenerates are shown for 4, 7, 9, and 21 days 

postamputation. The length of time required to regenerate from these 
two levels is approximately the same. The blastemas pass through an 
initial accumulation stage (4 days, early bud), then a conical (7 days, 
medium bud) stage, and followed by stages of progressive differentia-
tion and morphogenesis (late bud and fi ngerbud)       
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    Mechanisms of Blastema Formation 

    Early Signals: IP3, DAG, and Ionic Flux 

 Two early signals for blastema formation are inositol tri-
phosphate (IP3) and nitric oxide (NO). IP3 and diacylglyc-
erol (DAG) are the products of PIP2, which in turn is derived 
from inositol. IP3 synthase, a key enzyme for the synthesis 
of inositol from glucose-6-phosphate, is highly upregulated 
during blastema formation in regenerating axolotl limbs 
[ 11 ]. IP3 stimulates a rise in cytosolic Ca 2+  that results in the 
localization of protein kinase C (PKC) to the plasma mem-
brane, where it is activated by DAG and regulates transcrip-
tion. During blastema formation, there is a general 
downregulation of proteins involved in Ca 2+  homeostasis, 
which suggests that IP3 might signal a rise in cytosolic Ca 2+  
in regenerating limbs by this mechanism [ 11 ]. Other studies 
have shown that IP3 is generated from PIP2 within 30 s after 
amputation in newt limbs and that beryllium inhibition of 
IP3 formation prevents blastema formation [ 12 ]. PKC rises 
to a peak by the accumulation blastema stage [ 13 ]. The 
enzyme that catalyzes NO synthesis, nitric oxide synthase 1 
(NOS1), is strongly upregulated in the wound epidermis of 
amputated axolotl limbs by 1 day postamputation [ 11 ]. NO 
has a wide variety of signaling functions [ 14 ]. It is produced 
by macrophages and neutrophils as a bactericidal agent and 
has a role in activating proteases known to be important 
effectors of histolysis in regenerating limbs. 

 Na +  infl ux in the amputated newt limb and H +  effl ux in the 
amputated tail of  Xenopus  tadpoles generate ionic fl ow 
across the skin and wound epidermis. Na +  infl ux is via 
sodium channels [ 15 ], while H +  effl ux is driven by a plasma 
membrane ATPase in the epidermal cells [ 16 ]. H +  effl ux is 
likely to be important in limb regeneration as well, since a 
gene encoding a v-ATPase was the most abundant clone in a 
suppressive subtraction cDNA library made from dedifferen-
tiating axolotl limb tissue [ 17 ]. These ion movements are 
obligatory for regeneration, since drug-induced inhibition of 
either Na +  in limbs or H +  movements in tails during the fi rst 
24 h or so after amputation results in failure of blastema for-
mation [ 16 ,  18 ]. 

 The timing of IP3 and DAG synthesis, the probable rise in 
cytosolic Ca 2+ , the upregulation of NOS1, and the subse-
quent movements of Na +  and H +  across the wound epidermis 
suggest that these molecules and ions may be the earliest 
signals that initiate blastema formation. The details of how 
their activity is translated into histolysis and dedifferentia-
tion, however, are unknown. Campbell et al. [ 19 ] have car-
ried out a comparative microarray analysis of gene activity 
between the epidermis that re-covers limb radial skin wounds 
and the epidermis that re-covers amputation wounds. They 
identifi ed 125 genes with higher expression in the wound 

epidermis of amputated limbs, indicating that these genes are 
specifi c to a limb regeneration response as opposed to gen-
eral wound healing. Quantitative PCR data showed signifi -
cantly higher expression and changes in expression overtime 
for several genes, including a gene encoding an mRNA simi-
lar to a methyltransferase. Study of the function of genes 
revealed in this way will help further understand how the 
wound epidermis promotes the early events of regeneration.  

    Apoptosis May Be Obligatory to Initiate Limb 
Regeneration 

 Apoptosis is minimal in the axolotl and newt limb 24 h after 
amputation and beyond [ 20 ,  21 ], but observations have not 
been made earlier than this. A transient wave of apoptosis 
has been shown to occur in the fi rst 24 h after amputation of 
Xenopus tadpole tails [ 22 ] and tails of the knifefi sh 
 Apteronotus leptorhynchus  [ 23 ,  24 ]. This apoptosis is oblig-
atory for Xenopus tail regeneration because when prevented 
by caspase inhibitors, regeneration fails. Whether apoptosis 
is obligatory for knifefi sh tail regeneration is unknown, but 
apoptosis of neurons remains elevated at the regenerate/
stump interface, suggesting that integration of new neurons 
into circuits at that level requires substantial cell pruning 
[ 23 ]. Whether there is a relationship between apoptosis and 
ionic currents is unknown. Apoptosis and its potential role in 
regeneration should be examined in regenerating urodele 
limbs.  

    Histolysis 

 The cells that form the blastema, whether stem cells or pro-
genitors derived by dedifferentiation, are released from their 
tissue organization by degradation of the extracellular matrix 
(ECM) and cellularization of myofi bers, a process called his-
tolysis. The liberated cells undergo dedifferentiation to 
mesenchyme- like blastema cells with large nuclei and sparse 
cytoplasm that exhibit intense DNA, RNA, and protein syn-
thesis. Histolysis and dedifferentiation are visible histologi-
cally within 2–3 days postamputation in larval urodeles and 
within 4–5 days in adults [ 4 ]. 

 Degradation of tissue ECM is achieved by acid hydro-
lases and matrix metalloproteinases (MMPs) [ 25 ,  26 ]. Acid 
hydrolases identifi ed in regenerating urodele limbs include 
cathepsin D, acid phosphatase, β-glucuronidase, carboxyl 
ester hydrolases, and  N -acetyl-glucosaminidase. Osteoclasts 
degrade bone matrix via hydrochloric acid, acid hydrolases, 
and MMPs. Upregulated MMP transcripts include  MMP - 2  
and  MMP - 9  (gelatinases) and  MMP - 3 / 10a  and  b  (stromely-
sins) [ 27 – 29 ]. In the newt limb, the basal layer of the wound 
epidermis transcribes  MMP3 / 10a  and  b , as well as a novel 
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 MMP  with low homology to the others [ 30 ]. Chondrocytes 
express  MMP - 2  and  MMP - 9  transcripts in the newt limb, and 
these enzymes are proposed to diffuse outward from the 
degrading skeletal elements [ 30 ]. The importance of MMPs 
to regeneration is underscored by the failure of blastema for-
mation in amputated newt limbs treated with the MMP 
inhibitor GM6001 [ 31 ]. 

 An important function of the MMPs encoded by the basal 
layer of the wound epidermis is thought to be the prevention 
of basement membrane reassembly beneath it, thus main-
taining communication between the wound epidermis and 
subjacent mesenchymal cells. Loss of such communication, 
either by removing the wound epidermis [ 32 ] or conditions 
under which a pad of connective tissue becomes prematurely 
interposed between wound epidermis and blastema cells 
[ 33 ], inhibits regeneration. MMPs from the basal wound epi-
dermis might also diffuse into the underlying tissues to par-
ticipate in the degradation of other ECM components. 
Histolysis continues through the medium bud stage of blas-
tema growth and then ceases due to the activity of tissue 
inhibitors of metalloproteinases (TIMPS) [ 34 ]. TIMP1 is 
upregulated during histolysis when MMPs are at maximum 
levels and exhibits spatial patterns of expression congruent 
with those of MMPs in the wound epidermis, proximal epi-
dermis, and internal tissues undergoing disorganization. 

 The levels and temporal expression patterns of the MMP- 
2, MMP-3, MMP-8, MMP-9, MMP-10, and MMP-13 pro-
teins during blastema formation are different in 
regeneration-competent wild-type axolotls vs. regeneration- 
defi cient  short - toe  axolotls and Xenopus froglets [ 35 ], sug-
gesting that these differences play a role in the abnormal 
histolysis and thus availability of cells for dedifferentiation 
noted in regeneration-defi cient Xenopus limbs [ 36 ].  

    Dedifferentiation 

 Dedifferentiation involves the epigenetic reprogramming of 
limb cells that alters their global pattern of transcriptional 
activity to produce a less differentiated state. The activity of 
differentiation genes is suppressed and genes associated with 
stemness ( msx - 1 ,  nrad ,  rfrng ,  Notch ) are activated [ 37 ]. 
Carlson [ 38 ] showed that inhibition of this transcriptional 
shift by actinomycin D does not affect histolysis, but does 
prevent or retard dedifferentiation, leading to regenerative 
failure or delay. This suggests that at least some of the prote-
ase expression involved in histolysis is not regulated at the 
transcriptional level, but that dedifferentiation is regulated 
primarily at the transcriptional level. Dedifferentiated cells 
express a more limb bud-like ECM in which type II collagen 
synthesis and accumulation are reduced, collagen I synthesis 
is maintained at a steady level, and fi bronectin, tenascin, and 
hyaluronate accumulate [ 39 ]. 

 Mammalian adult fi broblasts have been reprogrammed to 
pluripotency (induced pluripotent stem cells, iPSCs) equiva-
lent to that of embryonic stem cells (ESCs) by transfecting 
them with four of six transcription factor genes ( Oct 4 ,  Sox 2 , 
 c - myc ,  Klf - 4 ) [ 40 ] and  Oct 4 ,  Sox 2 ,  Nanog,  and  Lin 28  [ 41 ]. 
Three of these six genes ( klf4 ,  Sox2 ,  c - myc ), but not the oth-
ers, are upregulated during blastema formation in regenerat-
ing newt limbs and also during newt lens regeneration [ 42 ]. 
Upregulation of the microRNA-processing protein Lin 28 
was detected during blastema formation in regenerating axo-
lotl limbs [ 11 ]. Further studies are needed to comprehend the 
role of these and other transcription factors, as well as under-
standing the changes in promoter and histone methylation, 
histone acetylation, and microRNAs that determine the 
extent and course of epigenetic erasure and rewriting 
involved in dedifferentiation, redifferentiation, and transdif-
ferentiation. Studies on such changes have begun for the 
transdifferentiation of newt lens regeneration [ 43 ,  44 ] but 
have not yet been reported for limb regeneration beyond the 
observation that the long-range limb specifi c  shh  enhancer, a 
conserved sequence called mammals-fi shes-conserved- 
sequence 1 (MFCS1), which is located in a noncoding region 
of the LMBR1 gene [ 45 ], is hypermethylated in Xenopus vs. 
moderately methylated in the axolotl and newt [ 46 ]. This 
hypermethylation is associated with the lack of  shh  expres-
sion on the posterior side of the blastema and regeneration 
defi ciency of the amputated Xenopus limb.  

    Blastema Cell Accumulation 

 The AEC directs the migration of mesenchymal cells to form 
the accumulation blastema beneath it [ 4 ]. This was shown by 
experiments in which shifting the position of the AEC later-
ally caused a corresponding shift in blastema cell accumula-
tion, and transplantation of an additional AEC to the base of 
the blastema resulted in supernumerary blastema formation. 
Nerves that innervate the AEC do not appear to physically 
guide blastema cells, since similar experiments on aneuro-
genic limbs also resulted in eccentric blastema formation. 
The redirected accumulation of blastema cells under an 
eccentric AEC may be due to the migration of the cells on 
repositioned adhesive substrates produced by the AEC. 
TGF-β1 is strongly upregulated during blastema formation 
in amputated axolotl limbs [ 47 ]. A target gene of TGF-β1 is 
fi bronectin, a substrate molecule for cell migration that is 
highly expressed by basal cells of the wound epidermis dur-
ing blastema formation [ 3 ,  11 ]. Inhibition of TGF-β1 expres-
sion by the inhibitor of SMAD phosphorylation SB-431542 
reduces fi bronectin expression and results in failure of blas-
tema formation [ 47 ], suggesting that fi bronectin produced by 
the AEC may provide directional guidance for blastema 
cells.   
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    The Structure and Function of the Wound 
Epidermis Is Nerve-Dependent 

 Neither denervation nor deprivation of wound epidermis pre-
vents histolysis, dedifferentiation, and entry of blastema 
cells into the cell cycle, but blastema cells do not accumulate 
under the wound epidermis and disappear (Fig.  2 ). Thus, 
transection of the brachial nerves at the level of the shoulder 
or preventing the formation of a wound epidermis by insert-
ing the amputated limb tip into the coelom or grafting full 
thickness skin over the amputation surface prevents forma-
tion of the accumulation blastema [ 32 ,  48 – 51 ], showing that 
both nerve and AEC are required for its formation.

   Maintenance of AEC structure and function is dependent 
on innervation by regenerating axons [ 52 ], but the nature of 
this dependency has not been clear. In experiments making a 
wound in the skin of axolotl limbs, the regenerated epidermis 
developed a thickening comparable to the AEC that subse-
quently regressed. However, if a nerve was deviated into the 
wound, the epidermal thickening was maintained, and a 
blastema- like growth was formed from the underlying tis-
sues [ 53 ]. This growth is equivalent to a blastema formed by 
amputation in terms of morphology and expression of MMP- 
9, Msx-2, Hox A-13, Prx-1, and Tbx-5 [ 54 ]. In other experi-
ments on amputated axolotl limbs, the nerves were shown to 
induce expression of the zinc fi nger transcription factor  Sp9  

in the wound epidermis, which is associated with epidermal 
dedifferentiation [ 55 ]. Collectively, the results imply that in 
a normally innervated limb, the AEC forms independently of 
the nerve, but its structure and function are not maintained 
unless the AEC becomes innervated by regenerating axons, 
an implication that fi ts the timing of AEC formation and ini-
tiation of axon regeneration into the wound epidermis during 
the formation of the accumulation blastema.  

    A Neural-Epidermal Circuit Is Required for 
Blastema Cell Proliferation 

 A great deal of evidence indicates that blastema growth 
requires the action of a signaling circuit between limb nerve 
axons and the wound epidermis/AEC. 

    Effects of Denervation and Deprivation of 
Wound Epidermis/AEC 

 During formation of the accumulation blastema, the DNA- 
labeling index of blastema cells is high, indicating that a sub-
stantial percentage of dedifferentiating cells enter the cell 
cycle. However, the frequency of cells undergoing mitosis is 
very low (~0.4 %), suggesting that most blastema cells tem-
porarily arrest in G 2  after completing DNA replication [ 50 , 

  Fig. 2    Elements of the mechanism of blastema formation. ( a ) Early 
signals within the fi rst 24 h postamputation. 1–5 are steps in signaling 
(see text for details).  s  stimulates,  a  activates,  l  localizes.       ( b ) Molecules 
active in regulating the degradation of extracellular matrix (ECM) dur-
ing histolysis of  tissue organization. ( c ) Dedifferentiation of liberated 

cells. A group of genes associated with stemness ( left ) is upregulated, 
while differentiation genes are downregulated ( middle ). The  triangle  
( right ) represents change in the pattern of histone acetylation and meth-
ylation, DNA methylation, microRNAs, and Polycomb and Trithorax 
proteins constituting the epigenetic overlay that stabilizes transcription       
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 56 – 60 ]. Further indirect evidence for G 2  arrest is the strong 
upregulation of the ecotropic viral integration factor 5 (Evi5) 
throughout formation of the accumulation blastema in regen-
erating axolotl limbs [ 11 ]. Evi5 is a centrosomal protein that 
accumulates in the nucleus during early G1 in mammalian 
cells and, in concert with Pin1, prevents them from prema-
turely entering mitosis by stabilizing Emi1, a protein that 
inhibits cyclin A degradation by the anaphase-promoting 
complex/cyclosome [ 61 ,  62 ]. At G 2 , Emi1 and Evi5 are 
phosphorylated by Polo-like kinase 1 and targeted for 
ubiquitin- driven degradation, allowing the cell to enter mito-
sis. The high levels of Evi5 during blastema formation, 
which takes signifi cantly longer than the ~50 h cell cycle 
[ 63 ], may restrain dedifferentiated cells from entering mito-
sis until they have accumulated suffi ciently to constitute a 
blastema [ 11 ]. While this hypothesis remains to be tested, it 
is signifi cant that a high proportion of the fi broblasts of the 
ear tissue of the MRL/lpj mouse, which regenerates after 
punch injury, are arrested in G 2,  suggesting that fi broblasts of 
this tissue are poised for mitosis upon injury [ 64 ]. 

 Once the accumulation blastema has formed, it enters a 
growth phase where the mitotic index increases tenfold or 
more [ 51 ,  58 ]. In both larval and adult limbs, denervated 
growing blastemas are nerve-independent for morphogene-
sis and patterned differentiation. The regenerates formed by 
these blastemas, however, are much smaller than control 
regenerates [ 65 – 67 ]. This is because denervation at any stage 
of blastema growth leads to the reduction of blastema DNA 
synthesis [ 57 ,  68 ] and decreases the mitotic index to zero 
[ 69 ] due to disruption of the AEC mitogenic function. Direct 
evidence that proliferation during blastema growth stages 
requires the AEC is that DNA synthesis and mitosis of 
epidermis- free newt limb blastemas cultured in the presence 
of dorsal root ganglia are reduced three- to fourfold [ 70 ,  71 ]. 
These observations are compatible with the hypothesis that 
nerve axons induce and maintain a cell cycling function of 
the AEC that operates throughout regeneration. 

 The growing blastema may also be dependent on the AEC 
for proximodistal patterning and morphogenesis. Medium 
bud and later stage blastemas of larval  A. maculatum  denuded 
of wound epidermis and grafted into dorsal fi n tunnels form 
smaller than normal skeletal elements with a distally trun-
cated pattern, the degree of truncation being proportional to 
the developmental stage of the implant [ 72 ]. A complete 
proximodistal sequence of smaller than normal elements is 
formed by blastema implants positioned so that their distal 
tip becomes covered with fi n wound epidermis. The small 
size of the skeletal elements in both types of implant is con-
sistent with the lack of a nerve-dependent mitogenic function 
of the AEC. The PD truncation of implants denied regenera-
tion of epidermis at their distal tip, however, suggests that the 
AEC may have a PD patterning function distinct from mito-
genesis, although it remains to be established that the trunca-

tion is not due simply to death of apical cells destined to 
form distal structures.  

    Blastema Cell Proliferation Becomes 
Nerve- Dependent During Digit Stages of Limb 
Development 

 Amputated urodele limb buds are able to regenerate in the 
absence of innervation until they reach digital stages of 
development. At these stages, the limb bud becomes heavily 
innervated, whereupon regeneration becomes nerve- 
dependent and will not take place if the limb is denervated 
[ 73 ]. Nerve dependence is not acquired, however, if the limb 
never becomes innervated [ 74 ,  75 ]. This was shown by para-
biosing two early embryos and excising the neural tube from 
one of them so that the fully differentiated limbs were aneu-
rogenic. These limbs require only the wound epidermis/AEC 
to regenerate normally. Aneurogenic limbs can be oscillated 
between nerve-independent and dependent states. When 
grafted in place of innervated host limbs, they become inner-
vated and nerve-dependent for regeneration by 10–13 days 
posttransplantation, but nearly half of the cases become 
nerve-independent again if re-denervated and maintained in 
a denervated state for 30 days [ 76 ]. 

 These results can be explained by assuming that the 
outgrowth- promoting function of the limb bud apical epider-
mis [ 77 ] during limb development is either autonomous or 
depends on signals from the subjacent mesoderm as observed 
for chick limb buds [ 78 ]. As nerves grow into the limb, how-
ever, the epidermis becomes dependent on (“addicted to”) 
neural factors to maintain its outgrowth-promoting function 
during regeneration [ 79 ]. This dependency never develops in 
aneurogenic limbs, and the AEC maintains its original func-
tional capacity after limb amputation.  

    What Are the Mitogenic Factors for Blastema 
Cell Proliferation? 

 A protein has been identifi ed that can substitute for the nerves 
in denervated and amputated adult newt limbs [ 80 ]. The pro-
tein is the anterior gradient protein (AGP), a ligand for the 
blastema cell surface receptor Prod1. Prod1 is a member of 
the Ly6 family of three-fi nger proteins anchored to the cell 
surface by a glycosylphosphatidyl inositol linkage [ 81 – 83 ]. 
As assessed by co-expression of the Schwann cell marker 
HNK1, AGP is strongly expressed in the distal-most Schwann 
cells of regenerating newt limbs at 5 and 8 days postamputa-
tion, when histolysis and dedifferentiation are underway [ 80 ]. 
AGP expression is abolished by proximal nerve transection, 
indicating that it is induced in the Schwann cells by axons. 
The function of the Schwann cell AGP is not clear, however. 
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 By 10 days postamputation, when the newt accumulation 
blastema is forming, AGP expression shifts from Schwann 
cells to subepidermal secretory gland cells of the AEC [ 80 ]. 
The wound epithelium of the axolotl does not have subepi-
dermal gland cells, and here AGP expression is observed in 
the Leydig cells of the AEC. Both sets of gland cells appear 
to discharge secretions by a holocrine mechanism [ 84 ]. The 
expression of AGP by gland cells is also axon-dependent, as 
shown by the fact that it is abolished in denervated limbs. 
AGP has been shown to be a complete mitogen for blastema 
cells in vivo. When electroporated into denervated newt 
limbs at 5 days postamputation, the AGP gene supported 
regeneration to digit stages. Conditioned medium of Cos7 
cells transfected with the AGP gene stimulated BrdU incor-
poration into cultured blastema cells, and antibodies to Prod1 
blocked this incorporation [ 80 ]. Collectively, these results 
suggest that nerve axons induce the AEC to express AGP, 
which is then secreted and acts through Prod1 on subjacent 
blastema cells to stimulate their proliferation, thus giving the 
nerve dependence of AEC function a molecular basis. 
Further persuasive evidence for this idea is that AGP is 
downregulated in the apical epidermis of the limb bud during 
its acquisition of nerve dependence, but remains high in the 
apical epidermis of aneurogenic limbs throughout develop-
ment and during regeneration [ 85 ]. 

 Factors other than AGP that promote blastema cell prolif-
eration in vitro and in vivo have been detected in the wound 
epidermis of the regenerating axolotl limb, primarily mem-
bers of the fi broblast growth factor family (FGFs 1, 2, and 8) 
[ 86 ,  87 ]. Blastema cells express fi broblast growth factor-10, 
which is essential for maintaining FGF-2 expression by the 
AEC in regenerating Xenopus limb buds [ 88 ,  89 ]. The role 
these epidermal factors play in regeneration in vivo is not 
clear, but one hypothesis would be that FGFs, while not 
essential for blastema cell proliferation, synergize with AGP 
to augment their mitosis, or even that FGFs are the essential 
mitogens for blastema cells, but require AGP for their syn-
thesis. Examining the effect of denervation on synthesis of 
these factors by the AEC would help to reveal their function. 
If their expression is eliminated by denervation and they fail 
to rescue regeneration after exogenous delivery to dener-
vated blastemas in vivo, the hypothesis that they are essential 
mitogens would be unlikely. FGFs made by the wound epi-
dermis/AEC might also play an essential role in axon and 
capillary regeneration into the blastema.  

    What Are the Axon Factors that Stimulate 
AGP Expression? 

 A major question is the identifi cation of the factors produced 
by axons that induce AGP expression by Schwann cells and 
the AEC. Glial growth factor 2 (GGF-2, neuregulin) fulfi lls 

the criteria to be a candidate for the axon stimulus. It is 
expressed by neurons, is present in the blastema, and is lost 
from the blastema upon denervation [ 90 ,  91 ]. GGF-2, along 
with other growth factors produced by platelets and macro-
phages (FGFs, platelet-derived growth factor (PDGF), trans-
forming growth factor beta (TGF-β), interleukins (IL) 1, 2, 
6), has been shown to be mitogenic for Schwann cells in 
transected mammalian peripheral nerves [ 92 ]. The GGF-2 
gene is expressed in newt dorsal root ganglia, and recombi-
nant human GGF-2 infused into denervated axolotl limb 
blastemas was reported to maintain the DNA-labeling index 
at control levels and to support regeneration to digit stages 
[ 93 ], similar to the rescue of denervated blastemas by 
implants of spinal ganglia [ 94 ]. However, little detail was 
supplied in support of the ability of GGF-2 to promote com-
plete regeneration in these experiments. Furthermore, there 
is no experimental data to show that GGF-2 actually induces 
the expression of AGP in the AEC. KGF (Fgf-7) has been 
shown to be expressed in axolotl dorsal root ganglion cells 
and to induce expression of the  Sp9  gene when administered 
in beads under a wound epidermis in the absence of the nerve 
[ 55 ]. KGF stimulates the mitosis of keratinocytes and thus 
the thickening of the wound epidermis in mammalian skin 
wounds [ 95 ], suggesting that it might also play this role in 
AEC formation. 

 Neurons synthesize other factors that directly promote the 
proliferation of blastema cells in vitro and in vivo. 
Denervation reduces protein synthesis by regeneration blas-
temas, but addition of neural extracts to blastema explants 
partially restored protein synthesis [ 96 ,  97 ]. The activity of 
the extracts was abolished by trypsin treatment and heating, 
but not by RNase, suggesting that the active molecules are 
proteins [ 97 ]. Spinal cord extracts from axolotls undergoing 
limb regeneration stimulated the mitosis of cultured blas-
tema cells at twice the level of extracts from unamputated 
animals, and blastemas explanted next to cultured dorsal root 
ganglia or spinal cord segments that had regenerated many 
neurites had a mitotic index substantially higher than control 
cultures [ 70 ,  98 ]. Specifi c neural factors that promote blas-
tema cell proliferation include transferrin, FGF-2, and sub-
stance P [ 99 – 101 ]. FGF-2 is the only factor shared with the 
AEC. With the exception of transferrin levels, which are 
reduced by 50 % in vivo, the effect of denervation on loss of 
these factors from the blastema has not been tested, and none 
has been shown to support the full course of regeneration. 
The function of these mitogens is thus unclear. They might 
synergize with GGF-2 in an augmentative but nonessential 
role to enable the function of the AEC, or along with the 
FGFs made by the AEC, they might be synergistic with AGP 
but be nonessential for mitosis. Singer [ 102 ] showed that the 
axon requirement for regeneration is quantitative and inde-
pendent of the motor or sensory quality of the axons. It 
would be interesting to examine AGP synthesis in the AEC 
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of regenerating limbs with selectively denervated motor or 
sensory components. 

 The relationships of the tissues and molecules that com-
prise the nerve/epidermal circuit are summarized in Fig.  3 .

        Blastema Cells Promote Axon Regeneration 

 As the blastema grows, axons must continually elongate to 
innervate differentiating tissues. Schwann cells provide most 
of the soluble factors (nerve growth factor, brain-derived 
growth factor, neurotrophic factors 3 and 4, ciliary neuro-
trophic factor, and glial-derived neurotrophic factor) and 
some adhesive factors required for neuron survival and axon 
elongation after transection of peripheral nerves [ 103 ]. 
Regeneration of axons from amphibian spinal cord neurons 
is promoted in vitro by co-culture with limb regeneration 
blastema mesenchyme [ 104 ]. Brain-derived neurotrophic 
factor, neurotrophic factors 3 and 4, glial-derived growth fac-
tor, and hepatocyte growth factor/scatter factor can substitute 
for blastema tissue in promoting this axon outgrowth [ 105 ]. 
Axon outgrowth was signifi cantly more vigorous with blas-
tema tissue, suggesting that blastema cells produce other 

 factors that support neuron survival and axon outgrowth. 
One of these factors may be retinoic acid [ 106 ]. In cultures 
of newt spinal cord, retinoic acid added to the culture medium 
not only evoked the extension of a greater number of axons 
than in control cultures, the length of the axons was 4 times 
greater. Axon outgrowth was enhanced even more by co- 
culture with blastemas in the absence of exogenous retinoic 
acid. However, treatment of the co-cultured blastemas with 
the retinoic acid inhibitor citral reduced axon outgrowth, 
suggesting that retinoic acid is an axon outgrowth-promoting 
molecule made by the blastema. It would be of interest to 
know whether the wound epidermis/AEC also produces 
 axonotrophic and angiogenic factors.     
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            Introduction 

 Stem cells are responsible for generating new cells to main-
tain our life; yet, once differentiated a stem cell naturally does 
not revert back to its earlier developmental stage. The mecha-
nism underlying this one-way development is DNA methyla-
tion. During stem cell differentiation, methylation of cell 
genome like a lock sets up various tissue-specifi c gene 
expression patterns in all kinds of body cells and hence deter-
mines their fi nal properties; however, this event also makes 
any change of the determined cell properties impossible. The 
pool of stem cells in a body is limited. In a person’s life span, 
stem cells can be damaged by numerous environmental and 
pathogenic factors, such as pollutants, toxic materials, free 
radicals, stress, microbial/viral infections, and various ill-
nesses. When the stem cell pool becomes exhausted, the body 
will grow old. This is why rejuvenation of life is almost 
impossible because reversing the ageing process requires 
generating new stem cells. In order to achieve rejuvenation, 
we need to unlock and revert the differentiated somatic cell 
properties back to a stem cell-like state. Therefore, it is under-
standable that the mechanism underlying DNA demethyl-
ation holds the key for stem cell generation. 

 Naturally, global demethylation of genomic DNAs occurs 
only in two developmental stages; one is during migration of 
primordial germ cells (PGC) into embryonic gonads (germ-
line demethylation at approximately embryonic day E10.5 to 
E13.5) and the other is in the 2- to 16-cell-stage zygotic cells 
after fertilization (zygotic demethylation) [ 1 – 4 ]. The major-
ity of parental imprints are erased and reestablished in germ-
line PGCs but preserved in postfertilized zygotic cells [ 5 ,  6 ], 
suggesting that germline and zygotic demethylation mechanisms 

are not identical. However, the differences between these 
two natural demethylation mechanisms still remain largely 
unclear. Our recent fi nding of a novel reprogramming mech-
anism in induced pluripotent stem cells (iPSCs) established 
a new kind of global DNA demethylation mechanism com-
parable to the natural ones [ 7 – 9 ]. This man-made reprogram-
ming mechanism triggers massive erasure of genomic DNA 
methylation sites but preserves many parental imprints simi-
lar to the effect of zygotic demethylation [ 9 ,  10 ]. Due to such 
high preservation of parental imprints, certain inheritable 
cell properties such as epigenetic memory and immunogenic 
compatibility have been observed in iPSCs [ 11 – 13 ]. 

 The method for iPSC generation was fi rst introduced by 
Takahashi and Yamanaka in 2006 [ 14 ]. Using retroviral 
delivery of four defi ned transcription factors (Oct4, Sox2, 
Klf4, and c-Myc) in vitro, they successfully reprogrammed 
somatic fi broblasts to embryonic stem cell (ESC)-like iPSCs 
[ 14 ,  15 ]. Later, Yu et al. also developed another method 
using a different set of four defi ned factors—Oct4, Sox2, 
Nanog, and LIN28 [ 16 ]. The development of iPSCs not only 
addresses the ethical concerns of using human ESCs but also 
may provide a patient-friendly therapy when used in con-
junction with somatic cell nuclear transfer (SCNT) technolo-
gies. Due to these advantages, iPSC-based SCNT therapy 
has been tested for treating sickle cell anemia in a transgenic 
mouse model [ 17 ]. Nevertheless, the mechanism underlying 
the four-factor-induced iPSC formation is still elusive and a 
number of concerns have been found. First, oncogenic c-Myc 
is required to boost the success rate of iPSC formation. 
Without c-Myc, the success rate is less than 0.002 %. Second, 
iPSC population is heterogeneous due to the variable deliv-
ery effi ciency of four factors. Until now, the best combina-
tion of four factors for reprogramming has not been identifi ed. 
Last, the combined effect of the four defi ned factors seems 
merely to maintain the intrinsic network of embryonic gene 
expression [ 18 ,  19 ]; yet, how this effect leads to a global 
cancelation of somatic gene expression patterns remains 
largely unknown. According to these uncertainties, the safety 
of four-factor-induced iPSCs is questionable. 
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 Global DNA demethylation is essential for initiating 
 epigenetic reprogramming of somatic cell nuclei to form 
pluripotent stem cells [ 10 ,  20 – 22 ]. Epigenetic reprogram-
ming involves not only global cancelation of somatic gene 
methylation profi les but also activation of ESC-specifi c gene 
expression. In light of zygotic demethylation during early 
embryogenesis, we have known that exclusion of DNA 
(cytosine-5-)-methyltransferase 1 (DNMT1) from zygotic 
nuclei causes passive demethylation of maternal DNA in 2- 
to 16-cell-stage embryos while paternal DNA is mainly 
demethylated by another undefi ned active mechanism before 
the fi rst embryonic cleavage [ 3 – 6 ]. As DNMT1 functions to 
maintain inherited CpG methylation patterns by methylating 
the newly replicated DNA during the S-phase cell cycle, the 
defi ciency of DNMT1 activity leads to passive global DNA 
demethylation in the daughter cells following early zygotic 
divisions [ 3 ,  4 ,  23 ,  24 ]. In this scenario, none of the previ-
ously defi ned reprogramming factors (either Oct4–Sox2–
Klf4–c-Myc or Oct4–Sox2–Nanog–Lin28) can demonstrate 
such an important epigenetic mechanism in reprogramming. 
In fact, most of these defi ned factors are expressed after 
zygotic demethylation, showing no direct involvement in 
epigenetic reprogramming. Activation of these defi ned fac-
tors, therefore, is a consequence of global DNA demethyl-
ation rather than the cause. It is conceivable that another 
novel reprogramming factor likely plays a pivotal role in epi-
genetic reprogramming. 

 To address this unresolved question, our recent studies 
for the fi rst time revealed that a group of noncoding RNAs 
(ncRNAs) rather than proteins are responsible for initiating 
global DNA demethylation in human iPSCs [ 7 – 9 ]. These 
ncRNAs belong to an ESC-specifi c microRNA (miRNA) 
family, miR-302, which is expressed most abundantly in 
human ESCs and iPSCs but not in differentiated somatic 
cells [ 25 – 27 ]. Native miR-302 consists of four familial 
sense homologues (miR-302b, c, a, and d) and three dis-
tinct antisense members (miR-302b*, c*, and a*), all of 
which are transcribed together as a polycistronic RNA clus-
ter along with another miRNA, miR-367 [ 25 ]. It is noted 
that the elevation of miR-302 is highly coordinated with 
zygotic demethylation in 2- to 16-cell-stage embryos [ 25 , 
 26 ]. In addition, another study found that mouse iPSCs also 
express an elevated level of miR-302 rather than miR-
291/294/295, one of the regular markers for mouse ESCs 
[ 28 ]. These fi ndings suggest that miR-302 likely serves as a 
major reprogramming factor in both human and mouse plu-
ripotent stem cells. However, miR-302 is a gene silencer, 
not an activator. It is known that miRNA functions to sup-
press the translation of its target genes through comple-
mentary binding and formation of RNA-induced silencing 
complexes (RISCs) in the 3′-untranslated regions (3′-
UTRs) of the targeted gene transcripts [ 29 ,  30 ]. Due to this 
unique function in gene silencing, miR-302 may play a role 

in suppressing DNMT1 to induce global DNA demethyl-
ation and hence initiating epigenetic reprogramming in 
both human ESCs and iPSCs.  

     Role of miR-302 in Global DNA 
Demethylation 

 Somatic cell reprogramming (SCR), a mechanism underly-
ing reprogramming of somatic cells to iPSCs, starts from 
global DNA demethylation. The molecular basis of this 
mechanism was fi rst reported by Lin et al. [ 7 – 9 ]. Lin’s stud-
ies found that cellular miR-302 concentration determines the 
extent of genomic DNA demethylation in iPSCs [ 9 ,  10 ]. As 
shown in Fig.  1 , miR-302 functions as a gene silencer to 
simultaneously down-regulate several key epigenetic regula-
tors, including DNMT1, lysine-specifi c histone demethyl-
ases 1 and 2 (AOF2/1, LSD1/2, or KDM1/1B), methyl-CpG 
binding proteins 1 and 2 (MECP1/2), and histone deacety-
lase 2 and 4 (HDAC2/4). Concurrent silencing of these 
important epigenetic regulators induces global DNA demeth-
ylation, the fi rst sign of epigenetic reprogramming required 
for formation of stem cell pluripotency [ 7 ,  9 ,  10 ]. DNA 
methylation often serves as a transcriptional block to repress 
gene expression and many ESC-specifi c genes are sup-
pressed by DNA methylation in their promoter regions [ 20 ]. 
Through inducing global DNA demethylation, miR-302 
removes these transcriptional blocks and hence reactivates 
an almost full spectrum (>91–93 %) of ESC-specifi c tran-
scriptome expression, consequently leading to reprogram-
ming of somatic cells to iPSCs.

   When observing iPSC formation in a time-course fashion 
(Fig.  2 ), we found that the downregulation of AOF1/2, 
DNMT1, MECP1/2, and HDAC2 was most prominent at 3 
days following the miR-302 elevation, while the expression 
of Oct4, Nanog, and Sox2 was increased to a maximal level 
at the fi fth day [ 7 ,  9 ]. During this time, miR-302-transfected 
cells rested for a few days and then 1–2 cell divisions were 
detected in 4–5 days. This cell-division-dependent process 
highly resembles the zygotic demethylation of a maternal 
genome, and now it takes place in both parental genomes in 
iPSCs. Previous transgenic animal studies have shown that, 
in the absence of AOF1, germ cells fail to undergo de novo 
DNA methylation during oogenesis [ 31 ], while AOF2 defi -
ciency leads to embryonic lethality due to a progressive loss 
of genomic DNA methylation and lack of cell differentia-
tion [ 22 ]. Inhibition of either AOF1 or AOF2 also promotes 
methylation of histone 3 on lysine 4 (H3K4me2/3), a stan-
dard chromatin mark specifi c for ESCs and fully repro-
grammed iPSCs [ 22 ,  31 – 33 ]. Therefore, silencing both 
AOF1 and 2 is suffi cient to cause global DNA demethyl-
ation and chromatin modifi cation required for reprogram-
ming [ 9 ,  10 ]. Additionally, suppression of MECP1/2 further 
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  Fig. 1    Mechanisms of miR-302-mediated induced pluripotent stem 
cell (iPSC) generation and its related tumor prevention. Similar to 
zygotic reprogramming during early embryogenesis, miR-302 func-
tions as a gene silencer directed against several major epigenetic regula-
tors, including AOF1 and 2, MECP1 and 2, and DNMT1, to induce 
global DNA demethylation in transfected cells. Subsequently, global 
demethylation erases somatic transcriptional blocks (i.e., methylation 
sites) on the promoter regions of embryonic stem cell (ESC)-specifi c 
genes and activates these genes, which continue to execute the repro-
gramming process of iPSC formation. Meanwhile, other ESC-specifi c 

genes, such as Oct4 and Sox2, further stimulate miR-302 expression, 
resulting in a positive feedback loop cycle to maintain the full process 
of reprogramming. Accompanying this reprogramming process, miR-
302 also serves as a tumor suppressor to silence multiple key cell cycle 
regulators, including CDK2, cycllin D1 and D2 (CCND1&2), and 
BMI-1, resulting in cell cycle attenuation at G1-phase checkpoint. 
Silencing BMI-1 further stimulates p16Ink4a and p14/p19Arf expres-
sion to prevent tumor formation. As a result, miR-302 reprograms 
somatic cells to tumor-free iPSCs       

  Fig. 2    Time-course scheme of ESC-specifi c gene and miRNA activa-
tion in miR-302-induced iPSCs. Approximately 4–5 days post-trans-
fection of miR-302, Oct4, Sox2, and Nanog can be detected in the 2- to 
4-cell-stage iPSCs. Subsequently, other ESC-specifi c genes, such as 
Lin28, SSEA3, and SSEA4, are activated in the 8- to 16-cell-stage 
iPSCs approximately 7–9 days post-miR-302 transfection. Most ESC-
specifi c miRNAs are also stimulated at this time point, including mem-
bers of miR-17–92, miR-93, miR-367, miR-371–373, and miR-520 

cluster families. The reprogramming process between these two time 
points highly resembles zygotic demethylation occurring in the 2- to 
16-cell-stage zygotes; yet, premature iPSCs take a signifi cantly longer 
time (3–4 days) to activate Oct4 and Sox2 expressions. During this 
reprogramming process, cells not expressing all these ESC-specifi c 
gene markers will stop cell division and cannot form colonies. Only 
fully reprogrammed iPSCs form three- dimension cell colonies, which 
can be clearly observed approximately 17–19 days post-transfection       
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enhances the AOF1/2-mediated DNA demethylation effect 
in iPSCs [ 7 ].

   DNMT1 is another important downstream target of miR- 
302 because AOF2 is responsible for stabilizing DNMT1 [ 9 , 
 22 ]. In iPSCs, miR-302 silences AOF2 to reduce DNMT1 
activity [ 9 ]. Alternatively, the analytic results of miRNA- 
target prediction program provided by the European 
Bioinformatics Institute EMBL-EBI (  http://www.ebi.ac.uk/
enright-srv/microcosm/cgi-bin/targets/v5/detail_view.
pl?transcript_id=ENST00000359526    ) also suggest that 
miR-302 may directly inhibit DNMT1 translation. As a 
result, miR-302 strongly down-regulates DNMT1 via both 
translational suppression and posttranslational degradation. 
During early embryogenesis, DNMT1 inherited from oocytes 
is excluded from zygotic nuclei by an undefi ned mechanism 
while zygotic DNMT1 expression is very limited due to 
miR-302 overexpression [ 4 ,  34 – 36 ]. The function of DNMT1 
is to methylate the newly replicated DNA in daughter cells 
during cell divisions; hence, diminished DNMT1 activity 
leads to a passive global DNA demethylation mechanism in 
early zygotes [ 4 ,  23 ,  24 ]. Similarly, miR-302-mediated 
DNMT1 silencing in iPSCs also elicits passive global DNA 
demethylation comparable to zygotic demethylation. 
However, since passive demethylation is unable to remove 
the methylated sites originally left in a somatic genome 
before reprogramming, this reprogramming model will gen-
erate two hemi-methylated cells in every single iPSC colony. 
Whether these hemi-methylated cells are degraded via pro-
grammed cell death (apoptosis) during reprogramming or 
further demethylated by another active mechanism remains 
to be determined. 

 A number of active DNA demethylation mechanisms 
have been postulated to play a role in reprogramming. First, 
activation-induced cytidine deaminase (AID) was found to 
initiate active DNA demethylation in early mouse embryos 
[ 3 ,  37 ,  38 ]. MiR-302 has also been shown to promote AID 
expression in iPSCs [ 9 ]. AID is normally expressed in B 
cells, PGCs, oocytes, and early stage embryos and functions 
to remove 5-methylcytosine (5mC) by deaminating 5mC to 
thymine (T), subsequently resulting in T-guanine (G) mis-
match base pairing [ 39 ,  40 ]. To correct such T-G mismatch 
pairing, a base excision DNA repair (BER) pathway was pro-
posed to replace the mismatched T with a C [ 41 ,  42 ]; yet, the 
enzyme required for this BER correction has not been identi-
fi ed in mammals. On the other hand, another theory involv-
ing the excision repairing of 5-hydroxymethylcytosine 
(5hmC) has also been proposed. In this model, Tet familial 
enzymes fi rst convert 5mC to 5hmC that can be further con-
verted to C by spontaneous loss of its formaldehyde group 
[ 43 ] or by a currently undefi ned DNA repair system. The 
formation of 5hmC in ESCs and iPSCs enhances passive 
DNA demethylation since DNMT1 does not recognize 
5hmC as a substrate for replication [ 44 ,  45 ]. Nevertheless, 

several recent studies did not support this theory [ 45 ,  46 ]. 
First, Tet expression is subject to Oct4 regulation; hence, 
active DNA demethylation occurs after Oct4 activation [ 45 ]. 
Second, Tet depletion has no effect on Oct4, Sox2, and 
Nanog expression in ESCs [ 45 ]. Last, Tet depletion in mouse 
embryos only affects trophectoderm development and related 
developmental signaling, a stage much later than zygotic 
demethylation [ 46 ]. In view of these unsolved questions, the 
involvement of an active DNA demethylation mechanism in 
iPSCs is currently unclear.  

     Activation of ESC-Specifi c Gene Expression 

 Global DNA demethylation has been reported to promote 
Oct4–Nanog expression in early mouse embryos and mouse- 
human fused heterokaryons [ 37 ,  38 ]. Many ESC-specifi c 
genes are suppressed by DNA methylation in their promoter 
regions, particularly Oct4 and Nanog [ 20 ,  47 ,  48 ]. Our stud-
ies further showed that induction of iPSC formation requires 
a 1.1- to 1.3-fold higher miR-302 concentration than that 
found in human ESCs (approximately 0.9–1.0 million copies 
per ESC) [ 9 ]. As shown in Fig.  1 , such a high cellular miR- 
302 concentration induces both global DNA demethylation 
and co-expression of Oct4, Sox2, and Nanog in human iPSCs 
[ 9 ,  10 ]. The expression of Lin28 and many other ESC marker 
genes was also observed 1–3 days following Oct4-Sox2- 
Nanog co-expression. In human ESCs, induced miR-302 
expression over the normal level was also found to increase 
Oct4-Nanog expression by twofolds [ 49 ]. Further studies 
revealed that miR-302 directly suppresses the expression of 
nuclear receptor subfamily 2, group F, number 2 (NR2F2), a 
transcriptional repressor directed against the methylated 
Oct4 promoter, to enhance Oct4 expression [ 50 ]. Taken 
together, these fi ndings strongly suggest that miR-302 trig-
gers global DNA demethylation to remove transcriptional 
blocks on ESC-specifi c gene promoters and thus activates 
ESC-associated gene expressions. 

 Thus far, the activation of ESC-specifi c genes and their 
mutual interactions have only been studied in mammalian 
ESCs [ 18 ,  19 ], not in iPSCs. iPSCs generated by different 
induction methods from various somatic cell types all share 
a highly similar epigenetic and transcriptomic profi le like the 
one found in ESCs, indicating the importance of global DNA 
demethylation in erasing and resetting different somatic 
epigenomes and transcriptomes into a unique ESC-like plu-
ripotent state. Following the time-course formation of iPSCs 
as shown in Fig.  2 , we found that iPSCs take longer time to 
reach the point of cell division than postfertilized zygotes, 
probably due to lack of germline elements such as paternal 
protamines and maternal oocyte transcripts. After the fi rst 
cell division, the process of global DNA demethylation is 
almost identical between iPSCs and the 2- to 16-cell-stage 
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zygotes up to the morula stage. During this period, the 
expression of Oct4, Sox2, Nanog, and undifferentiated 
embryonic cell transcription factor 1 (UTF1) is gradually 
elevated to a maximal level within 1–2 days, while Lin28 
and many other ESC marker genes are expressed 1–3 days 
later than the Oct4-Sox2-Nanog co-expression. Microarray 
analyses of the genome-wide gene expression patterns 
between iPSCs and human ESCs have indicated that they 
share over 91–93 % similarity [ 7 ,  9 ]. In addition, miRNA 
microarray analyses have further shown that many ESC- 
specifi c miRNAs are stimulated by miR-302 and likely func-
tions together with miR-302 to promote and/or maintain the 
pluripotency of iPSCs [ 7 ,  8 ]. Based on these observations, 
the time-course activation pattern of ESC-specifi c genes and 
miRNAs following miR-302 induction in iPSCs is summa-
rized in Fig.  2 .  

     Inhibition of Differentiation Signals 

 In view of miRNA functionality in gene silencing, miR-302 
serves as a major gene silencer in human ESCs and zygotes. 
Based on the analytic results of online miRNA-target predic-
tion programs TARGETSCAN (  http://www.targetscan.org/    ) 
and PICTAR-VERT (  http://pictar.mdc-berlin.de/    ), the major-
ity of miR302-targeted genes are transcripts of differentiation- 
associated genes and developmental signals, such as 
members of the RAS-MAPK, TGFß-SMAD, and Nodal- 
Lefty pathways, indicating its signifi cance in inhibiting stem 
cell differentiation. Recent studies have started to investigate 
the miR-302-mediated inhibition of TGFß-SMAD and 
Nodal-Lefty pathways [ 51 ,  52 ]. In vertebrates, specifi cation 
of anterior–posterior axis and left-right asymmetry depends 
on TGFß-related signal proteins, such as activin/inhibin, 
Nodal, Lefty, and bone morphogenetic proteins (BMPs) 
[ 53 ]. Lefty1 and 2 are also involved in neural cell induction 
[ 54 ]. Additionally, Nodal signals are responsible for pattern-
ing the visceral endoderm through SMAD2-dependent path-
ways [ 55 ]. Interestingly, both TARGETSCAN and 
PICTAR-VERT have predicted that SMAD2, Lefty1/2, and 
activin/inhibin are strong targets of miR-302. Silencing of 
Lefty1/2 by miR-302 leads to a signifi cant delay in early 
ESC differentiation prior to germ layer specifi cation [ 51 ], 
while miR-302 also suppresses BMP inhibitors TOB2, 
DAZAP2, and SLAIN1 to promote ESC pluripotency via 
preventing neural induction [ 52 ]. Since silencing either 
Lefty1/2 or BMP inhibitors results in the same inhibitory 
effect on neural differentiation, these fi ndings indicate that 
miR-302 is able to simultaneously target multiple parallel 
signaling pathways to completely block a specifi c cell lin-
eage differentiation. 

 MiR-302 is not the only miRNA involved in SCR. Using 
miRNA microarray analyses, we have also identifi ed that the 

expressions of other ESC-specifi c miRNAs, such as members 
of miR-17–92, miR-93, miR-367, miR-371–373, miR- 374, 
and miR-520 families, are elevated in iPSCs [ 7 – 9 ]. MiR-302 
shares over 440 target genes with these miRNAs, suggesting 
their potential roles in iPSC induction and/or maintenance. 
These conserved target genes include not only many mem-
bers of the RAS-MAPK, TGFß-SMAD, and Nodal-LEFTY 
signaling pathways but also numerous transcription factors, 
oncogenes and cell differentiation factors, such as E2F tran-
scription factors, Myb-like transcription factors, HMG-box 
transcription factors, Sp3 transcription factors, NFkB activat-
ing protein genes, BMI-1 oncogene, Rho/Rac guanine nucle-
otide exchange factors, IGF receptors, protocadherins, 
CXCR4, EIF2C, PCAF, and many nuclear receptors and cell 
surface molecules. Given that these target genes are highly 
involved in embryonic development and/or cancer tumorige-
nicity, miR-302 may stimulate these homologous miRNAs to 
further enhance its function in preventing stem cell differen-
tiation and tumor formation. Due to the complexity of these 
intricate miRNA-miRNA and miRNA- target interactions, 
understanding the full spectrum of these gene regulation 
mechanisms involved will be a great challenge.  

     Prevention of Stem Cell Tumorigenicity 

 Tendency in tumor formation is one of the major problems 
inherent in stem cell therapy. Developing tumor-free ESCs/
iPSCs is critical in view of the current Food and Drug 
Administration (FDA) regulations regarding concerns of 
cancer stem cells. However, oncogenic factors such as c-Myc 
and Klf4 are frequently used to boost the survival and prolif-
erative rates of the four-factor iPSCs, creating an inevitable 
problem of tumorigenicity in these cells. MiR-302 has been 
shown to induce reprogramming while preventing stem cell 
tumorigenicity [ 56 ]. Tumor-free pluripotency is one of the 
key advantages of miR-302-induced iPSCs compared to 
those induced by the four factors. As the mechanism under-
lying stem cell tumorigenicity is still poorly understood, elu-
cidating the miR-302 function in tumor prevention may 
greatly benefi t the development of safer and more reliable 
iPSCs or ESCs for stem cell therapy. 

 To prevent iPSC tumorigenicity, we fi rst look into the natu-
ral tumor prevention mechanism during normal embryogene-
sis. Early zygotes before the morula stage (16–32 cell stage) 
often exhibit a relatively slow cell cycle rate (20–24 h/cycle), 
whereas such stringent cell cycle regulation is not found in 
later blastocyst-derived ESCs (15–16 h/cycle) [ 57 ]. Embryonic 
cells in early zygotes possess two unique features of stemness: 
pluripotent differentiation into almost all cell types and unlim-
ited self-renewal in the absence of tumor formation. Clearly, 
these two features are also important for the clinical applica-
tion of ESCs or iPSCs. As demonstrated in Fig.  1 , our study 
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revealed for the fi rst time that miR-302 is responsible for 
inhibiting human iPSC tumorigenicity through co-suppression 
of both cyclin E–CDK2 and cyclin D–CDK4/6 cell cycle path-
ways to block >70 % of the G1-S- phase transition [ 56 ]. 
Furthermore, miR-302 also silences BMI-1, a cancer stem cell 
marker, to promote the expression of two tumor suppressor 
genes, p16Ink4a and p14/p19Arf. p16Ink4a inhibits cyclin 
D-dependent CDK4/6 activities via phosphorylation of retino-
blastoma protein Rb and subsequently prevents Rb from 
releasing E2F-dependent transcription required for S-phase 
entry [ 58 ,  59 ], while p14/p19Arf prevents HDM2, an Mdm2 
p53 binding protein homolog, from binding to p53 and per-
mits the p53- dependent transcription responsible for G1 arrest 
or apoptosis [ 60 ]. Taken together, the combined effect of 
reducing G1-S cell cycle transition and increasing p16/
p14(p19) expression results in an attenuated cell cycle rate 
similar to that of 2- to 8-cell-stage embryonic cells in early 
zygotes (20–24 h/cycle). Hence, this attenuated cell cycle rate 
may refl ect the timing required for iPSCs to fully pass the cell 
cycle checkpoint surveillances for preventing premature dif-
ferentiation and tumor formation. 

 The mechanisms of miR-302-induced reprogramming and 
tumor suppression/prevention are parallel to each other. 
Through inducible miR-302 expression, we found that both 
events occur almost simultaneously at a miR-302 concentra-
tion over 1.1- to 1.3-folds the level found in human ESCs, 
indicating that this specifi c concentration is the minimal 
threshold for reprogramming somatic cells to iPSCs while pre-
venting iPSC tumorigenicity [ 7 ,  9 ,  10 ,  56 ]. Based on this 
understanding, many tumor-free iPSC lines have been suc-
cessfully generated from human normal skin keratinocytes 
and melanocytes as well as cancerous melanoma Colo-829, 
prostate cancer PC3, breast cancer MCF7, hepatocellular car-
cinoma HepG2, and embryonal teratocarcinoma Tera-2 cell 
lines [ 7 ,  9 ,  56 ]. Notably, normal and cancerous somatic cells 
respond very differently to the miR-302-mediated tumor sup-
pression effect. MiR-302 overexpression often induces apop-
tosis in over 98 % of the fast growing cancer/tumor cells, 
while only a few remaining cells become iPSCs. On the con-
trary, the majority (>90 %) of the miR-302- transfected normal 
cells can tolerate this inhibitory effect on cell proliferation [ 7 , 
 56 ]. It is understandable that tumor/cancer cells may not sur-
vive in such a relatively slow cell cycle rate due to their high 
metabolism and rapid consumption rates. Together, these 
results identify miR-302 as a tumor suppressor in iPSCs and 
hence provide a benefi cial advantage in using miR-302 for not 
only reprogramming but also preventing tumorigenicity.  

     Conclusion 

 MiR-302 plays a critical role in four aspects of the iPSC for-
mation mechanism, including initiation of global DNA 
demethylation, activation of ESC-specifi c gene expression, 

inhibition of developmental signaling, and prevention of 
stem cell tumorigenicity. Because of these important func-
tions, the present approach of miR-302-mediated iPSC gen-
eration is simpler, safer, and more effective compared to the 
previous four-factor induction methods. The miR-302- 
induced pluripotent stem cells (mirPSCs) may also serve as 
a better choice of tumor-free iPSCs based on the current 
FDA regulations regarding concerns on tumor formation. 
Table  1  shows that several mirPSC-associated technologies 
have been developed and mainly led by two major research 
groups, such as Lin et al. (WJWU & LYNN Institute—4 fi l-
ings) and Yamanaka et al. (Kyoto University—2 fi lings). The 
original concept of this novel methodology is derived from 
Lin’s 2008 studies [ 7 ,  8 ], which demonstrated the fi rst evi-
dence of miR-302-mediated iPSC formation. Meanwhile, 
other miR-302 homologs, such as members of miR-93, miR- 
200c, miR-367, miR-371–373, and miR-520 families, were 
also found to possess a partial or similar function in repro-
gramming, which may be used to improve the effi ciency of 
previous four-factor induction methods.

   The development of mirPSC-associated technologies 
holds a great promise in discovering new therapies for regen-
erative medicine. Deciphering the mechanisms underlying 
mirPSC induction and prevention of stem cell tumorigenicity 
has led to the identifi cation of new methods for improving 
the effi ciency and safety of iPSCs. As a result, mirPSCs rep-
resent a new kind of tumor-free iPSCs capable of overcom-
ing the two major problems in stem cell therapy: supply and 
safety. Compared to the previous four-factor induction meth-
ods, these mirPSC-based technologies have prominent 
advantages in both reprogramming effi ciency and safety. 
Between delivering a single miRNA and four large transcrip-
tion factor genes, it is not diffi cult to understand that the 
mirPSC-based technologies provide a higher success rate 
and less damages to the reprogrammed cells. Moreover, 
miR-302 is a tumor suppressor in humans, whereas c-Myc, 
one of the four defi ned factors, is a well-known oncogene. In 
fact, it has been reported that the optimal reprogramming 
effi ciency for miR-302 and the four-factor induction method 
is >10 % and <1 %, respectively, showing at least a tenfold 
improvement [ 7 ,  9 ,  61 ]. 

 Both four-factor and miR-302 induction methods lead to a 
forced epigenetic reprogramming mechanism similar to 
zygotic demethylation but completely bypassing germline 
demethylation. When compared to SCNT-iPSCs, four-factor 
iPSCs have been shown to present a less epigenomic and tran-
scriptomic similarity to ESCs [ 11 ]. SCNT is a well  established 
technology to generate ESC-like pluripotent stem cells by 
hybridizing a somatic cell nucleus into the oocyte cytoplasm 
[ 62 ,  63 ]. Due to the use of oocytic ingredients, SCNT also 
delivers a better reprogramming rate than four- factor induc-
tion. On the other hand, the cytoplasm of miR- 302 iPSCs has 
been tested for SCNT and shown that most (93 %) of the 
hybrid cells were successfully reprogrammed to ESC-like 
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pluripotent cells [ 9 ]. This fi nding is coincident with the previ-
ous SCNT results using the oocyte cytoplasm, which contains 
several miR-302 homologs that may play a similar role as 
miR-302, such as miR-200c and miR-371–373. Given that 
miR-302 is a cytoplasmic effector whereas the four defi ned 
factors are all nuclear proteins, it is clear that miR-302 is 
responsible for initiating reprogramming through global 
DNA demethylation in the SCNT-iPSCs. Furthermore, miR-
302 may also stimulate certain undefi ned factors similar to 
those in the oocyte cytoplasm to facilitate the completion of 
reprogramming. Therefore, mirPSCs are not exactly the same 
as the iPSCs induced by four defi ned factors. 

 It took almost 5 years from Yamanaka’s discovery of 
iPSCs [ 14 ] to the revelation of its mechanisms by Lin et al. 
[ 9 ,  10 ]. The progress of modern iPSC technology is fast and 
becoming important for the development of regenerative 
medicine. When most of current research is still performed 
in isolated cells under in vitro conditions, it is noted that 
applying these fi ndings for in vivo applications will be the 
next challenge. Several attempts in using iPSCs for in vivo 
therapy have been conducted in animals and many more con-
tinue to be found. Due to these efforts, the development of 
today’s regenerative medicine has grown beyond simply 
iPSC generation; in fact, current applications have extended 
to a whole new level of using the mirPSC-associated repro-
gramming or tumor suppression mechanisms for developing 
new drugs and therapies. For example, direct stimulation of 
in vivo stem cell generation to enhance tissue regeneration 
and recovery is one of the leading trends that show great 
promise. Following the recent advances in understanding the 
details of the miR-302-mediated reprogramming mecha-
nism, further development in this direction is highly expected. 

 Today, regenerative medicine is no longer just a concept 
of future medicine. It holds great potentials in curing aging- 
related illnesses by repairing and rejuvenating body cells. It 
was assumed in the past that, once differentiated, a cell can-
not revert back to its earlier undifferentiated state. The dis-
covery of iPSCs, however, totally changes this concept and 
proves that there is an internal mechanism capable of repro-
gramming differentiated cells back to the earliest ESC-like 
pluripotent stage. In recent years, the revelation of this repro-
gramming mechanism further advances the design and 
development of iPSC-based regenerative medicine to a 
whole new era for not only disease therapy but also body 
rejuvenation. Since numerous environmental and pathogenic 
factors, such as pollutants, toxic materials, free radicals, 
stress, microbial/viral infections, and various illnesses, can 
damage our stem cells to accelerate the aging process, the 
use of miR-302-mediated iPSC generation may provide us a 
suffi cient amount of stem cells for maintaining our body 
rejuvenation. As now we have plentiful body cells to serve 
for stem cell generation, a variety of new regenerative medi-
cine methods may be exploited in the near future for improv-
ing our quality of life.     
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    Table 1    Published patent applications related to miR-302-mediated iPSC generation   

 Patent application publication 
number and inventors  Filing year a   Description of novelty  No 

 WO 2009/058413 A1; 
LIN, Shi-Lung et al. 

 March, 2008  A composition and method for reprogramming mammalian somatic cells to induced 
pluripotent stem cells (iPSCs) using miR-302 and/or miR-302-like microRNAs/
shRNAs, such as miR-93, miR-367, miR-371–373, and miR-520 

 1 

 US 2008/0293143 A1; 
LIN, Shi-Lung et al. 

 May, 2008  Same as WO 2009/058413 A1 to LIN et al.  2 

 WO 2009/091659 A2; 
LIN, Shi-Lung et al. 

 January, 2009  An inducible composition and method for generating tumor-free iPSCs using miR-302 
and/or miR-302-like microRNAs/shRNAs 

 3 

 US 2009/0203141 A1; 
LIN, Shi-Lung et al. 

 January, 2009  Same as WO 2009/091659 A2 to LIN et al.  3 

 US 2009/0246875 A1; 
Yamanaka, Shinya et al. 

 February, 2009  A method for generating iPSCs or enhancing the reprogramming effi ciency of iPSC 
generation using miR-302 and/or miR-302- like microRNAs in conjunction with the 
previously defi ned three or four factors (Oct4, Klf4, c-Myc, and Nanog but not Sox2) 
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           The Advantage of Stem Cells 

 The fi eld of tissue engineering came into the main stream in 
the early 1990s and was defi ned by Vacanti and Langer as 
“an interdisciplinary fi eld that applies the principles of engi-
neering and the life sciences toward the development of bio-
logical substitutes that restore, maintain, or improve tissue 
function” [ 1 ]. Since this time, there have been signifi cant 
efforts worldwide to create “biological substitutes,” with the 
majority of studies focusing on developing regenerative 
strategies for tissues that possess a limited natural repair pro-
cess and which evoke detrimental and often life-threatening 
effects when compromised by disease or injury. These 
include, but are not limited to, cardiac, pancreatic, hepatic, 
spinal cord, and brain tissues. Through these efforts, we have 
made signifi cant progress on many fronts, and the lives of 
nearly 50 million people in the USA alone have been saved 
as a result of artifi cial organ therapy [ 2 ]. 

 Tissue engineering strategies typically rely on the combi-
nation of bioactive factors, such as growth factors, natural or 
synthetic scaffolds, and living cells. Although these three 
components demonstrate some effi cacy when used individu-
ally, their combined use most commonly yields the greatest 
degree of tissue regeneration and repair [ 3 – 8 ]. A variety of 
cell sources have been explored for tissue engineering strate-
gies, including autologous or allogeneic specialized cells, 
however much of the work in this fi eld has focused on the 
use of stem cells. 

 Two Canadians fi rst identifi ed hematopoietic stem cells in 
mature animals in 1963. This group noticed that nodules 

formed on the spleens of irradiated mice after the animals 
received bone marrow injections [ 9 ]. Further, the group 
noted that the number of nodules changed in proportion to 
the number of bone marrow cells injected, and through fur-
ther examination they found that each nodule in fact arose 
from a single marrow cell. Through this study, Becker, Till, 
and MacCulloch were the fi rst to discover these stem cells 
and identifi ed the defi ning properties of them as (1) the 
capacity for self-renewal and (2) the ability to differentiate 
into specialized cell types. 

 Stem cells have been derived from many sources includ-
ing various adult tissues, fetal tissues, umbilical cord blood, 
amniotic fl uid, and early embryo. In the adult organism, stem 
cells exist in a diversity of tissues, including bone marrow, 
fat, brain, skin, and blood, and these cells are responsible for 
tissue growth, maintenance, and injury repair. One feature 
that distinguishes one stem cell type from another is their 
potency or their ability to differentiate into functional spe-
cialized cell types of different lineages. The range of lineages 
that an adult tissue-derived stem cell can generate is typically 
quite restricted. For example, adult bone marrow-derived 
mesenchymal stem cells (MSCs) are characterized as multi-
potent cells since their differentiation capacity is limited to 
mesenchymal tissues including bone, cartilage, muscle, fat, 
tendon, ligament, bone marrow stroma, dermis, and other 
types of connective tissues [ 10 ,  11 ]. Conversely, stem cells 
derived from the early embryo, or embryonic stem cells 
(ESCs), can generate any cell type in the body, an attribute 
known as pluripotency. In addition to differentiation poten-
tial, the choice of stem cell line for a given clinical therapy 
will also be infl uenced by the expansion capability of the 
cells. Adult-derived stem cells generally have limited self- 
renewal capabilities, and thus the in vitro expansion of these 
cells is usually challenging. For example, MSCs exist in low 
numbers in the bone marrow, and their population is believed 
to decrease with age. In fact, Caplan [ 11 ] has suggested that 
MSCs are present in the bone marrow of a newborn at a fre-
quency of 1 in 10,000 cells and that this number drops to 1 in 
250,000 by the age of 30 and then to 1 in 2,000,000 by the 
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age of 80. ESCs on the other hand expand quite readily in 
culture and can undergo long-term self-renewal. 

 Although adult stem cells have a restricted differentiation 
potential, are scarce in number, diffi cult to isolate, and typically 
possess a limited self-renewal capacity, these cells are not tumor-
igenic and do not evoke an immune response when used for 
autogenous implantation, two signifi cant advantages over other 
stem cell sources, including Pluripotent Stem Cells (PSCs).  

    Pluripotent Stem Cells 

 ESCs were fi rst cultured from mouse embryos in 1980 [ 12 , 
 13 ] and later isolated from human embryos [ 14 ]. They have 
also been isolated from a variety of other animals including 
the rat [ 15 ], rabbit [ 16 ], dog [ 17 ], pig [ 18 ], and nonhuman 
primates [ 19 ,  20 ]. Importantly, since their original deriva-
tion, stringent regulations have been placed on the derivation 
and culture of human ESC lines in Canadian and American 
laboratories. In Canada, human ESC lines can only be 
derived with informed consent from couples undergoing 
treatment for infertility [ 21 ]. These embryos are obtained 
through in vitro fertilization techniques and no longer 
required for reproduction purposes. 

 As a result of their pluripotency and high capacity for 
self-renewal, ESCs have attracted a great deal of interest for 
potential use in novel tissue engineering and cell therapies, 
and many laboratories worldwide have focused their efforts 
on studying the expansion and differentiation of ESCs to 
achieve this goal. Despite these advantages, ESC researchers 
are faced with two signifi cant challenges. As a result of their 
ability to generate any cell type in the body, ESCs possess 
tumorigenic potential when implanted in vivo. This is actu-
ally a hallmark characteristic of these cells [ 12 – 14 ]; an ESC 
line is typically defi ned as a cell line that can generate a tera-
toma following injection in vivo. This characteristic is not 
observed following implantation of adult-derived stem cells. 
Furthermore, ESCs are an allogeneic cell source and thus 
also present the challenge of immune rejection following 
implantation in vivo. 

 To overcome the obstacle of immune rejection, a Japanese 
group led by Dr. Shinya Yamanaka discovered that a special-
ized cell derived from adult tissue could be genetically repro-
grammed to behave like an undifferentiated PSC [ 22 ,  23 ]. 
This was a very signifi cant discovery since it is now possible 
to create an autologous PSC line. In addition to mediating 
the challenge of immune rejection, induced pluripotent stem 
cells (iPSCs) also avert the ethical concerns surrounding the 
use of embryo-derived PSCs. Yamanaka’s discovery repre-
sents an important advancement in the fi eld of stem cell 
research and has inspired tremendous international interest 
in the area of cellular reprogramming. 

 iPSCs are superfi cially identical to their ESCs counter-
parts and possess all of the essential criteria of a pluripotent 
line such as self-renewal, clonality, and potency [ 24 – 26 ]. 
The similarity between pluripotent iPSCs and ESCs in their 
global chromatin structure and gene expression profi le [ 27 ], 
cell morphology, capacity to differentiate into three germ 
layers, teratoma formation, and tetraploid complementation 
[ 28 – 32 ] has suggested that these cells might hold a great 
potential for future cell therapies in regenerative medicine 
and also for the derivation of patient or disease-specifi c 
iPSCs [ 33 ,  34 ]. 

 PSCs, like other types of stem cells, can be maintained in 
an undifferentiated state and expanded in vitro using a vari-
ety of culture systems, including static adherent culture, sus-
pension culture, and different types of bioreactors. 
Differentiation of the stem cells into lineage-specifi c special-
ized cell types can be induced through the addition or 
removal of specifi c medium supplements, such as growth 
factors, exposure to mechanical loading, exposure to extra-
cellular matrix molecules, or coculture with other cell types.  

    Expansion of Pluripotent Stem Cells 

 The use of stem cells for clinical therapies will require effec-
tive methods for the generation of large numbers of stem 
cells and their progeny. Traditionally, ESCs have been 
expanded in static adherent cultures and require coculture 
with murine embryonic fi broblast feeder layers (MEFs) or 
supplementation with growth factors. Leukemia inhibitory 
factor, or LIF, for example, is used to expand pluripotent 
murine ESCs but is ineffective for human ESC culture. In 
our laboratory, static culture methods generally yield approx-
imately 0.5 × 10 6  cells/mL over one passage. Thus, in a 
20 mL static culture vessel (a typical volume for a 75 cm 2  
tissue culture fl ask), the resultant total number of cells 
attained at the end of the culture period is approximately 
10 × 10 6 . Normally, the culture period ranges from about 2 to 
3 days. 

 Through advances in the fi eld of biotechnology, bioreac-
tors have been used for culturing various types of cells; how-
ever these applications have mainly focused on the large-scale 
production of antibodies, enzymes, vaccines, and viruses 
from the cultured cells [ 35 ]. More recently, stem cell 
researchers have begun to focus their efforts on establishing 
effective bioreactor expansion techniques to generate “clini-
cally relevant” numbers of stem cells. It has been estimated 
that 10 10 –10 11  pancreatic islet cells would be required to treat 
one diabetic patient [ 36 ], and at least 10 9  dopamine- 
producing neurons would be required to treat one patient 
with Parkinson’s disease [ 37 ]. Moreover, 10 9  cardiomyo-
cytes are required to repair cardiac tissue in a patient who has 
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suffered a myocardial infarction [ 38 ], and approximately 
10 10  hepatocytes seeded on an artifi cial liver implant can sup-
port a patient with hepatic failure [ 39 ]. Using data from our 
laboratory, one thousand 75 cm 2  static tissue culture fl asks 
would be required to generate 10 10  ESCs. Clearly, the gen-
eration of enough cells to treat a large number of patients 
will require large-scale expansion techniques that are cost 
and labor effective. Furthermore, the target number of cells 
produced from the scale-up process will depend on the thera-
peutic strategy employed. For example, if therapies are 
developed on a “per patient” basis, a smaller target number 
of cells, on the order of 10 10 , would be required. However, 
the creation of cell banks, for treating numerous patients at 
once, will require much larger cell numbers. The creation of 
bio-banks has been considered by some research groups as 
an alternative strategy to hamper the immunological graft 
rejection of transplanted allogeneic cells. Through the estab-
lishment of a clinical-grade HLA-haplotype bio-bank of plu-
ripotent cell lines with enough diversity, cells would be 
available to all patients, to treat a multitude of conditions. 
The possibility of constructing a human ESC bank was fi rst 
suggested for the United Kingdom [ 40 ]. It was estimated that 
only ten donors, who are homozygous for common HLA 
types, can provide a complete HLA-A, HLA-B, and HLA-DR 
match for 37.7 % of recipients and an acceptable match for 
about 67 % of the population in the UK. In Japan, a bio-bank 
size of only 50 iPSC lines would be adequate to match three 
loci in about 90 % of the population [ 41 ]. Another advantage 
of this kind of centralized bio-bank is the availability of reli-
able, robust, and well-characterized ESCs/iPSCs for 
researchers. Development of such banking systems necessi-
tates the generation of adequate number of cells through a 
scalable and reproducible process. 

 To achieve clinically relevant cell numbers, suspension 
culture bioreactors were fi rst considered for the large-scale 
culture of pluripotent ESCs nearly a decade ago [ 42 – 46 ]. 
However, these initial studies focused on the use of bioreac-
tors for the differentiation of ESCs that had been expanded in 
static culture vessels. For example, Gerecht-Nir et al. were 
the fi rst to culture human ESCs in suspension bioreactors. 
Using low-shear slow-turning lateral vessels (STLVs) and 
high-aspect rotating vessels (HARVs), they successfully cul-
tured human embryoid bodies (EBs; aggregates of differenti-
ated ESCs) [ 46 ]. Massive agglomeration of the cells was 
observed in the HARVs; however the differentiated cells 
grew 70-fold in the STLVs and remained viable. 

 Our group and one other laboratory were the fi rst to report 
effective bioreactor expansion protocols for pluripotent 
murine ESCs [ 47 ,  48 ]. Since that time, we have also devel-
oped effective suspension bioreactor protocols for the large- 
scale production of human ESCs [ 49 ] and iPSCs [ 50 ,  51 ]. 
Similar procedures have also been established for neural 

stem and precursor cells [ 52 – 54 ], human mesenchymal pro-
genitor cells [ 55 ], and hematopoietic stem cells [ 56 – 58 ]. 

 Our large-scale expansion protocol relies on the use of a 
stirred suspension bioreactor (SSB) with a 100 mL working 
culture volume, although larger volumes are also available 
(see Fig.  1 ). For these systems, a magnetic impeller, con-
trolled by a magnetic stir plate, is used to agitate the medium 
at a desired rate. In this type of culture system, the ESCs 
form spherical aggregates that remain suspended in the 
medium and only require the use of basic expansion medium 
supplemented with LIF, and not coculture with feeder cells, 
to remain pluripotent. Furthermore, these cultures can be 
serially passaged for long-term production, while maintain-
ing ESC pluripotency attributes [ 59 ].

   As demonstrated in Fig.  2 , SSBs offer several important 
advantageous over the typical use of static tissue culture 
fl asks including a homogeneous culture environment and 
large culture volume. In addition, a range of sizes are avail-
able, from 100 mL to 10 L or more, and the larger vessels 
permit computer control and monitoring of culture condi-
tions, such as temperature, pH, and oxygen concentration. 
Clearly, the greatest advantage is the production of large cell 
numbers with limited batch-to-batch variability, in a time 
and labor effective process (see Fig.  2 ). In fact, under opti-
mized bioreactor culture conditions, our laboratory can pro-
duce pluripotent ESCs at a concentration of 1 × 10 6  cells/mL, 
at a viability of over 90 % [ 47 ]. In a 100 mL working vol-
ume, the resultant total cell yield is 10 8  per bioreactor, after a 
culture period of only 5 days [ 47 ]. In terms of clinical useful-
ness, the benefi t of SSBs is clear: two bioreactors could be 
used, as opposed to 1,000 static culture fl asks, to generate 
more than enough cells to treat one patient.

  Fig. 1    Stirred suspension bioreactor [SSB] (125 mL)       
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       Optimization of Bioreactor Culture 
Conditions 

 To develop effective bioreactor expansion protocols, a vari-
ety of culture conditions can be adjusted to optimize cell 
yield, including inoculation density, agitation rate, medium 
composition, medium viscosity, and oxygen concentration 
(through surface diffusion or perfusion). The agitation and 
aeration of the bioreactor culture are two critical issues and 
are the most diffi cult factors with respect to scale-up [ 60 ]. 
Mixing is generally implemented in order to avoid the for-
mation of nutrient, pH, and dissolved oxygen concentration 
gradients and to increase mass transfer rates of nutrients and 
oxygen. Larger volumes lead to an increased mixing time 
and can require higher agitation rates to meet the oxygen 
demand of the cells. However, in achieving bulk homogene-
ity and adequate mass transfer rates, the hydrodynamic shear 
that is generated can often be detrimental to the cells. Thus, 
changes to each of these parameters needs to be carefully 
balanced in order to maximize cell viability and expansion. 

 To develop effective bioreactor protocols for murine 
ESCs, we initially assessed the infl uence of agitation rate 
and inoculation density on cell viability and expansion. We 
then characterized the oxygen uptake rate and metabolic 
activity of the cells at the optimal conditions. Our fi ndings 
from these studies were presented in a report by Cormier 
et al. [ 47 ] and are summarized briefl y below. 

 Three agitation rates—80, 100, and 120 rpm—were 
 compared, which evoked maximum shear stresses on the 

cells of 4.5, 6.1, and 7.8 dyn/cm 2 , respectively. We found that 
100 rpm minimized aggregate diameter, which reached a 
maximum of approximately 125 μm by 5 days; an important 
factor in the diffusion of nutrients, waste, and oxygen to and 
from the center of the aggregate. Further, when cultured at 
100 rpm cell expansion (31-fold) and viability (>90 %) were 
maximized. By comparison, at 80 rpm, aggregate diameters 
reached approximately 200 μm over the 5-day culture period, 
which signifi cantly reduced cell expansion due to cell necro-
sis at the aggregate centers, and ultimately cell expansion 
was signifi cantly reduced (16-fold,  p  < 0.1). An agitation rate 
of 120 rpm evoked shear stresses that were intolerable, 
resulting in detrimental effects on cell viability and expan-
sion. After identifying 100 rpm as the optimal agitation rate, 
we then compared various inoculation densities, 0.5, 1.0, 
3.75, 7.5, and 10 × 10 4  cells/mL, for their effect on cell expan-
sion and ultimately found that 3.75 × 10 4  cells/mL was opti-
mal for the highest expansion. 

 We then measured the oxygen consumption rate of murine 
ESCs grown in suspension using a modifi ed spinner fl ask. 
Under our optimized conditions, we determined that our cul-
ture system could support up to 3.75 × 10 6  cells/mL, and our 
maximum cell density of 1.07 × 10 6  cells/mL was well within 
these limits. By analyzing cell metabolism and pH, we deter-
mined that the accumulation of waste products, namely, 
 lactic acid and ammonia, was likely responsible for limiting 
cell viability and expansion and that perfusion or fed-batch 
systems (where fresh medium is continuously being replen-
ished) should be considered to achieve greater cell expansion 
rates. 

  Fig. 2    Cell expansion capabilities in ( a ) static versus ( b ) stirred suspension culture systems (from [ 88 ])       
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 Under optimal conditions, we found that the murine ESCs 
had greater expansion capabilities over one passage in 
 bioreactors compared to static culture systems. Further, the 
cells retained high expression levels (>90 %) of the pluripo-
tency markers Oct-4, Nanog, and SSEA-1, retained colony- 
forming potential and multi-lineage differentiation capability 
in vitro and in vivo. 

 Although we chose to expand murine ESCs as aggregates, 
other groups have optimized bioreactor expansion protocols 
using different types of microcarriers [ 48 ,  61 ,  62 ] and after 
encapsulation [ 63 ,  64 ]. For example, Fok and Zandstra 
(2005)    showed that murine ESCs could be expanded on glass 
and Cytodex 3 microcarriers in stirred suspension culture 
[ 48 ]. Use of the glass microcarriers yielded population dou-
bling times that were comparable to static culture at 17 ± 1.9 h 
(for the R1 cell line); however the Cytodex 3 microcarriers 
had reduced doubling times. In both culture systems, pluri-
potency marker expression remained greater than 80 %. 

 In addition to their potential use for pluripotent cell 
expansion, we have found that the use of microcarriers is 
highly effective for the differentiation of ESCs in SSBs. One 
of the benefi ts of using microcarriers for differentiation is 
that the material used can be customized to enhance differen-
tiation effi ciency into a given lineage. For example, we have 
used bioreactor-expanded murine ESCs to generate osteo-
blasts and chondrocytes. For these studies, CultiSphere-S 
microcarriers, made of highly cross-linked collagen, were 
added to murine ESC bioreactor cultures, and the mainte-
nance medium was replaced with differentiation medium 
that contained appropriate inducing factors. After a 25-day 
differentiation period, approximately 80 % of the cells were 
positive for osteogenic (or chondrogenic) markers [ 65 ]. 
Importantly, these differentiated cells did not form tumors 
following ectopic or orthotopic implantation in vivo. Overall, 
we found that the use of microcarriers for murine ESC dif-
ferentiation enhanced our ability to generate a population of 
specialized cells, improved the differentiation potential 
(compared to the use of no microcarriers), and facilitated 
transplantation of the cells in vivo. 

 Following the establishment of bioreactor expansion pro-
tocols for murine ESC studies, our research group adapted 
these expansion techniques for human ESCs and murine 
iPSCs. The bioreactor expansion of these cells posed some 
challenges since the protocols developed for mouse ESCs 
could not be directly applied. Optimization of the bioreactor 
protocols for human ESC and murine iPSC expansion largely 
relied on adjusting the medium composition. 

 One of the challenges faced in propagating human ESCs 
in suspension bioreactors is their sensitivity to dissociation. 
Typically, a dramatic reduction in cell viability is observed 
when traditional chemical dissociation methods are used. 
For the large-scale, long-term expansion of the cells, this 
posed a signifi cant challenge since it severely limited our 

ability to culture the cells beyond one passage and impeded 
our ability to control aggregate diameter in order to prevent 
cell necrosis. It was recently discovered that supplementa-
tion with inhibitor of Rho kinase (ROCKi; Y-27632) 
increases the survival rate of dissociated human ESCs [ 66 ]. 
Although the use of ROCKi alone was not suffi cient to allow 
for human ESC expansion in SSBs, we found that co- 
supplementation with rapamycin and ROCKi was success-
ful. Rapamycin is a macrolide antibiotic that suppresses the 
phosphoinositide kinase family. The downstream target of 
rapamycin is mammalian target of rapamycin, or mTOR, a 
protein that is essential for cell growth and development and 
involved in regulating cell cycle progression, cell size, cell 
migration, and survival [ 67 – 69 ]. For expansion of human 
ESCs in SSBs, we used 100 mL of regular maintenance 
medium supplemented with ROCKi for the fi rst 24 h of cul-
ture and supplemented continuously with 0.1 nM rapamycin. 
Cultures were agitated at 100 rpm. Under these conditions, 
the cells were expanded up to 12-fold over a 6-day passage 
period. Further, the expression of pluripotency markers Oct- 
4, Nanog, Tra-1-60, Tra-1-81, and SSEA-4 remained high, 
multi-lineage differentiation through teratoma formation in 
vivo was retained, and the cells exhibited a normal karoyo-
type [ 49 ]. Serial passaging, for long-term bioreactor culture, 
was also achieved. 

 We have also developed effective bioreactor protocols for 
the large-scale expansion of murine iPSCs. These protocols 
were very similar to those used for the murine ESCs, with 
only subtle changes to inoculation density and medium com-
position [ 50 ]. Under these conditions, murine iPSCs grew as 
aggregates, similar to the murine ESCs, and retained their 
pluripotency. Specifi cally, they expressed hallmark pluripo-
tency markers at levels comparable to their starting popula-
tion and could be functionally differentiated into different 
lineages including cardiomyocytes, chondrocytes, and osteo-
blasts in vitro, as well as differentiated into three germ layers 
in vivo through teratoma formation. We also found that 
exposure to conditions in the SSBs did not induce any chro-
mosomal aberrations in the iPSCs, which was again similar 
to our fi ndings with the murine and human ESCs. In suspen-
sion culture, a 24- and 58-fold expansion of the highly viable 
and undifferentiated iPSCs was achieved for the RS-2 line 
and RS-3 line, respectively. Growth rates were consistent 
with those characteristic of mESCs cultured in suspension 
culture conditions [ 47 ,  59 ]. 

 Several factors may explain the differences between two 
iPSC lines. The RS-2 line was generated using Oct-4, Sox2, 
Klf4, and c-Myc retroviral vectors while the RS-3 line was 
produced using equivalent lentiviral vectors. It is possible 
that the integration sites are different between two lines giv-
ing the RS-3 line faster growth characteristics by possible 
activation of genes involve in growth and cell division. 
Future studies are required to compare more cell lines with 
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different reprogramming protocols. While this fi rst study 
focused on murine iPSCs, we are currently looking to adapt 
these protocols for use with human iPSC expansion.  

    Future Challenges 

 We have made appreciable progress toward the large-scale 
production of pluripotent cells, and these achievements may 
facilitate the future use of these cells in clinical therapies. 
Despite this important progress, some critical challenges 
remain. 

 In addition to the challenges associated with optimizing 
bioreactor culture conditions for a given cell type (i.e., 
medium composition, agitation rate, inoculation density), we 
have encountered some interesting yet somewhat alarming 
observations over the course of our studies on the bioreactor 
expansion and differentiation of PSCs. In our murine ESCs 
studies, we noted that the pluripotency characteristics of the 
cells remained high over the long-term culture of the cells in 
bioreactors. Specifi cally protein and gene expression of Oct- 
4, Nanog, and SSEA-1 were sustained, and the cells retained 
their colony-forming ability and multi-lineage differentia-
tion potential. Prior to our experiments involving the induc-
tion of osteo- and chondrogenic differentiation of murine 
ESCs on microcarriers, we attempted to drive differentiation 
of bioreactor-expanded cells as aggregates (i.e., through 
medium supplementation alone). Overall, we found that the 
differentiation was ineffi cient in the bioreactors and, more 
interestingly, that a large proportion of the cells actually 
remained in an undifferentiated state. Specifi cally, the 
bioreactor- differentiated cells retained expression of the plu-
ripotency marker Oct-4 as well as tumorigenic potential fol-
lowing implantation in vivo, even after being exposed to 
differentiation conditions for 30 days (Fig.  3 ). These fi ndings 
were in stark contrast to the results obtained from static con-
trol cultures, where Oct-4 and tumorigenic potential were 
rapidly reduced within the fi rst week of differentiation.

   Further to this, our group has observed that iPSCs can be 
generated with a much higher effi ciency in SSBs than in the 
traditionally used static tissue culture vessels. Typically, 
iPSC generation is an ineffi cient process, which requires sev-
eral weeks before a cell line is established. In fact, the effi -
ciency of reprogramming fi broblasts using four viral vectors 
(Oct-4, Sox2, Klf4, and c-Myc) in static adherent culture was 
originally demonstrated to be between 0.001 and 0.5 % [ 70 ]. 
However, our group and one other group have recently shown 
that the rigid cell substratum attachment is not an essential 
factor for reprogramming and demonstrated successful cel-
lular reprogramming of terminally differentiated mouse 
somatic cells to iPSCs in matrix-free suspension bioreactors 
[ 51 ,  71 ]. For this study, our group transduced mouse embry-
onic fi broblasts (MEFs) with the four Yamanaka factors 

(Oct-4, Sox2, Klf4, and c-Myc retroviral vectors). Two days 
post-transfection, the cells were transferred to a 100 mL of 
medium in a SSB and agitated at 100 rpm. ESC-like aggre-
gates appeared 3 days later, and positive expression of alka-
line phosphatase (ALP) was detected from day 5 onward. By 
day 12, we obtained 50 million ALP +  cells, while adherent 
culture only gave rise to about 4 million cells within the 
same period. The aggregates displayed ESC-like characteris-
tics in vivo and in vitro as shown by gene expression profi l-
ing, differentiation and teratoma formation assays, and 
chimera and germline transmission assays. Importantly, 
SiPSC (suspension-derived iPSCs) aggregates remained sta-
ble after 18 passages in suspension culture, as determined by 
morphology, percentage of ALP +  aggregates, and ploidy. We 
estimate our novel bioreactor reprogramming process to be 
100- to 1,000-fold more effi cient than conventional methods. 
The high effi ciency of reprogramming in suspension biore-
actors suggests that this culture environment plays an impor-
tant mechanistic role in the regulation of pluripotency. 

 Taken together, the fi ndings from our studies provoked 
an important question: what is the mechanism through 
which the SSBs regulate ESC and iPSC pluripotency? Since 
cells cultured in SSBs are exposed to fl uid shear, and since 
fl uid shear is known to regulate gene expression in a variety 
of cell types, it is likely that the activation of shear-sensitive 
mechanotransduction pathways was responsible for the 
expression of Oct-4 and maintenance of tumorigenic poten-
tial in the bioreactor-differentiated cultures. Hydrodynamic 
shear arises from the formation of small areas of intense 
turbulence called eddies, which develop as a result of the 
transfer of energy from the impeller to the medium during 
agitation [ 72 ]. 

 Using a parallel plate fl ow system [ 73 ], we carried out a 
preliminary study to examine the infl uence of fl uid shear on 
an adherent monolayer of murine ESCs. Following a 24-h 
differentiation period under static conditions, a 70 % drop in 
Oct-4 gene expression was observed in the parallel plate cul-
tures. However after subsequent exposure to fl uid shear for 
24 h, Oct-4 expression was signifi cantly increased (unpub-
lished results). Although we have been unable to identify 
other published reports citing fl uid shear as a potential regu-
lator of Oct-4 expression, a member of Dr. Robert Nerem’s 
group (Georgia Institute of Technology) also noted that 
Oct-4 expression could be rescued in differentiated ESCs 
through exposure to fl uid shear using a similar parallel plate 
fl ow system (personal communication). Together, these 
observations may support the notion of fl uid shear as a regu-
latory factor for Oct-4 expression. 

 A variety of signaling pathways are involved in the regu-
lation of ESC pluripotency; however three pathways are 
critical for maintaining the cells in an undifferentiated state, 
the JAK/STAT pathway, the TGF-β pathway, and the Wnt 
pathway, and both the TGF-β and Wnt pathways are known 
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to be activated through exposure to fl uid shear. The TGF-β 
pathway regulates a diversity of cellular processes including 
growth, differentiation, migration, apoptosis, and tumori-
genesis [ 74 ]. When the TGF-β cell surface receptor is acti-
vated, SMAD-2 is phosphorylated and forms a complex 
with SMAD-4. This complex then translocates into the 
nucleus and activates the expression of pluripotency genes. 
Activation of the TGF-β receptor through ligand binding 
causes phosphorylation of SMAD-2 at the C-terminal. In 
certain cell types, including endothelial cells, it has also 
been shown that fl uid shear can activate the TGF-β pathway, 
but causes phosphorylation of SMAD-2 at the linker region 
[ 75 ]. Activation of the pathway under these conditions is 

thought to occur via surface receptors and/or through activa-
tion of other signaling cascades (including ERK/JNK). 
Under these conditions, it is thought that SMAD-2 associ-
ates with SMAD-4 and then translocates into the nucleus to 
regulate gene expression [ 75 ]. 

 Several studies have found that the administration of the 
TGF-β inhibitor SB-431542 to ES cell cultures blocks the 
TGF-β receptor kinases and results in a decreased expression 
of pluripotency markers [ 76 ]. Through a separate study, we 
found that the addition of the SB-431542 TGF-β inhibitor to 
the suspension bioreactors reduced the tumorigenic potential 
of the ESCs by day 10 of differentiation, but did not affect 
Oct-4 expression (unpublished data). 

  Fig. 3    Pluripotency marker 
expression. Immunofl uorescence 
of Oct-4 ( green ) with nuclear 
marker Toto3 ( blue ) in 
aggregates from the bioreactor 
cultures on day 30 of bioreactor 
differentiation. The secondary 
antibody controls for each 
treatment group did not show 
nonspecifi c binding (inserts) 
(from [ 89 ], with permission from 
Mary Ann Liebert, Inc.)       
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 Although there is some evidence to suggest the involve-
ment of the TGF-β pathway in the regulation of ESC 
 pluripotency, the wingless-type protein (Wnt) pathway is 
another central regulator of pluripotency, and this pathway 
can also be activated through fl uid shear. Binding of the Wnt 
protein to the Frizzled receptor on the cell membrane acti-
vates the canonical pathway, causing inhibition of glycogen 
synthase kinase 3 (GSK-3) and nuclear accumulation of 
β-catenin [ 77 ]. This signaling cascade has been found to 
maintain a pluripotent phenotype in both human and mouse 
ESCs through the transcriptional induction of a variety of 
pluripotency genes, including Oct-4, Rex-1, and Nanog [ 78 , 
 79 ]. Although there are currently no published reports 
regarding activation of the Wnt pathway in ESCs through 
exposure to fl uid shear, fl ow-induced shear stress has been 
found to regulate gene expression in colon cancer cells [ 80 ], 
osteoblasts [ 81 ], and endothelial cells [ 82 ] through modula-
tion of β-catenin signaling. 

 Further studies will be required to explore whether the 
TGF-β and/or Wnt pathways are involved in the regulation of 
ESC pluripotency in the bioreactors. It should also be noted 
that the mechanical regulation of Oct-4 expression in the 
bioreactor cultures may involve the combined action of sev-
eral signal transduction pathways. 

 An alternative and equally plausible explanation for the 
upregulation of Oct-4 in the bioreactor cultures is that the 
ESCs were transformed into an oncogenic cell type as a 
result of exposure to the bioreactor culture environment. 
Interestingly, there are remarkable similarities between 
ESCs and oncogenic cell types, and most of the core charac-
teristics used to identify pluripotent cells are also exhibited 
by cancerous cell types. Namely, both ESCs and cancer cells 
have the ability to undergo long-term clonal self-renewal, 
both cell types possess tumorigenic potential in vivo, and 
numerous studies have shown that ESCs and cancer cells 
share many of the same regulatory networks, including Oct- 
4, Nanog, and Sox-2 expression [ 83 – 86 ]. As well, seven 
major signaling pathways have been found to be implicated 
in both stem and cancer cells: the JAK/STAT pathway, the 
NOTCH pathway, the MAP-Kinase/ERK pathway, the PI3K/
AKT pathway, the NFκB pathway, the Wnt pathway, and the 
TGF-β pathway [ 87 ]. 

 Based on the fi ndings from our studies, the enhanced 
expression of Oct-4 in the SSB cultures could very well be 
explained by the mechanical activation of pluripotency regu-
latory pathways, or by an oncolytic transformation of the 
cells. Due to the fact that most of the ESC attributes are 
shared by cancerous cell types, identifi cation of the bioreac-
tor cells as being truly PSCs, and not cancerous cells, will be 
very challenging. However, fi nding a defi nitive answer to 
this question will be a crucial part of developing effective 
bioprocesses for the generation of clinically useful PSCs. 

 In conclusion, effective protocols have been developed 
for the large-scale production of PSCs, and we are now at a 
point where the generation of clinically relevant numbers of 
pluripotent cells is possible. Despite the fact that we can gen-
erate large numbers of cells, it is imperative that we consider 
the effect of these bioprocesses on the genotype and pheno-
type of these cells. The impact of the bioreactor culture con-
ditions on the cells should be clearly and completely 
elucidated prior to the clinical use of these cells, so that we 
can guarantee their safety and effi cacy.     
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     Abbreviations 

   AFP    Alpha-fetoprotein   
  BMP    Bone morphogenetic protein   
  CYP450    Cytochrome P450   
  ESCs    Embryonic stem cells   
  FGF    Fibroblast growth factor   
  HGF    Hepatocyte growth factor   
  HNF4a    Hepatocyte nuclear factor 4 alpha   
  iPSCs    Induced pluripotent stem cells   
  LDL    Low density lipoprotein   
  OSM    Oncostatin M   
  TGFb    Transforming growth factor beta   
  TTR    Transthyretin   

          Introduction 

 The liver is a vital organ that is responsible for a broad array of 
functions such as the production of bile, biotransformation, 
detoxifi cation, and the synthesis of a myriad of secreted serum 
factors including Albumin, Alpha-1-antitrypsin, and several 
blood clotting factors. The liver also has various metabolic 
activities including, gluconeogenesis, glycogen synthesis, hor-
mone production, urea production, and regulation of choles-
terol and lipid fl ux. This diversity of activities associated with 
the liver equates with the complexity of pathologies caused by 
liver dysfunction and infection [ 1 ]. The hepatocyte is the major 
functional cell type of the liver and cultured primary hepato-
cytes have been used extensively for the study of metabolic 
liver disease. Unfortunately, under normal culture conditions, 

plated primary hepatocytes dedifferentiate and rapidly lose 
many of their characteristic metabolic functions, which limit 
their usefulness Repopulation of the liver with exogenous 
hepatocytes could be used to treat a subset of inborn errors of 
hepatic metabolism and provide an alternative to orthotopic 
liver transplantation [ 2 ]. Although hepatocyte transplant thera-
pies could offer signifi cant advantages over liver transplants, a 
number of challenges must be overcome before such therapies 
become routine [ 2 ]. Such challenges include the need to access 
large numbers, >1 × 10e 9  cells per transplant [ 3 ], of highly dif-
ferentiated functional hepatocytes that ideally are genetically 
matched to the patient. The need for an abundant supply of 
high fi delity primary human hepatocytes that can be used for 
both research and therapeutics is therefore substantial. 

 A potentially inexhaustible source of hepatocytes could be 
provided by human pluripotent stem cells, such as embryonic 
stem cells (ESCs) or induced pluripotent stem cells (iPSCs). 
In addition, iPSCs derived from patients with metabolic liver 
disease may offer culture models to study the molecular mech-
anisms underlying hepatocyte dysfunction in these patients. 
Furthermore, if hepatocytes differentiated from iPSCs can res-
cue animal models of liver disease, not only would this pro-
vide proof-of-principle supporting the therapeutic use of 
pluripotent stem cells, but could provide patient-specifi c ani-
mal models to study drug toxicity, effi cacy, and metabolism.  

    Differentiation and Characterization 
of Hepatocyte-Like Cells Derived from 
Pluripotent Stem Cells 

 An overwhelming number of protocols have been published 
that describe the generation of hepatocyte-like cells from 
human pluripotent stem cells. We have recently provided 
through open-access publishing a step-by-step procedure 
that has been used successfully by many labs to produce 
hepatocytes from both human ESCs and iPSCs (  http://www.
stembook.org/node/721    ) (Fig.  1 ).
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      Differentiation by Embryoid Body Formation 

 The fi rst studies attempting to produce hepatocytes from 
human ESCs were based on protocols developed using 
mouse ESCs, which were classically differentiated by grow-
ing the cells in small clusters as suspension aggregates on 
non-adherent dishes [ 4 ,  5 ]. The resulting clusters are called 
embryoid bodies because they generate cell types from all 
three germ layers in a process that recapitulates aspects of 
gastrulation. Lavon et al. showed that formation of embryoid 

bodies without any exogenous factors could produce a 
 population of cells of which ~6 % expressed albumin, and 
culturing the cells with media conditioned by mouse primary 
hepatocytes increased the number of albumin-expressing 
cells dramatically [ 6 ]. These results suggested that exoge-
nous factors could direct differentiation of human pluripo-
tent cells to a specifi c cell fate and as a consequence many 
protocols now use growth factors to enhance differentiation 
after generating an embryoid body intermediate [ 7 – 19 ]. The 
choice of growth factors used in these various protocols dif-
fer; however, most were selected because of their known 
effects during hepatogenesis and include bone morphoge-
netic proteins (BMPs), fi broblast growth factors (FGFs), 
hepatocyte growth factor (HGF), oncostatin M (OSM) and/
or dexamethasone. Given the substantial number of 
variations in the cocktails of growth factors added follow-
ing embryoid body formation and the observation that no 
single protocol is uniquely effi cient, it appears that there is 
fl exibility in inducing hepatocyte-like cells using embryoid 
body- based approaches. While cells generated by these 
 procedures all express at least a subset of hepatocyte markers 
it is important to realize the heterogeneous nature of embry-
oid body- mediated differentiation. Although, contaminating 
non-hepatic cell populations may well contribute factors that 
positively affect hepatocyte differentiation, the heterogeneity 
associated with embryoid body formation can be problem-
atic if pure populations of hepatocytes are needed for down-
stream applications. In this regard, procedures have been 
developed to facilitate the purifi cation of hepatocyte-like 
cells from mixed cell populations that include using hepato-
cyte transcriptional regulatory elements to drive expression 
of reporter constructs or selectable markers or the isolation 
of hepatocytes by FACS [ 6 ,  9 ,  20 ,  21 ].  

    Directed Differentiation by Cell Signaling 
Factors 

 Because pluripotent stem cells are reminiscent of early pro-
genitor cell types, such as those found in the inner cell mass 
or epiblast, it seems logical that human iPSCs or ESCs could 
be directed toward a specifi c cell fate in culture by recapitu-
lating the environmental cues normally encountered during 
embryonic development. The study of liver development has 
revealed several signaling factors that have integral roles in 
regulating hepatogenesis and several recent reviews have 
described advances in the fi eld in detail [ 22 – 24 ]. The paren-
chymal components of the liver originate from the ventral 
portion of the anterior endoderm after the endoderm is pro-
duced during gastrulation in response to Nodal signaling 
[ 24 ]. At around embryonic day (E) 8.0 in the mouse (2–4 
somites), morphogenesis of the foregut positions the 
 presumptive hepatic endoderm next to the developing heart 

  Fig. 1    Overview of the protocol used to differentiate human pluripotent 
stem cells into hepatocyte-like cells. Pluripotent cells are maintained on 
an E-Cad-IgG Fc substrate before being passaged to Matrigel-coated 
dishes for differentiation. Cells are exposed to growth factors to differ-
entiate the cells in a stepwise fashion that recapitulates hepatogenesis. 
Images on the  right  show phase contrast micrographs of the cells during 
each stage of the differentiation (scale bar = 100 μm) (fi gure modifi ed 
from Cai et al. 2012. Protocol for directed differentiation of human plu-
ripotent stem cells toward a hepatocyte fate. 2012. Stembook. Harvard 
Stem Cell Institute.   http://www.stembook.org/node/720    )       
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and in close proximity to the mesoderm that will form the 
mesothelial linings of the intraperitoneal cavity. BMPs and 
FGFs, that appear to originate from the mesoderm, instruct 
the endoderm to follow a hepatic fate. By E8.5, an anatomi-
cal expansion of the ventral endoderm, called the liver bud, 
can be identifi ed and shown to express several characteristic 
hepatic mRNAs including albumin, alpha-fetoprotein (AFP), 
Ttr and Hepatocyte nuclear factor 4 alpha (HNF4a). At E9.5, 
the hepatic progenitor cells delaminate and invade the sur-
rounding mesenchyme. The liver undergoes a tremendous 
amount of growth from this point until E15.0. Signals from 
the mesenchyme, including FGFs, BMPs, HGF, and WNTs 
stimulate hepatoblast migration and proliferation [ 25 ] and by 
mid-gestation stages of development the liver becomes the 
major site of hematopoiesis within the fetus. The hematopoi-
etic cells within the liver secrete the cytokine OSM, which is 
required for maturation of hepatocytes [ 26 ]. 

 A signifi cant advance in using human pluripotent stem 
cells to generate endoderm-derived lineages was provided by 
D’Amour et al. [ 27 ]. Using hESCs, the authors demonstrated 
that defi nitive endoderm could be induced with impressive 
effi ciency by treating the cells with high concentrations of 
Activin A, a Nodal mimic, under conditions that inhibited 
PI-3 kinase activity [ 27 ,  28 ]. Under these conditions 80–90 % 
of the cells express proteins, such as CXCR4, FOXA2, 
SOX17, and FGF17, that together defi ne endodermal charac-
ter (Fig.  2 ) [ 20 ,  28 ,  29 ]. Marker analyses suggested that the 
formation of the endoderm from hESCs was preceded by the 
transient production of mesendoderm, which refl ects the pro-
cess through which defi nitive endoderm is normally formed 
in the embryo [ 27 ,  28 ]. Profi ling mRNA expression also 
 suggested that the endoderm specifi cally exhibited foregut 

characteristics, expressing GATA4, HHEX, and CER1 all of 
which are enriched in the ventral foregut endoderm in pre- to 
early-somite stage embryos [ 30 – 32 ]. The ventral foregut 
nature of this specifi ed endoderm is important because key 
endodermal organs, including the liver and pancreas are 
derived from this specifi c portion of the endoderm, suggest-
ing that endoderm produced by the D’Amour approach could 
be ideal for further differentiation to produce hepatocytes 
and pancreatic islet cell types [ 33 ]. Although the majority of 
directed differentiation protocols rely on induction using 
Activin A, some modifi cations have been described that may 
increase the effi ciency of endoderm production such as 
inclusion of WNT3A, BMP4, or HGF along with Activin A 
treatment; however, the increases in effi ciency that are 
reported appear to be relatively modest [ 34 – 36 ]. More 
recently, modifi cations to the addition of Activin A, includ-
ing inhibition of TGF-β and BMP activity or inclusion of 
WNT3A and FGF4 after initial formation of the defi nitive 
endoderm, can also impact the character of the endodermal 
cells causing them to express anterior or posterior markers, 
respectively [ 37 ,  38 ]. This may have important consequences 
for the generation of other endodermal-derived cell lineages 
such as those that generate the lung or gastrointestinal tract.

   In most cases the effi cient generation of endoderm from 
the pluripotent stem cells is crucial for the successful pro-
duction of hepatocyte-like cells. Once the defi nitive endo-
derm is produced most protocols rely on the removal of 
Activin A and the subsequent addition of FGF2 and BMP4 to 
induce the endoderm to adopt a hepatic fate. The choice of 
adding FGF and BMP was informed by studies in the mouse 
predominantly by the Zaret laboratory, who demonstrated, 
using ex vivo embryo culture models, that addition of these 

  Fig. 2    Characteristic proteins expressed at each stage of differentiation. 
Immunocytochemistry was used to identify defi nitive endoderm cells 
expressing FOXA2 expression after 5 days of differentiation. After 10 

days, specifi ed hepatic cells express HNF4a. Hepatoblasts express alpha- 
fetoprotein after 15 days, and fi nally, after 20 days of differentiation, 
albumin expression can be detected in the cells (scale bar—100 μm)       
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factors was suffi cient to induce hepatic specifi cation in 
 isolated ventral endoderm [ 39 ,  40 ]. The effi ciency of induc-
tion of the endoderm can again be measured by examining 
the identifi cation of markers that are known to be expressed 
in the early liver bud including several liver transcription fac-
tors such as HNF4a, HNF1b, TBX3 and HHEX all of which 
have known roles in controlling early development of 
the hepatic progenitor cells (Fig.  2 ) [ 41 – 46 ]. Again the 
 effi ciency through which the endoderm is converted to a 
hepatic fate is generally very high, with the more robust 
 protocols generating upwards of 80 % of cells expressing 
early hepatic progenitor markers. 

 A variety of factors have been used to induce the hepatic 
progenitor cells to further differentiate including addition of 
BMPs, a variety FGFs, HGF, and Dexamethasone to com-
plex media commonly containing Insulin, Transferrin, and 
Selenium [ 21 ,  47 – 53 ]. The consequence of these factors is to 
produce cells that express proteins that are commonly 
enriched in the fetal hepatocytes including AFP, fi brinogen 
alpha chain, angiotensinogen, and transferrin (Fig.  2 ) [ 29 ]. 
As with previous stages, the conversion of the hepatic pro-
genitor cells to immature hepatocytes is upwards of 80 % 
when using the most effi cient protocols. 

 Finally, several groups add OSM at various steps of the 
differentiation process to induce maturation of the immature 
hepatocytes [ 12 ,  34 ,  36 ,  54 – 68 ]. The choice of adding OSM 
again was the result of original studies by the Miyajima labo-
ratory that examined regulation of mouse liver development 
by cytokines [ 26 ,  69 ,  70 ]. This work led to a model in which 
factors from hepatic mesenchymal cells including HGF and 
Integrin signaling pathways converge with OSM, which is 
secreted from hematopoietic cells that are abundant within 
the fetal liver, to drive the fetal hepatocytes toward a mature 
phenotype. While the role of OSM during hepatocyte matura-
tion in the mouse is supported by several genetic experiments, 
many of the protocols used to differentiate hepatocytes from 
human ESC/iPSCs circumvent the addition of the OSM sug-
gesting that under some conditions this factor is dispensable. 

 In general, these protocols lead to populations of cells that 
have many features associated with hepatocyte function. The 
differentiated cells express a large number of proteins that 
refl ect key activities of the liver, including albumin, tyrosine 
aminotransferase, several apolipoproteins, orosomucoids, 
coagulation factor VII, and the asialoglycoprotein receptor 
(Fig.  2 ) [ 8 ,  29 ,  55 ,  63 ]. In addition to secreting albumin, the 
resulting cells have also been shown to be capable of synthe-
sizing glycogen, internalizing and secreting vLDL/LDL, 
metabolizing indocyanine green, producing urea, storing 
lipid, and in a subset of studies the cells were capable of 
engrafting into the parenchyma of the mouse liver, at least in 
short-term assays [ 8 ,  9 ,  34 ,  36 ,  53 – 55 ,  63 ,  71 ,  72 ]. 

 While many protocols can achieve populations of 
cells that are highly enriched in liver-specifi c markers, all 

protocols have one major pitfall in common: no protocol has 
generated cells that are functionally equivalent to primary 
human hepatocytes. Most protocols produce cells that retain 
expression of fetal proteins that are normally silenced in 
adult liver cells such as AFP and commonly lack expression 
of a subset of proteins necessary for full hepatocyte function. 
Global gene expression studies that compare expression pro-
fi les of human ESC/iPSC-derived hepatocytes to adult or 
fetal liver samples reveal a substantial overlap in mRNA dis-
tribution [ 29 ,  63 ]. However, quantitative studies using qRT-
PCR show that the levels of many genes normally expressed 
in adult livers or primary hepatocytes are signifi cantly lower 
in hepatocytes derived from pluripotent stem cells [ 51 ,  58 , 
 59 ,  63 ,  64 ,  73 ,  74 ]. Unfortunately, the majority of protocols 
describing the differentiation of hepatocytes from human 
ESCs or iPSCs fail to compare mRNA levels to those found 
in fresh primary hepatocytes or liver samples and instead 
report the relative increases in mRNA that occur during the 
differentiation process. The failure to compare mRNA levels 
to accepted standards makes it diffi cult to judge the quality 
of cells produced by different protocols and leads to consid-
erable confusion in interpreting differentiation effi ciency. 
Among the genes whose mRNA levels are commonly sig-
nifi cantly lower in stem cell-derived hepatocytes compared 
to adult hepatocytes are those encoding phase I, II, and III 
enzymes, which have critical roles in detoxifi cation [ 49 ,  63 , 
 73 ]. The reduced levels of these enzymes is important 
because hepatocytes are the principal site for the metabolism 
of xenobiotics and pharmaceuticals and so human ESC/
iPSC-derived hepatocytes could be extremely useful for drug 
toxicity testing if the cells recapitulated expression of detoxi-
fi cation enzymes, such as CYP3A4. A number of groups 
have tried to improve the fi delity of the metabolic response 
of iPSC-derived hepatocytes by introducing exogenous fac-
tors known to regulate expression of phase I, II, and III 
enzymes. Takayama et al. demonstrated that by sequentially 
increasing the expression of transcription factors during dif-
ferentiation using adenoviruses, they could increase the lev-
els of CYP3A4, CYP2D6, and CYP7A1 [ 68 ]. In a separate 
study, increasing expression of the constitutive androstane 
receptor (CAR) also resulted in increased expression of 
detoxifi cation and metabolic mRNAs, including several 
encoding Cytochrome P450 (CYP450) proteins [ 57 ]. 

 While forced expression of exogenous transcription fac-
tors provide insight into how to overcome the lack of matu-
rity of stem cell-derived hepatocytes, less invasive methods 
will likely be necessary for such cells to be useful in a thera-
peutic setting. It could be argued that the culture of hepato-
cytes in a 2D environment is too simplistic and to produce 
hepatocytes that more closely resemble those in the liver and 
it will be necessary to generate a culture environment that 
more closely recapitulates the structure of the liver. Indeed, 
modifying the extracellular matrix and using sandwich 
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cultures has been shown to improve the quality of primary 
hepatocytes [ 75 ,  76 ]. Although hepatocytes are responsible 
for the majority of liver functions, hepatocytes closely inter-
act with several other cell types found in the liver. Biliary 
epithelial cells, also known as cholangiocytes, form the bile 
ducts, sinusoidal endothelial cells and Kupffer cells, which 
are resident hepatic macrophages, form the hepatic capillar-
ies, and stellate cells, which resemble pericytes found within 
the peri-sinusoidal space, collaborate to form the basic archi-
tectural unit of the liver known as the lobule [ 77 ]. The archi-
tecture of the hepatic lobule is integral to the liver’s function 
(Fig.  3 ). The basolateral side of the hepatocyte is lined by 
sinusoidal endothelial cells, which facilitates absorption of 
toxins and metabolites by the hepatocytes and the secretion 
of serum factors into the blood stream. Adjacent hepatocytes 
are connected by tight junctions, generating a canaliculus 

that transports bile acids and salts to the bile duct. Within the 
lobule the hepatocytes are supported by a fi ne extracellular 
matrix consisting primarily of collagen type III with small 
amounts of collagen type I. Since complex interactions 
between several cell types and matrix components in the 
liver are likely to infl uence the activity of the hepatocytes, 
several laboratories have attempted to use culture conditions 
that more closely resemble the in vivo environment such as 
coculture with supportive cell types including human fetal 
liver stromal cells (hFLSCs) and Swiss 3T3 cells [ 13 ,  78 ]. 
A number of groups have also used 3D formats including 
culture in dynamic 3D perfusion bioreactors [ 79 ]. A combi-
nation of tissue engineering, 3D culture, and matrix optimi-
zation, may well be important because several studies have 
shown that such variables can affect the maturity of cultured 
primary hepatocytes [ 80 – 83 ].

   Although the differentiation protocols discussed above 
have produced cells that promote hepatocyte maturation, the 
resulting cells still fall short of the activity associated with 
fresh human hepatocytes. A limitation of the hepatocytes 
derived from human ESCs and iPSCs is the failure of the 
cells to extensively repopulate a damaged liver in the long 
term. In contrast, extensive, upwards of 80 %, repopulation 
of the hepatic parenchyma is routinely achieved when using 
primary human hepatocytes in several different animal mod-
els of liver damage [ 84 – 88 ]. A number of groups have dem-
onstrated that human ESC/iPSC-derived hepatocytes can 
integrate into the hepatic parenchyma in short-term analyses 
[ 8 ,  9 ,  18 ,  34 ,  36 ,  53 – 55 ,  63 ,  72 ,  89 ,  90 ]. In the limited cases 
where long-term engraftment has been claimed, the level of 
human albumin that can be detected in the serum appears to 
be vanishingly low [ 72 ]. When primary human hepatocytes 
are transplanted into the FRG mouse, if 3 % of the liver con-
tains human hepatocytes, ~1 mg/mL of human albumin can 
be detected in the serum of the transplanted mouse and this 
level rises to 15 mg/mL when repopulation approach 90 % 
[ 84 ,  86 ]. In the study by Liu et al., which examined mice 
after 8-weeks of engraftment, the maximum level of albumin 
detected in the serum was ~40 ng/mL [ 72 ]. These results 
would suggest that the human cells are either very poorly 
differentiated or that the levels of engraftment are much 
lower than has been estimated using antibody staining tech-
niques, which can be prone to artifact. 

 Why human ESC/iPSC-derived hepatocytes fail to repopu-
late damaged mouse livers with high effi ciency is unclear. It 
seems unlikely that human pluripotent stem cells are inher-
ently unable to generate functional hepatocytes because sev-
eral studies have demonstrated that mouse iPSCs are capable 
of forming fully functional livers in vivo [ 63 ,  91 ,  92 ]. It would 
seem more plausible that the differentiation procedure requires 
improvement, animal models need to be optimized, and effi -
cient transplant techniques need to be employed to enhance 
the implantation and survival of the exogenous cells [ 93 ].   

  Fig. 3    Illustration showing the relationship between hepatocytes and 
the sinusoidal endothelium. Hepatocytes are polarized epithelial cells 
with apical domains that generate the bile canaliculi, lateral domains 
that face neighboring hepatocytes, and basolateral domains that face the 
sinusoids. The basolateral surface directly contacts the peri-sinusoidal 
space (also called the space of Disse) which contains matrix proteins. 
The close association with Kupffer cells, sinusoidal endothelial cells, 
and extracellular matrices are believed to infl uence hepatocyte function 
and maturity (illustration by Cameron B. Duncan, interpreted from 
Bloom and Fawcett, 1994. A textbook of histology, 12th edition. New 
York, NY, Chapman & Hall)       
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    Using Pluripotent Stem Cells to Model Liver 
Disease and Hepatocyte Differentiation 

 Although current differentiation protocols generate hepato-
cytes that retain fetal characteristics, it is important to 
acknowledge that pluripotent stem cell-derived hepatocytes 
also display many of the activities normally associated with 
the adult liver [ 17 ,  29 ,  48 ,  49 ,  63 ,  65 ,  94 ]. The ability to gen-
erate cells with the majority of hepatocyte function intact, 
particularly from iPSCs, raises the possibility of using such 
cells to study inborn errors of hepatic metabolism and a 
number of groups have generated iPSCs from patients with 
inherited liver disease [ 11 ,  62 ,  95 ,  96 ]. The Vallier laboratory 
demonstrated that hepatocyte-like cells derived from patients 
with a variety of metabolic disorders displayed pathologies 
characteristic of their respective liver defi ciencies [ 62 ]. For 
example, cells derived from patients with alpha 1-antitrypsin 
defi ciency accumulated misfolded alpha 1-antitrypsin pro-
tein in the endoplasmic reticulum and cells derived from 
patients with glycogen storage disease had signifi cantly ele-
vated glycogen accumulation. In addition, the group demon-
strated that it is possible to genetically repair the causative 
mutations in alpha 1-antitrypsin defi cient iPSCs using a 
combination of zinc fi nger nucleases (ZFNs) and piggyBac 
transposon mediated gene targeting [ 97 ]. 

 Many heritable liver metabolic disorders are highly com-
plex where the dysfunctional response of the hepatocyte to a 
given mutation involves multiple pathways. An example of 
such a disease is familial hypercholesterolemia that is pri-
marily caused by mutations in the low density lipoprotein 
receptor (LDLR). In familial hypercholesterolemia patients, 
the hepatocytes not only fail to correctly internalize and clear 
low density lipoprotein (LDL)-cholesterol, but also secrete 
extraordinarily high levels of VLDL/LDL into the serum 
[ 98 ,  99 ]. To determine the feasibility of modeling such com-
plex metabolic disorders our laboratory recently generated 
iPSCs from a familial hypercholesterolemia patient with 
well characterized mutations in the LDLR [ 100 ]. Hepatocytes 
derived from these iPSCs were found to reproduce key 
aspects of the pathophysiology associated with familial 
hypercholesterolemia including a failure to internalize LDL-
cholesterol, a dramatic increase in LDL secretion, and an 
inability to respond to lovastatin treatment [ 95 ]. Such results 
are encouraging because they suggest that patient iPSCs 
could be useful for determining the contribution of specifi c 
allelic variations to control lipid metabolism. 

 The use of iPSC-derived hepatocytes is not limited to the 
study of metabolic disease, since such cells could potentially 
be used to study infectious liver disease including hepatitis 
virus infections and malaria. Two groups have independently 
demonstrated that iPSC-derived hepatocytes are capable of 
supporting the entire lifecycle of hepatitis C virus [ 101 ,  102 ]. 

Such fi ndings open up the possibility of using iPSC-derived 
hepatocytes from individual patients to examine the role of 
host genetics in modifying viral replication. Treating HCV 
infected iPSC-derived hepatocytes with antiviral drugs block 
viral replication, which suggests that iPSC-derived hepato-
cytes could also provide a platform to identify novel pharma-
ceuticals that could be useful in blocking HCV infection. If 
iPSC-derived hepatocytes are capable of supporting the life-
cycle of other liver pathogens, such cells are likely to make a 
signifi cant contribution to our understanding and treatment 
of infectious liver disease.  

    Pluripotent Stem Cells as a Model for Human 
Hepatocyte Differentiation 

 The process through which factors that control cell differen-
tiation are identifi ed has historically been extremely labori-
ous, relying heavily upon the generation of transgenic and 
knockout mice. The use of mice has been necessary because 
a robust model to study hepatocyte differentiation in culture 
has been lacking. One can deplete target mRNAs in hepa-
toma cells quite easily; unfortunately, the data generated 
through this approach have relatively little relevance to the 
differentiation of hepatocytes in vivo. This is because (1) 
hepatoma cells are pathologically abnormal and have lost 
many hepatic functions as well as normal control of gene 
expression, and (2) hepatoma cells at best represent a snap-
shot of a specifi c developmental stage, or more accurately an 
abnormal dedifferentiated state caused, in part, by loss of 
appropriate transcription factor networks and genomic rear-
rangements. The static state of hepatoma cells is a serious 
limitation because the developmental process is dynamic, 
with many factors being essential at specifi c developmental 
stages. Metaphorically, using hepatoma cells as a model to 
study differentiation is akin to attempting to understand how 
to construct a skyscraper by examining only the fi fth fl oor! 
However, the observation that the stepwise differentiation of 
pluripotent stem cells toward hepatocytes appears to mimic 
the process that occurs during hepatogenesis suggests that 
human ESCs or iPSCs could offer a model system that would 
facilitate the study of the fundamental molecular mecha-
nisms that control hepatocyte differentiation. Our laboratory 
is exploring the usefulness of this system to determine the 
role of specifi c transcription factors in controlling the speci-
fi cation of hESC-derived hepatocytes. Oligonucleotide array 
analyses throughout the differentiation procedure have 
established mRNA profi les that are characteristic of each 
stage of differentiation [ 29 ]. In addition, these analyses iden-
tifi ed mRNAs encoding proteins with potential roles in 
 regulating differentiation of hepatocytes from the hESCs. 
HNF4a is one such protein that is initially expressed coinci-
dent with specifi cation of hepatoblasts from hESC-derived 
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endoderm [ 29 ,  63 ]. We generated hESCs that expressed an 
shRNA that effi ciently depleted HNF4a following differen-
tiation and found that when HNF4a was depleted the differ-
entiating cells were incapable of adopting a hepatic fate. 
These fi ndings determined that human pluripotent stem cells 
can be used to effi ciently probe the molecular basis of hepa-
tocyte differentiation and that, in comparison to using the 
mouse as a developmental model, the use of human ESCs 
was extremely effi cient.  

    Summary 

 Substantial progress has been made in the effort to generate 
high quality functional hepatocytes from human pluripotent 
stem cells. Although many protocols have been described, 
most attempt to mimic the native signaling events that occur 
during hepatogenesis. Although the effi ciency of the many 
different procedures varies signifi cantly, in the better proto-
cols upwards of 80 % of the cells express hepatocyte mRNAs 
and proteins and display several activities associated with 
liver function. Although the cells produced by these proce-
dures are extremely useful in providing models of liver dis-
ease and cell differentiation, these hepatocyte-like cells are 
not identical to freshly isolated hepatocytes. Current proto-
cols are unlikely to produce cells that would be useful in 
drug toxicity testing nor could they supply cells to be used in 
cell transplant therapy for the treatment of liver disease 
[ 103 ]. With this in mind, the effort to improve the quality of 
hepatocytes derived from human pluripotent stem cells con-
tinues aggressively and new procedures that use 3D culture 
of mixed cell populations are particularly promising. In addi-
tion, several groups are attempting to repopulate livers of 
animals with human pluripotent stem cell-derived hepato-
cytes including mice, rats and pigs with genetic lesions that 
facilitate humanization of the hepatic parenchyma [ 8 ,  84 , 
 104 ,  105 ]. Similar approaches have allowed the maturation 
of pancreatic endocrine progenitor cells in diabetic mouse 
models [ 106 ,  107 ]. If successful, such transplantation mod-
els could provide a limitless supply of patient-specifi c, 
highly differentiated hepatocytes.     
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              Introduction 

 Signifi cant progress has been made over the last 2 decades in 
understanding the molecular basis for neural development. 
This accrued knowledge has been translated into improved 
methodologies for generating subtypes of central nervous 
system (CNS) and peripheral nervous system (PNS) neurons 
and glia from pluripotent stem cells (PSCs). PSCs are 
thought to be equivalent to cells of the inner cell mass (ICM) 
of the early mammalian embryo which gives rise to the three 
germ layers and the entire embryo. All of the cells of the 
CNS and PNS originate from the neural tube, which is 
derived from the ectodermal germ layer. CNS development 
follows an orchestrated chain of events controlled by signal-
ing cascades and region-specifi c transcription factor codes 
that convey spatial and identity to multipotent neural stem 
cells (NSCs). The PNS is more spatially diffuse than the 
CNS and, therefore, its development is not as tightly orches-
trated. All PNS neurons and glia arise from neural crest stem 
cells (NCSCs) migrating out of the neural tube. Because 
embryonic stem cells (ESCs) and induced PSCs (iPSCs) are 
equivalent to the ICM, it stands to reason that PSCs could be 
differentiated into the various neural lineages under the 
proper culture conditions. Years of research in stem cell biol-
ogy and neural development have buttressed this reasoning 
and yielded experimental protocols for the generation of 
neural cells from PSCs. As is the case in vivo, the protocols 
involve the serial diminution of differentiation potential 
beginning with PSCs being differentiated to multipotent 
NSCs, which in turn are differentiated to region-specifi c 
 progenitors that are matured to terminally differentiated 
 neural cells (Fig.  1 ). Positional information and maturity is 

governed by culturing cells with compounds that can activate 
or repress key signaling pathways that are active (or inactive) 
during neural development. The availability of markers spe-
cifi c to a particular neural lineage allows one to track what 
cell types are being produced during the in vitro differentia-
tion protocols.

      Generating Neural Stem Cells 
from Pluripotent Stem Cells 

 Several methods may effectively generate NSCs from PSCs 
with the fi rst step involving dissociation of PSCs and growth 
in media lacking either fi broblast growth factor 2 (FGF2) for 
human PSCs or leukemia inhibitory factor (LIF) for mouse 
PSCs. The most common step following disaggregation 
involves either growing the cells in suspension culture as 
embryoid bodies (EBs) or in adherent monoculture with 
some protocols including the addition of bone morphoge-
netic protein (BMP) inhibitors to inhibit mesodermal differ-
entiation while guiding PSCs along the neural default 
pathway [ 1 – 5 ]. Each of these procedures requires culture on 
substrates and in media formulations that will favor differen-
tiation to the neural lineage. Once human or mouse NSCs 
form, culture in the presence of FGF2 allows for their prolif-
eration and expansion [ 2 ,  3 ]. The ability to expand NSCs, 
freeze and thaw them, and grow them for 10–20 passages 
makes these cells very powerful tools in neural differentia-
tion protocols.  

    Differentiation of Pluripotent Stem Cells 
to Generic Central Nervous System Neural 
Lineages 

 Early studies differentiating embryonic carcinoma cells to 
neural lineages suggested that retinoic acid (RA) induced pos-
terior CNS markers [ 6 ]. The availability of more specifi c 
markers for neuronal subtypes revealed that this is indeed the 
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case [ 7 ]. The original EB protocol enriches for the mesoder-
mal lineage at the cost of ectoderm, but with the proper  culture 
conditions this process can enrich for neural progenitors [ 8 ]. 
Bain et al. [ 9 ] added 500 nM RA during EB formation and 
found that it drove mouse ES cells towards a neuronal fate. 
Further characterization indicated that functional inhibitory 
and excitatory neurons were produced by RA induction [ 10 , 
 11 ]. Some studies suggested that RA had the capacity to 
induce differentiation to both neurons and glia with an 
increased effi ciency of glial differentiation upon the addition 
of 1 % fetal calf serum (FCS) and that the sequence in which 
the neural cell types appeared recapitulates in vivo develop-
ment with neurons appearing fi rst followed by glia [ 12 – 14 ]. 
RA appeared to act by inhibiting mesoderm specifi c genes and 
activating neuronal genes [ 15 ]. A detailed investigation of the 
effects of RA on ESC differentiation revealed that at 1–10 nM 
RA was permissive for mesodermal differentiation. However, 
at concentrations greater than 10 nM, more caudal progenitors 
started to be produced with spinal positional identity occurring 
at 1–10 nM RA [ 16 ]. As researchers gained new insights about 

cell culture medium additives and substrates for attachment 
that promoted neural differentiation of PSCs, RA was used 
only in those situations where caudal positional identity was 
desired [ 2 ]. All of the work mentioned above was performed in 
mouse PSCs, but RA has been found to have a similar affect in 
human cells.  

    Neural and Glial-Restricted Progenitors 

 Immunopanning was incorporated into the EB differentia-
tion protocol to isolate neuronal-restricted precursors (NRPs) 
with the E-NCAM antibody [ 17 ]. These progenitors could be 
expanded with FGF2 and NRPs could be differentiated to 
neurons with FGF2 withdrawal and RA addition. Glial- 
restricted precursors (GRPs) were induced with the addition 
of platelet-derived growth factor (PDGF) and immuno-
panned with the A2B5 antibody. GRPs could be differenti-
ated to mature glia with FGF2 withdrawal and addition of 
PDGF and triiodothyronine (T3). As is the case in vivo, the 

  Fig. 1    The hierarchy of differentiation from a pluripotent stem 
cell (PSCs) to the neural lineages. Neural stem cells (NSCs) arising 
from a PSC can give rise to all of the neuronal and glial cell types 
of the peripheral nervous system (PNS) and central nervous system 
(CNS). The CNS progenitors can be subdivided to neuronal- and 

glial-restricted precursors (NRPs, GRPs). CNS GRPs also giving 
rise to an oligodendrocyte progenitor cell (OPC) that is bipotential in 
vitro. The PNS also has neuronal and glial progenitors that differentiate 
into mature neurons and glia. Markers used to identify a cell type 
are noted       
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differentiation potential of NRPs and GRPs was restricted to 
the neuronal and glial lineages, respectively. The ability to 
isolate NSCs and restrict their differentiation potential 
to neurons and glia opened up new opportunities for the 
directed differentiation of PSCs to specifi c neuronal and glial 
cell types.   

    Differentiation of NSCs to Specifi c 
CNS Neurons 

 Signaling pathways and transcription factors required for 
positional identity as well as many neuronal subtype-specifi c 
markers have been characterized to such an extent that it is 
possible to differentiate NSCs to many different neuronal 
types and then identify the subtypes that are present in the 
differentiated populations. CNS neurons develop from an 
NRP that has the capacity to generate a neuron at any dorso-
ventral or rostrocaudal position if cultured with the appropri-
ate signaling molecule(s). The mature neurons can be 
identifi ed with one or more markers that are unique to that 

subtype (schematized in Fig.  1 ). Differentiation of NSCs to 
forebrain, midbrain, and hindbrain/spinal cord neurons is 
described in the following sections. 

    Forebrain Neuron Differentiation 

 Dorsal/ventral patterning in the developing forebrain gener-
ates the dorsal-most pallium and the lateral, medial, and cau-
dal ganglionic eminences (LGE, MGE, CGE) going from a 
dorsal to ventral direction. Wnts and BMPs are signaling 
molecules that dorsalize the forebrain while Sonic hedgehog 
(SHH) and FGF ventralize it [ 18 ]. Most neurons in the fore-
brain are excitatory pyramidal neurons derived from the pal-
lial subventricular zone. Cortical inhibitory interneurons 
originate primarily from the MGE and CGE. Although neu-
ral progenitors derived from NSCs tend to be biased towards 
a rostral/cortical fate, additional knowledge about signaling 
molecules active in the neocortex has been used to develop 
differentiation protocols for more effi cient production of 
specifi c forebrain neurons (Fig.  2 ).

  Fig. 2    Differentiation of forebrain neurons. Culture in serum-free medium as 
an embryoid body or in adherent monoculture can generate progenitors of the 
lateral, medial, and caudal ganglionic eminences (LGE, MGE, CGE). Upon 

further differentiation these precursors can become inhibitory interneurons or 
excitatory pyramidal based upon the factors in the culture medium. 
Publications which are summarized are listed at the  top  of the fi gure       

 

Neural Differentiation from Pluripotent Stem Cells



152

   Watanabe et al. [ 19 ] used a serum-free EB protocol to 
make NSCs from mouse ESCs that were enriched for fore-
brain progenitors. As Wnt and BMP signaling have an inhib-
itory effect during early neuralization, the Wnt inhibitor 
Dkk1 and the Nodal inhibitor Lefty1 were used to enrich for 
NSC. The resulting NSCs appeared to be biased towards 
forebrain progenitors. In contrast to its inhibitory role during 
the early stages of forebrain specifi cation, Wnt signaling can 
promote pallial specifi cation during later phases of this pro-
cess [ 20 ]. Treatment with WNT3A at later stages of the dif-
ferentiation protocol increased the number of pallial neurons 
(most likely pyramidal neurons) at the expense of LGE and 
MGE neurons. Conversely, SHH treatment at later stages of 
the differentiation protocol increased the number of MGE 
neurons while sharply diminishing pallial neurons. The tem-
poral specifi cation of neurons and effects of manipulating 
WNT, BMP, and SHH pathways were very similar to what 
occurs in vivo. 

 Adherent monocultures to produce NSCs from mouse 
ESCs yielded similar results [ 21 ]. As would be expected 
from developmental studies of the mouse neocortex, the 
number of excitatory pyramidal neurons could be increased 
in this protocol with the addition of the SHH inhibitor cyclo-
pamine. The neurons were generated in a manner that faith-
fully reproduced the normal developmental profi le in vivo 
and were functional as determined by transplantation studies 
in neonatal mice. A recent study with mouse and human 
ESCs found that in the monoculture protocol, addition of 
activin during progenitor differentiation and RA during neu-
ron maturation resulted in the generation of calretinin +  inhibi-
tory interneurons that are derived from the CGE in vivo [ 22 ]. 
The authors claimed that activin promotes differentiation of 
NSCs by inhibiting an SHH-mediated mitogenic effect on 
forebrain precursors. Although RA caudalizes NSCs, its 
effects are context-dependent in progenitors derived from 
NSCs, and during the later stages of forebrain neuron devel-
opment, it appears to synergize with activin to differentiate 
progenitors to specifi c mature forebrain neurons. In princi-
ple, forebrain neurons should be the easiest positional type to 
differentiate from NSCs and, as described above, much prog-
ress has been made in producing specifi c cortical subtypes 
from PSCs. However, because of the vast number of different 
cortical subtypes present, additional work remains to develop 
better methods for the controlled differentiation of PSCs to 
homogeneous subpopulations of these neurons.  

    Midbrain Dopaminergic Neuron 
Differentiation 

 Parkinson’s disease (PD) is caused by a loss of midbrain 
dopaminergic (DA) neurons. Because of the clinical impor-
tance and interest in PD, there is a large body of work on 

differentiation of DA neurons from PSCs. DA neurons 
appear at the intersection of SHH and FGF8 signaling in rat 
neural plate explants [ 23 ]. The addition of ascorbic acid 
(AA) to rat midbrain cultures promotes the development of 
DA neurons [ 24 ]. This information along with general 
knowledge about neuronal differentiation was leveraged 
to design several protocols to differentiate PSCs to DA 
 neurons (Fig.  3 ). Lee et al. [ 25 ] started with mouse ESCs, 
selected and expanded nestin positive NSCs from EBs, 
and induced differentiation through FGF2 withdrawal in a 
neuronal medium on polyornithine/laminin-coated plates. 
They observed the development of TH +  DA neurons in 
7–8 % of TuJ1 +  neurons. This frequency was doubled with 
the addition of SHH and FGF8 and further doubled if AA 
was also added. Kawasaki et al. [ 26 ] applied similar princi-
ples but with a different methodology to generate DA neu-
rons. They grew mouse ESCs on PA6 cells, a stromal cell 
line derived from skull bone marrow. A very high proportion 
of the ESCs became NSCs and when differentiated further in 
culture medium supplemented with ascorbate ~30 % of the 
cells became TH +  DA neurons. The stromal cell-derived 
inducing activity responsible for DA neuron differentiation 
has yet to be fully characterized. Growth on a PA6 stromal 
cell layer is also effective in generating DA neurons from 
human ESCs [ 27 ]. NSCs produced from human ESCs grown 
on a different stromal cell line, MS5, could be differentiated 
to DA neurons at very high effi ciency with SHH and FGF8 
treatment followed by culture in AA and brain-derived neu-
rotrophic factor (BDNF) [ 28 ]. An EB method was also effec-
tive in generating dopaminergic neurons from human ESCs 
[ 29 ]. The one modifi cation in this method from the similar 
mouse protocol was early addition of either FGF2 or FGF8 
before FGF8/SHH combination treatment was used to gener-
ate midbrain DA progenitors. Similar protocols have been 
shown to be effective for scalable DA neuron production in 
defi ned xeno-free conditions from human ESCs and iPSCs 
[ 30 ,  31 ]. Importantly, a large proportion of the DA neurons 
generated in these studies were of the A9 subtype missing in 
PD patients. The ability to produce homogeneous popula-
tions of A9 DA neurons from human PSCs in defi ned xeno- 
free conditions will be critical for the effective development 
of cellular transplantation therapies for PD.

       Spinal Cord Motor Neuron Differentiation 

 Pathways necessary for specifi cation of spinal motor neurons 
(MNs) have been well defi ned for many years. MNs exhibit 
a columnar organization with subsets grouped according to 
the muscles they innervate. Diseases of MN dysfunction can 
differentially affect subtypes resulting in disease-specifi c 
spectra of movement disorders. The development of 
MNs can be divided into several steps including generation, 
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subtype specifi cation, apoptosis, and synaptogenesis. 
A dorsoventral SHH gradient specifi es MNs in the ventral 
spinal cord early during vertebrate development. The gradi-
ent is translated into a transcription factor code that is required 
for the initiation of MN formation [ 32 ,  33 ].    Early pools of 
MNs pass through an apoptotic phase to fi ne-tune target neu-
rons to the proper muscles.  The fi nal destination of the 
projections is under the control of a combinatorial LIM-
homeodomain found within a particular MN. [ 34 ]. Protocols 
incorporating these principles have been utilized to success-
fully generate MNs from mouse and human PSCs. 

 PSCs are driven towards neuroectoderm by activation of 
the FGF pathway and inhibition of BMP signaling. These 
neuroectodermal cells are regionalized towards a caudal 
CNS position to become spinal progenitors, and these pro-
genitors are ventralized by SHH to become MNs [ 32 ,  33 ]. 
This information has been utilized by several groups to dif-
ferentiate mouse and human ESCs to MNs (Fig.  4 ). Wichterle 
et al. [ 35 ] treated EBs with RA and SHH to differentiate 
mouse ESCs to spinal motoneurons and ventral interneurons. 
The cells were directed towards MNs under high SHH con-
centrations and developed into ventral interneurons in mod-
erate concentrations of SHH just as is the case in the 
developing embryo. The resulting MNs were restricted to a 
rostrocervical positional identity possibly because RA sig-
naling pathways induced by the initial RA exposure continue 
to be active at later stages of differentiation and RA signaling 

is known to favor rostrocervical positions over thoracic and 
lumbar regions [ 36 ].

   A similar differentiation paradigm was used to generate 
MNs from human ESCs except that FGF2 was used to derive 
NSCs from hESCs [ 37 ]. During differentiation of ESCs 
to NSCs, it was discovered that human NSCs, unlike mouse 
NSCs, have an early Pax6 + /Sox1 −  stage 8–10 days post neu-
ral induction protocol followed by a Pax6 + /Sox1 +  stage 14 
days post-induction. The double positive cells were refrac-
tory to RA- and SHH-mediated MN induction. However, if 
Pax6 + /Sox1 −  NSCs were treated with RA/SHH, they devel-
oped into HOXC8 thoracic MNs and ISL1 + /ISl2 +  interneu-
rons. This suggests that caudal identity is established at a 
very early stage in human NSCs and the possibility that 
FGF2 in combination with RA further caudalizes MNs. An 
enrichment protocol in which an HB9 enhancer drove GFP 
was used to purify MN progenitors with an RA/SHH dif-
ferentiation protocol [ 38 ]. In addition to the enrichment 
step, this protocol differed from the others by growing 
human ESCs to confl uence to form neuroepithelial rosettes. 
EBs were then made in the presence of RA and SHH and 
sorted for GFP +  MN progenitors which could be matured in 
the presence of neurotrophic factors. The result is a quicker 
protocol for the generation of functional, mature MNs. 
However, if MNs need to be generated from patient PSC 
lines, then routine use of reporters becomes cumbersome 
and expensive. 

  Fig. 3    Dopaminergic neuron differentiation from NSCs. The scheme 
for dopaminergic (DA) neuron differentiation from PSCs is shown with 
the two major protocols in which PSCs differentiate on a stromal cell 

layer or go through an embryoid body (EB) stage. The EB stage requires 
subsequent SHH/FGF8 treatment whereas one of the stromal co-culture 
protocols produces DA neurons without addition of FGF/SHH       
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 Several studies have shown that activin/nodal inhibition at 
the EB stage prevents differentiation to the mesendodermal 
germ layer and accelerates NSC formation with activin 
imparting caudal regionalization to the progenitor cells [ 39 , 
 40 ]. Patani et al. [ 41 ] differentiated NSCs to MNs in the pres-
ence of the ALK4/5/7 inhibitor SB431542 with FGF2, the 
SHH agonist purmorphamine, and RA signaling antagonists. 
In terms of positional identity, there were signifi cantly more 
HOXC10 MNs in the RA-independent group than in the RA 
treatment group, indicating that an RA-independent pathway 
leads to a more caudal lumbar positional identity. A signifi -
cantly greater number of OLIG2 +  MN precursors and post-
mitotic MNs were found in the RA treatment group, 
indicating that work still needs to be done with additional 
small-molecule combinations to effi ciently generate the 
entire suite of spinal MNs. Towards this end the overexpres-
sion of MN-specifi c transcription factors in the differentia-
tion protocol has been used in an attempt to generate all 
spinal neurons. Adenoviral infection of human ESC- and 
iPSC-derived NSCs with the MN transcription factors LHX3 
and ISL1 along with the neuronal specifi cation factor NGN2 
resulted in the generation of cervical and thoracic MNs 11 
days post-infection [ 42 ]. The effi ciency of MN neuron gen-
eration was similar to other protocols but the process occurred 
at a faster rate. Many research groups have now generated 
MNs from PSC with various modifi cations to the RA/SHH 
protocol, but improvements are still needed for production of 
the entire spectrum of hindbrain/spinal cord neurons.   

    CNS Glia Differentiation 

 Analogous to the way in which neurons are derived from 
NRPs, GRPs give rise to all the glia of the CNS [ 43 ]. The 
GRP can differentiate into either Type 1 or Type 2 astrocytes 
or to an oligodendrocyte progenitor cell (OPC). The OPC in 
turn has the capacity to differentiate into either Type 2 astro-
cytes or oligodendrocytes in vitro [ 44 ]. However, it is not 
clear if OPCs are bipotential or can only differentiate into 
oligodendrocytes in vivo [ 45 ,  46 ]. Studies with rodent fetal 
NSCs and cultures of rodent glial cells have yielded insights 
into how glia are formed. Knowledge gained from these 
studies has been transferred to protocols for the differentia-
tion of CNS glia from PSCs. 

    CNS Astrocyte Differentiation 

 Astrocytes are the most abundant cell type in the CNS and 
fall into two classes. A2B5 −  Type 1 astrocytes arise only 
from tripotential GRPs, whereas in vitro A2B5 +  Type 2 
astrocytes are derived from either GRPs or bipotential 
oligodendrocyte precursor cells (OPCs) [ 43 ,  44 ]. 
Immunopurifi ed A2B5 +  cells from the rat spinal cord gener-
ated mature non- process bearing astrocytes if grown in 
medium with FCS [ 43 ,  47 ]. Exposure of GRPs to ciliary 
neurotrophic factor (CNTF) resulted in less mature process 

  Fig. 4    Differentiation of motor neurons (MNs) from pluripotent stem 
cells (PSCs). Three standard protocols for generating MNs from mouse 
and human PSCs are outlined with a list of factors added to culture 

medium and markers used for analysis. Publications which are sum-
marized are listed at the top of the fi gure       
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bearing astrocytes. Treatment of primary cells from mouse 
astrocyte  precursors or GRPs from rat spinal cord with 
BMPs also resulted in the generation of a mature astrocyte 
population [ 47 ,  48 ]. Cardiotrophin-1 promotes astrocyte 
differentiation of fetal mouse neuroepithelial cells through 
the signal transducer and activator of transcription 3 
(STAT3) which is also downstream of CNTF signaling [ 49 ]. 
CT-1 synergizes with BMP2 in the differentiation of astro-
cytes from neuroepithelial precursors [ 50 ]. STAT3/CNTF-
independent induction of astrocyte fate occurs when the 
Notch pathway is activated in adult rat multipotent progeni-
tor neurons [ 51 ]. 

 The wealth of information regarding factors promoting 
commitment to the astroglial fate has resulted in the devel-
opment of several protocols for the differentiation of PSCs 
to astrocytes (Fig.  5 ). Krencik and Zhang [ 52 ] developed a 
method in which NSCs were generated from PSCs and then 
grown in serum-free medium with supplements until the 
progenitor stage. At this point EGF, FGF2, and CNTF were 
added until the cells were committed to the astrocyte fate, at 
which point the cells were matured with CNTF. This method 
requires ~4 months at the end of which most of the cells are 
mature, functional GFAP +  astrocytes. Emdad et al. [ 53 ] 
were able to differentiate PSCs to astrocytes with similar 
culture conditions using only CNTF over a 5-week period. 
Approximately 80 % of the astrocytes were GFAP +  and 
there were no additional benefi ts to including CT-1 or Notch 
activators in the culture medium. Newer protocols incorpo-
rating CNTF, FCS, BMPs, and other factors shown to be 
important for astrocyte development need to be tested so 
that pure populations of mature astrocytes can be generated 
in a timely manner.

       Oligodendrocyte Differentiation 

 Oligodendrocytes are one of the last CNS lineages to develop 
in vivo. Oligodendrocyte precursor cells (OPCs) arise from 
the caudal portion of the neural tube with ventralization by 
SHH driving OPC production [ 54 ]. In vivo OPCs rapidly 
migrate throughout the brain and initiate myelination. PDGF 
and T3 are important factors in OPC proliferation and differ-
entiation. PDGF is required to maintain OPCs in a prolifera-
tive state and T3 promotes differentiation towards mature 
oligodendrocytes [ 55 – 58 ]. OPCs isolated from rat optic nerve 
differentiate to oligodendrocytes at the expense of astrocytes 
if grown in serum-free medium [ 44 ]. Generation of oligoden-
drocytes from PSCs generally involves making NSCs and 
then transiting NSCs through an OPC phase by addition of the 
appropriate growth factors. Growth factor removal allows 
progenitors to develop into mature oligodendrocytes (Fig.  6 ).

   The fi rst report of the differentiation of CNS glia from 
mouse ESCs found that growth in serum-free medium with 
PDGF resulted in the production of a mixed population of 
glial cells after short-term withdrawal of PDGF although 
prolonged withdrawal promoted greater differentiation to 
oligodendrocytes [ 59 ]. Oligodendrocytes were also derived 
from mouse ESCs as “oligospheres” in a suspension proto-
col using serum in the culture medium with RA to caudalize 
NSCs and T3 to differentiate towards the oligodendrocyte 
lineage [ 60 ]. Both studies showed that when transplanted 
into rats or mice that were defi cient in myelination, the trans-
planted cells could myelinate host axons. Another oligoden-
drocyte differentiation protocol from mouse ESCs used SHH 
and serum-free medium with both PDGF and T3 to induce 
differentiation to oligodendrocytes [ 61 ]. 

  Fig. 5    Differentiation of PSCs 
to astrocytes. Once NSCs are 
produced from PSCs, the 
addition of various factors can 
lead to the generation of either 
astrocyte precursors or mature 
astrocytes. CNTF addition 
produces astrocyte precursors but 
mature astrocytes can be made if 
BMP2 is also added to NSCs       
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 One of the fi rst reports demonstrating differentiation of 
human ESCs to oligodendrocytes also made “oligospheres” 
in serum-free culture conditions with RA as a caudalizing 
factor and T3 to differentiate to mature cells over a ~40-day 
time period [ 62 ]. The resulting oligodendrocytes had the 
capacity to myelinate axons when transplanted into a 
myelination- defi cient mouse model. Although the oligoden-
drocytes generated in this study matured when transplanted 
into a myelination-defi cient mouse model, the authors found 
very few mature cells in vitro. Izrael et al. [ 63 ] used a similar 
sphere-based protocol but added noggin after RA treatment 
to induce expression of Sox10, which is required for terminal 
differentiation of oligodendrocytes. Exposure of OPCs to 
noggin at the appropriate time frame increased the yield of 
mature oligodendrocytes. Because OPCs are derived from 
OLIG2 precursors, a more recent protocol fi rst generated 
these precursors from NSCs with RA and SHH treatment 
and then followed the in vivo development profi le for oligo-
dendrocytes by using previously described growth factor 
combinations to produce differentiated oligodendrocytes 
over a ~100-day differentiation protocol [ 64 ]. One of the 
critical steps in this protocol is the removal of FGF2 when 
transitioning from the pre-OPC to OPC stages. The inconsis-
tent results seen from growing OPCs in suspension and the 
length of time needed to produce oligodendrocytes from 

PSCs highlights the need to develop new methods to differ-
entiate human PSCs to mature oligodendrocytes.   

    Differentiation of Neural Stem Cells to PNS 
Neurons and Glia 

 PNS neurons mediate communication between organs and 
the CNS. The PNS is derived from NCSCs which themselves 
originate in the dorsal neural tube before undergoing an 
epithelial- mesenchymal transition and migrating throughout 
the embryo. As is the case for the CNS, there is some rostro-
caudal positional identity linking the region from which the 
NCSCs migrate (cranial, vagal, trunk) to the types of cells 
that they can become [ 65 ]. Trunk NCSCs generate auto-
nomic sensory neurons and Schwann cells and nearly all of 
the work performed to date has been on differentiating PSCs 
to these PNS lineages. 

 Several labs have developed methods to isolate NCSCs 
from PSCs and differentiate them to peripheral neurons and 
glia (Fig.  7 ). p75 has been established as a good marker for 
NCSCs and Lee et al. [ 66 ] observed extensive p75 staining at 
clusters surrounding the central NSC rosettes of cells differ-
entiated from human PSCs. p75 FACS sorting isolated cells 
that were positive for multiple NCSC markers and could be 

  Fig. 6    Oligodendrocyte differentiation from PSCs. Three oligodendrocyte differentiation protocols are summarized with key steps, compound and 
growth factor additions to cell culture medium, and markers at key stages on route to mature oligodendrocytes identifi ed       
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differentiated to various neural crest lineages including PNS 
neurons and glia. The number of p75 +  cells increased signifi -
cantly if rosettes were cultured in medium with FGF2 or 
BMP2. Withdrawal of FGF2 and EGF and addition of BDNF, 
GDNF, NGF, and dibutyryl cAMP (dbcAMP) resulted in the 
generation of PNS sympathetic and sensory neurons. 
Alternatively, if CNTF, neuregulin, and dbcAMP were added 
to the medium, Schwann cells developed. A similar p75 sort-
ing strategy was used to isolate NCSCs except that EBs were 
grown in medium with FGF2 and AA and 50 % medium con-
ditioned by the PA6 stromal cell lines to enrich for NCSCs 
prior to sorting [ 67 ]. PNS neuron differentiation was 
achieved with BDNF, AA, NGF, and dbcAMP and Schwann 
cells were generated when MesenPRO medium (commer-
cially available from Invitrogen) and heregulin-β1 were used.

   Another study enriched for NCSCs by culturing PSCs in 
FGF2, EGF, insulin, and nicotinamide and subsequently 
plating the cells on a fi bronectin matrix [ 68 ]. This dorsal-
ized the resulting NSCs with a migratory population of cells 
that were positive for NCSC markers. The migratory cells 
could be propagated on a Matrigel substrate and replated on 
a fi bronectin substrate for differentiation to PNS neurons 
with FGF2 and BDNF and Schwann cells with 1 % horse 
serum [ 69 ]. PNS nociceptive neurons could be produced 
directly from NSCs grown in adherent monolayer culture 
with dual SMAD inhibition and three additional inhibitors 
[ 70 ]. These three compounds inhibited vascular endothelial 
growth factor, PDGF, and FGF (SU5402), glycogen 
synthase-3β (CHIR99021), and Notch signaling (DAPT). 
The differentiation occurred at a much faster rate than what 
happens in vivo with the neurons still exhibiting the func-
tional properties of their in vivo counterparts. The results of 
this work suggest that small-molecule screens offer great 
promise in facilitating quick, high effi ciency neural differ-
entiation of PSCs. 

 Very little work has been done in differentiating to other 
PNS ganglia of cervical or vagal origin. Several studies have 
shown that enteric ganglia (vagal origin) can be differenti-
ated from mouse or human PSCs. Treatment of EBs with 
BDNF resulted in the generation of cells that were positive 
for receptors and ligands expressed by enteric ganglia [ 71 ]. 
These neurons had a calcium signaling profi le reminiscent of 
in vivo enteric ganglia. There have been no reports of differ-
entiating PSCs to cranial ganglia, although differentiation to 
non-PNS cells from NCSCs migrating from cranial and vagal 
regions has been shown [ 68 ,  69 ]. These will not be discussed 
in any detail as they are beyond the scope of this chapter.  

    Differentiation to Retinal Pigmented 
Epithelium: Organoids from PSCs 

 Diseases of the visual system affect a signifi cant percentage 
of the population. Because these diseases are often the result 
of degeneration of retinal pigmented epithelium (RPE) cells, 
the ability to generate RPE from PSCs offers hope for the 
treatment of these disorders. The earliest reports of generat-
ing RPEs from PSCs found that ~8 % of primate ESCs dif-
ferentiated to RPE [ 72 ]. In the fi rst paper describing RPE 
differentiation from human ESCs, the ESCs were grown to 
confl uence in the absence of FGF2, and RPE appeared spon-
taneously if the cells were continuously grown for 6–9 
months [ 73 ]. Generation of EBs from mouse ESCs with 
WNT and Nodal inhibitors and subsequent addition of 
activin and serum resulted in the appearance of retinal pro-
genitors [ 74 ]. However, these progenitors did not differenti-
ate into more mature RPE cells unless co-cultured on retinal 
cells. A defi ned differentiation medium was developed in 
which the addition of RA and taurine resulted in more effi -
cient conversion of mouse, monkey, and human PSCs to 

  Fig. 7    Differentiation of neural crest stem cells (NCSCs) to peripheral 
nervous system (PNS) neurons and glia. The methods to isolate NCSCs 
from NSCs and factors used to differentiate them to PNS neurons and 

glia from three studies are summarized with substrates for neuronal and 
glial differentiation listed on the  right side        
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mature RPE [ 75 ]. WNT and nodal inhibitors are critical 
requirements for RPE differentiation as NSCs generated 
without these inhibitors failed to generate RPE. An exciting 
new development has been the ability to produce optic cups 
from both mouse and human PSCs using the medium 
described above in a three-dimensional cell culture system 
[ 76 ,  77 ]. The capacity to generate complex tissue structures 
with PSCs as a starting material provides hope for the devel-
opment of a new class of regenerative therapies.  

    Conclusions 

 In this chapter we present a large database of knowledge 
demonstrating that differentiation of PSCs to neural lineages 
is technically feasible. Researchers can now generate CNS 
neurons found throughout the brain and spinal cord, and 
many studies show that these neurons are functional electro-
physiologically in vitro and when transplanted into animal 
models in vivo. Great advances have also been made in dif-
ferentiating CNS astrocytes, but further improvements need 
to be made in producing mature oligodendrocytes in vitro. 
Although differentiation to PNS neurons has not progressed 
as far as that in CNS, advances are being made. In contrast, 
it appears the protocols for making PNS glia (Schwann glia) 
are near full optimization. The capacity to generate such a 
wide array of neural cell types offers hope that cellular trans-
plantation may be an achievable therapeutic objective for 
many nervous system disorders. One of the most promising 
tissue types under investigation is the eye, with the possibil-
ity that both cells and tissues can be produced from PSCs. 
Future work needs to focus on fi ne-tuning existing methods 
to increase purity and yields of the neural populations of 
interest, mining the available knowledge on neural develop-
ment, and utilizing chemical screens to develop protocols for 
the differentiation of neural cell types and subtypes which 
have not been successfully derived from PSCs.     
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           Introduction 

 Embryonic stem cells (ESCs) are a model for the study of 
tissue function and a source for cellular replacement thera-
pies. Derived from the inner cell mass of the blastocyst of 
mammals such as mouse and human, they can be maintained 
in a pluripotent state in vitro and give rise to every cell type 
in the organism [ 1 ]. The ability to reprogram somatic cells 
into a pluripotent state (induced pluripotent stem cells, or 
iPSCs) opens the way for the generation of patient-specifi c 
pluripotent cells, which would overcome rejection problems 
associated with the use of allogeneic hESC-derived tissues 
[ 2 – 7 ]. We will refer collectively to ESCs and iPSCs as plu-
ripotent stem cells (PSCs). 

 Ultimately, it is hoped that human (h)PSCs will be valu-
able in cell replacement therapy for regenerative medicine. 
Several hurdles remain, however, including effi cient and 
reproducible differentiation, production in GMP standard, 
large-scale conditions, safety concerns with respect to tumor 
formation, possible immunological rejection because of the 
use of genetically modifi ed cells, and the complex architec-
ture of the mature target organ, which may not be easily ame-
nable to cell replacement therapy [ 2 ,  4 ,  8 ]. For these reasons, 
there are currently no clinical trials involving hPSCs, and 
this situation will likely not change until these issues are 
addressed satisfactorily. The biggest short-term challenge in 
the fi eld is currently the development of strategies to differ-
entiate hPSCs into functional, mature cell types with high 
purity and with minimal contamination from undesired lin-
eages. The problems facing this endeavor are twofold. First, 
while lineage specifi cation has been achieved for all three 
germ layers and for many cell types derived from these germ 

layers, the generation of functionally mature cells has proved 
to challenging. A prime example is the efforts to generate 
pancreatic β cells, where the best differentiation protocols 
yield polyhormonal cells that are likely developmental inter-
mediates (called fi rst transition progenitors) that may not be 
direct precursors of insulin-producing β cells    and are poorly 
glucose responsive [ 9 – 11 ]. Transplantation into immune 
defi cient mice however did induce further differentiation and 
yielded functional β cells, suggesting that in vitro generated, 
endocrine pancreas-specifi ed cells may contain functional β 
cell precursors (or so-called second transition cells) [ 12 ]. 
These fi ndings illustrate how the profound complexity of 
developmental processes is not readily recapitulated in vitro 
and how a deeper understanding of normal development is 
required to guide differentiation of PSCs in vitro. The second 
problem is that the specifi cation of some lineages has been 
very diffi cult. While efforts at differentiation into mesoder-
mal and neuroectodermal and some endodermal tissues, such 
as pancreas, liver, and intestine, have been relatively success-
ful [ 1 ,  13 – 20 ], specifi cation of one region of the endoderm, 
the anterior foregut endoderm (AFE), has been challenging. 
This region is nevertheless of major clinical and translational 
importance, as lungs and airways, thymus, parathyroid, and 
thyroid are derived from the AFE. Here we discuss the rele-
vance of pursuing differentiation of AFE-derived tissues, the 
development of AFE, and the current state of the fi eld in the 
generation of AFE-derived tissues from PSCs.  

    Relevance of Generation AFE-Derived 
Tissues 

  Lung and Airways . A severe shortage of donors, in addition 
to surgical, medical, and immunological complications, lim-
its the use of transplantation for many end-stage lung dis-
eases [ 21 ], which kill 100,000–200,000 people in the USA 
every year [ 22 – 25 ]. Stem cell-based approaches to regenera-
tive medicine for lung and airway disease may provide alter-
native therapeutic options. However, convincing evidence of 
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engraftment of any type of stem cell or its progeny in the 
lung in animal models of lung injury is lacking or at the very 
least controversial [ 26 – 29 ]. One reason may be the complex 
architecture and cellular composition of lung and airways. 
The respiratory system consists of a branched system of pro-
gressively smaller airways that terminate in alveoli where 
gas exchange takes place and contains multiple cell types 
with a specifi c regional distribution.    In humans, pseudostrat-
ifi ed epithelium consisting of ciliated, mucus (goblet), secre-
tory (Clara), neuroendocrine, and basal cells lines trachea 
and bronchi. The proximal airways also contain submucosal 
glands. In the alveoli,    alveolar epithelial type I (ATI) cells 
are essential for gas exchange, while type II (ATII) cells pro-
duce surfactant and are critical for the maintenance of alveo-
lar integrity [ 30 ,  31 ]. A second reason for the absence of 
models of stem cells engraftment in lung and airway is likely 
the extensive infl ammation and subsequent fi brosis and 
destruction of the supporting structures caused by injury and 
disease [ 32 ]. Transplantation of artifi cial or decellularized 
native lung matrices seeded with autologous, iPSC-derived 
cells appears a valid option, though its implementation is still 
far away [ 33 ]. Although proof-of-principle for this approach 
has been provided in rat models using fetal or neonatal lung 
cell suspensions [ 34 ,  35 ], the challenges to clinical applica-
tion of this approach are still enormous.    These include, in 
addition to challenges related to the process of decellulariza-
tion, the design and generation of appropriate artifi cial scaf-
folds and biomechanical properties of the resulting graft 
[ 33 ], the generation from autologous iPSCs of suffi cient 

 numbers of the appropriate types of mature epithelial cells, 
which selectively home to their correct niches in the bron-
choalveolar tree, and of regionally distinct postnatal stem and 
progenitor cells to provide endogenous regenerative capacity. 
Furthermore, for adequate mucociliary function planar polar-
ity must be established correctly and uniformly, so that cili-
ary motion is not random. In vitro generated mature lung and 
airway epithelium from PSCs is also an excellent platform 
for the study of congenital and acquired human lung disease 
[ 36 ,  37 ], such as cystic fi brosis, tracheoesophageal fi stulas, 
surfactant defi ciency syndromes, and infectious disease 
caused by agents with specifi c tropism for human respiratory 
cell types, and for high-throughput drug screening [ 38 ]. 
Finally, the availability of suffi cient numbers of cells at well-
defi ned and controlled stages of development will allow 
unprecedented insight into human development [ 1 ,  13 ]. 

  Thymus . The thymus is the site of production of T lympho-
cytes from hematopoietic precursors that seed this organ from 
the bone marrow [ 39 ,  40 ]. Thymic epithelial cells (TECs) of 
two predominant, but still heterogenous subtypes, cortical 
(cTEC) and medullary (mTEC), are of endodermal origin and 
are critical for the establishment of a self-tolerant adaptive 
cellular immune system through processes of positive and 
negative selection (Fig.  1 ) [ 39 ,  41 – 44 ]. Early CD4−CD8− 
lymphoid precursors enter the thymus at the corticomedullary 
junction and develop into double positive (CD4+CD8+) 
thymocytes in the cortex. Interactions with cTECs are impor-
tant for positive selection. Only those cells that are able to 

  Fig. 1    Schematic representation of the structure of the thymus and of the processes of positive and negative selection       
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interact with self-antigens presented on major histocompati-
bility complex (MHC) molecules on cTECs (approximately 
2 %) survive and proceed through further differentiation. The 
cells then move to the medulla, become single positive (CD4+ 
or CD8+), and undergo negative selection. Here, self-antigens 
that are normally only expressed in peripheral tissues (tissue-
restricted antigens) are presented to the cells either on MHC 
of mTECs, where they are transcriptionally induced by the 
transcriptional regulator, autoimmune regulator (AIRE), or on 
MHC of dendritic cells, onto which they can be transferred 
from mTECs. Strong recognition induces apoptosis and, 
therefore, deletion. In this way, strongly autoreactive T cells 
are eliminated [ 39 ]. Furthermore, regulatory T cells (Tregs), 
which are capable of suppressing antigen-specifi c T cell 
responses, are selected in the medulla in a process that involves 
dendritic cells and, at least in humans, Hassall’s corpuscles, 
distinct structures composed of mTECs and associated with 
dendritic cells that occur at much higher frequency in human 
than in mouse thymus [ 45 ]. While the purpose of negative 
selection in the medulla, deletion of autoreactive T cells, is 
obvious, the purpose of positive selection is less clear. One 
hypothesis holds that T cells with weak autoreactivity display 
stronger responses to foreign antigens [ 46 ]. As such, T cells 
respond best to antigen presented by cognate MHC on anti-
gen-presenting cells. Another hypothesis, which is not mutu-
ally exclusive, posits that positive selection is required to 
regulate peripheral T cell homeostasis. T cells, in particular 
CD8+ cells, require continuous exposure to the MHC on 
which they were selected to survive, and it is likely that the 
antigen presented by MHC in the periphery is autoantigen 
[ 47 ].    Thus, selection of T cells with low but not negligible 
autoantigen responsiveness (positive selection), but deletion 
of T cells with strong responses to tissue-specifi c antigens 
(negative selection) creates a self- tolerant T cell repertoire, 
and a pool of T cells that survives best and is optimally func-
tional in the host where they were positively selected.

   A major reason to generate TECs from hPSCs is the 
improvement of so-called human immune system (HIS) mice, 
where the HIS is modeled in the mouse, a major challenge in 
immunology [ 48 ,  49 ]. HIS mice are immunodefi cient 
 Rag1  −/−  Ilr2g  −/−  or NOD-SCID Ilr2g  −/−  (NSG) mice reconsti-
tuted with human hematopoietic stem and progenitor cells 
[ 50 ,  51 ]. While in particular β cell reconstitution was effi -
cient, myeloid reconstitution was low, human T cell responses 
were weak, and peripheral T cell homeostasis was abnormal 
[ 52 ,  53 ]. Better T cell reconstitution and T cell- mediated 
immunity was achieved by co-transplantation with a human 
fetal thymus under the kidney capsule, providing proof-of-
principle that the presence of human thymic tissue is critical 
[ 54 ,  55 ]. The presence of myeloid antigen- presenting cells 
derived from HSCs was furthermore shown to be important 
for T cell homeostasis in the periphery [ 56 ]. A subsequent 
improvement was the development of personalized immune 
(PI) mice [ 57 ], in which immune systems are generated from 

HSCs of adult patients with disease, allowing analysis of the 
role of genetic diversity in HSC- determined disease suscepti-
bility and immune responses. In this model, the thymus tissue 
and HSCs, which also generate the myeloid cells that present 
antigens to T cells during immune responses, are from differ-
ent donors but share at least one human leukocyte antigens 
(HLA) molecule. Antigen-specifi c T cell responses and main-
tenance of newly generated T cells, which also requires rec-
ognition in the periphery of cognate HLA (the human MHC) 
on which T cells were selected by TECs [ 58 ], would be opti-
mized by the addition of or substitution of autologous thymus 
for allogeneic thymic tissue in the PI mouse model. In such a 
model, a full complement of “self” (i.e., HSC donor) HLA 
molecules on thymic tissue would positively select T cells 
that interact with all of these HLA molecules on autologous 
antigen- presenting cells in the periphery. Using iPSCs, HIS 
mice can be constructed where thymus and hematopoiesis are 
autologous and patient specifi c, thus better capturing genetic 
diversity in disease susceptibility and immune responses. 
Furthermore, co-transplantation of autologous, iPSC-derived 
tissues, for example, pancreatic β cells from type I diabetes 
patients, will allow study of tissue-specifi c immune responses. 

 Medical conditions where autologous thymus replace-
ment would be benefi cial are congenital diseases where a 
thymus is lacking, such as the FOXN1-defi cient nude/SCID 
syndrome [ 59 ,  60 ] and complete DiGeorge syndrome (DGS) 
[ 61 – 63 ]. It is furthermore widely hypothesized that improv-
ing thymic function in the elderly, which have undergone 
severe thymic atrophy, will increase immunological and per-
haps overall health [ 64 – 68 ]. Thymic involution, which 
begins during adolescence and leads to a decrease in the pro-
duction of naïve T cells [ 64 ], also complicates allogeneic 
hematopoietic stem cell transplantation (aHSCT), a poten-
tially curative treatment for many leukemias and lympho-
mas, in middle-aged and older adults. In these patients, the 
pre-transplant conditioning regimen and posttransplant graft-
versus-host disease superimposed on physiological age-asso-
ciated thymic involution severely affect thymic function, 
resulting in delayed T cell reconstitution where the full T cell 
repertoire is rarely restored [ 69 – 71 ]. Impaired cellular immu-
nity in these patients results in increased relapse of the pri-
mary tumor, chronic viral infection, secondary malignancy, 
and vaccine failure [ 69 ]. Co-transplanting iPSC- derived thy-
mus from the same donor as the donor of the HSCs would 
very likely improve the outcome aHSCT in these patients. It 
is also important to note that orthotopic transplantation is not 
required, as the thymus can be transplanted intramuscularly 
in the quadriceps muscle [ 60 ,  62 ,  63 ]. 

  Parathyroid . Parathyroid replacement can be envisaged 
in several conditions associated with hypofunction of the 
parathyroids, collectively called hypoparathyroidism, char-
acterized by hypocalcemia and hyperphosphatemia. 
Hypocalcemia causes muscular irritability, tetany, seizures, 
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paresthesias, congestive heart failure, long QT, calcifi cation 
of the basal ganglia, altered mental state, and pseudotumor 
cerebri but can also be asymptomatic, in particular when 
slowly developing and long standing [ 72 ]. The most com-
mon form of hypoparathyroidism is iatrogenic. One to six 
percent of total thyroidectomies are complicated by inadver-
tent excision of all parathyroids or interruption of their blood 
supply. In addition, radical neck dissection for cancer and 
selective parathyroidectomy for primary or secondary hyper-
parathyroidism can lead to hypoparathyroidism [ 72 ]. Genetic 
diseases associated with hypoparathyroidism include the 
11q22 deletion or DGS [ 61 ], activating mutations in the cal-
cium sensing receptor ( CaSR ) and mutations in  PTH ,  GCMB , 
and  SOX3 . Hypoparathyroidism can also be part of complex 
genetic syndromes, such as heterozygous GATA3 mutations 
[ 73 ]. Finally, autoimmune disease can lead to isolated hypo-
parathyroidism or to multiple endocrine defi ciencies that 
include hypoparathyroidism [ 72 ]. Hypoparathyroidism is 
one of the few endocrine defi ciencies where hormone 
replacement therapy is not FDA approved. Hypocalcemia is 
treated with vitamin D and calcium supplementation, which 
needs to be taken lifelong [ 72 ,  74 ]. Importantly, even though 
serum calcium and Pi are within physiological levels, cal-
cium/Pi homeostasis is non-physiological. Furthermore, the 
incidence of kidney stones and cataracts is increased, while 
quality of life is compromised in patients with postsurgical 
hypoparathyroidism [ 75 ]. Interestingly, although endoge-
nous PTH mobilizes calcium from bone, PTH treatment 
appears effective in the treatment of osteoporosis, likely 
because of the intermittent nature of subcutaneously admin-
istered PTH (1–34)   . Further complicating PTH therapy is the 
fact that regulation of PTH activity is also achieved by the 
secretion of C-terminal fragments, which may act as receptor 
antagonists and may in addition have as yet unknown bio-
logical functions [ 74 ]. Replacing parathyroids with iPSC- 
derived, patient-specifi c tissue would be the best therapeutic 
option. For genetic syndromes where parathyroid develop-
ment is defective, gene correction will be required or the 
genetic defect will need to be bypassed to achieve appropri-
ate parathyroid development in vitro. In iatrogenic hypo-
parathyroidism, the most frequent form of 
hypoparathyroidism, this is not necessary, however. Similar 
to the thymus, orthotopic transplantation is not required, as 
parathyroids can be transplanted subcutaneously [ 76 ]. 

  Thyroid . Congenital hypothyroidism, autoimmune disease, 
and thyroid resection for malignancy are prime causes of 
hypothyroidism [ 77 ]. Current thyroid replacement therapy is 
very effective and economical. However, the capability to 
differentiate hPSCs into thyroid follicle cells would allow 
the generation of in vitro models of normal and abnormal 
thyroid function that currently do not exist [ 78 ].  

    Development of the AFE and Derived 
Structures 

 Differentiating PSCs exhibit remarkable degrees of similar-
ity with their developing in vivo counterparts [ 1 ,  10 ,  11 ,  13 ], 
and recapitulating sequential steps in development lies at the 
basis of the relative success in the differentiation of PSCs 
into, for example, cardiac myocytes [ 15 ], pancreatic cells [ 9 , 
 12 ], hepatocytes [ 14 ,  79 ], neural tissue [ 16 ,  17 ,  19 ], intestine 
[ 20 ], and hair cells of the inner ear [ 18 ].    Development pro-
ceeds through sequential cell fate decisions, whereby cells 
adopt distinct transcriptional regulatory states. These confer 
a unique susceptibility to various inductive cues, which 
guide and determine subsequent cell fate decisions. Inductive 
cues include interactions with extracellular matrix and with 
neighboring cells, as well as autocrine and paracrine signal-
ing by soluble molecules. Many of these soluble molecules 
are morphogens, which have dose-dependent effects and 
direct position-specifi c differentiation events by inducing 
distinct sets of genes at different concentrations thresholds. 
In addition, the responsiveness of cells to these signals shows 
spatial and temporal restriction. Therefore, not only the 
nature of morphogens but also their concentration and timing 
are critical to direct differentiation [ 80 ,  81 ]. Both the signal 
transduction pathways and transcription factors that guide 
differentiation of cells though development are remarkably 
conserved throughout evolution. Thus, examining the pat-
terning events driving murine AFE development will provide 
valuable information to be applied to subsequent derivation 
of human AFE from human ESCs. An overview of the devel-
opment of the AFE in the mouse is shown in Fig.  2 .

    Development of the defi nitive endoderm . The earliest 
lineage restriction of the embryo proper occurs during gas-
trulation, in which the three germ layers, ectoderm (brain, 
skin), mesoderm (heart, muscles, blood), and endoderm (gut 
tube, lungs) are established. During this process, which 
occurs at around E7, cells move through a posterior structure 
in the early embryo called the primitive streak, in a complex 
and still incompletely understood process that involves sig-
naling by fi broblast growth factor (FGF) 8, bone morphoge-
netic protein (BMP) 4, Wnt, and the transforming growth 
factor (TGF)-β family member, nodal    [ 82 ]. Specifi cation 
into mesoderm versus endoderm depends on the strength of 
nodal signaling. Cells exposed to the highest agonism 
become defi nitive endoderm (DE, marked by  Sox17 , and 
 Foxa1 - 3 ), while cells exposed to lower levels of nodal signal-
ing are fated towards mesoderm [ 83 ,  84 ]. The DE, which at 
this point is a single layer of cells, folds at E8–E8.5 at its 
 proximal and distal ends and subsequently along the lateral 
borders. As the embryo turns, the endoderm, which was orig-
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inally at the perimeter of the embryo proper, becomes the 
innermost layer and forms a tube where organ domains are 
progressively defi ned through transcriptional and epigenetic 
mechanisms along the anterior-posterior axis. The anterior 
aspect is marked by the transcription factors  Sox2 ,  Hhex , and 
 Foxa2 , while the posterior half is marked by  Cdx2  [ 85 ]. 
Permissive and instructive signals from the primitive streak, 
the node and subsequently from surrounding mesoderm, the 
visceral endoderm, and the dorsally located notochord deter-
mine the fate of individual segments of the embryonic gut 
tube [ 80 ,  81 ]. Developmental and mES differentiation stud-
ies have implicated Wnt and FGF4 agonism as important for 
posterior endoderm specifi cation [ 20 ,  86 – 88 ], while the mor-
phogens important for anterior endoderm patterning remain 
elusive. The initial patterning of the endoderm may at least 
in part be established during gastrulation, however, and as 
timing of the exit from the primitive streak appears to deter-
mine anteroposterior identity [ 89 ]. 

  Patterning of the AFE . Further organ domain specifi cation 
leads to separate zones in the AFE. Most proximal is the pha-
ryngeal endoderm, which forms lateral extensions, called 
pharyngeal pouches. The thyroid gland properly develops 
from the fl oor of the pharynx, from an anlage that expresses 
 Nkx2.1  and  Pax8  [ 81 ]. The lung fi eld, which arises distal to 
the pharyngeal pouches, is characterized by the expression 

of  Nkx2.1  but not  Pax8  [ 81 ]. An integrated view of how spe-
cifi c organ domains of the AFE are established is largely 
lacking. Signals emanating from within the endoderm itself 
and instructive and permissive signals from the surrounding 
cardiac mesoderm, the notochord, and neural crest play a 
critical role in organ domain specifi cation and migration 
[ 41 ,  42 ,  80 ,  81 ]. Organ domains may also be prepatterned 
through epigenetic mechanisms during the development of 
DE and of the gut tube, as has been shown for pancreas and 
liver [ 90 ]. A better understanding of the mechanisms 
involved in organ domain specifi cation will be essential to 
achieve directed differentiation of AFE-derived tissues. 

  Thymus and parathyroid development . The pharyngeal 
endoderm forms four outcroppings, called pharyngeal 
pouches, at E9.5 in the mouse. These develop into specifi c 
organs: eustachian tube and inner leafl et of tympanic mem-
brane (fi rst pouch), palatine tonsils (second pouch), thymus 
(ventral third), parathyroids (dorsal third and, in humans but 
not in mice, fourth pouch), and parafollicular C cells of the 
thyroid (fourth pouch) [ 91 ,  92 ]. The pharyngeal endoderm 
expresses  Tbx1 ,  Pax1 ,  Pax9 ,  Six1  and  Eya1,  and, restricted to 
the region caudal of the second pouch,  Hoxa3 . Together, 
these factors likely form a transcriptional cascade that is 
essential for specifying the third pharyngeal pouch and its 
derivatives [ 42 ,  43 ,  93 – 98 ]. Loss of  Tbx1  is the most likely 

  Fig. 2    Schematic representation of the development of the AFE and its derivatives in the mouse       
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cause of the DGS [ 99 – 102 ]. At E9.5 in the mouse,  Gcm2  
(called  GCMB  in humans) is expressed, defi ning the dorsal 
domain of the third pharyngeal pouch that will become the 
parathyroid [ 103 ]. Upstream of  Gcm2  is  Gata3  [ 38 ]. Deletion 
or mutation of  Gcm2  or  Gata3  causes parathyroid aplasia 
[ 73 ,  104 ]. The ventral domain begins to express  Foxn1  at 
E11.5 and is fated to develop into the thymus [ 103 ]. It is 
unclear which transcription factors, morphogens, and growth 
factors are essential in thymus and parathyroid specifi cation. 
While  Gcm2  and  Foxn1  are required for the development of 
parathyroid and thymus, respectively, neither are essential 
for specifi cation of these organ primordia, however [ 42 ,  43 ]. 
Furthermore, how the  Tbx1 - Pax1 / 9 - Six / Eya  network con-
nects to  Gcm2  and  Foxn1  regulation is unclear, and it is very 
likely that not all transcription factors involved in thyroid 
and parathyroid development are currently known. BMP4 
and sonic hedgehog (Shh) may play a major role in the delin-
eation of the thymus and parathyroid domains of the third 
pharyngeal pouch. BMP-4 is expressed in the  Foxn1  domain, 
while its antagonist, Noggin, is expressed in the  Gcm2  
domain. Sonic hedgehog ( Shh ), which is expressed in the 
parathyroid domain, likely negatively regulates BMP4. In 
the absence of  Shh , the  Foxn1  +  thymus domain expands at 
the expense of the parathyroid domain [ 105 – 107 ]. Other fac-
tors that are potentially required for pharyngeal pouch pat-
terning are FGF8 [ 108 ] and Wnt5b [ 109 ], which are 
expressed by the pharyngeal endoderm and in the presump-
tive thymus domain of third pharyngeal pouch but not in the 
parathyroid domain. Several other markers have recently 
been shown to be expressed in the presumptive thymus 
domain prior to Foxn1 expression. These include  Isl1  and 
 Foxg1 and Il7  [ 110 ,  111 ]. The chemokine receptors, CCL21 
and CCL25, which are critical for attracting T cell precursors 
to the thymus, are expressed early in the third pharyngeal 
pouch as well. The former is expressed predominantly by the 
parathyroid primordium, the latter predominantly by the thy-
mus primordium at E10.5 in the mouse [ 112 ]. 

 The third pharyngeal pouch fi rst separates from the phar-
ynx, followed by separation of parathyroid and thymus 
domains. The parathyroid anlage migrates towards the 
developing thyroid, while the thymus migrates towards its 
precordial location [ 41 ,  42 ]. Neural crest plays a critical role 
in the migration, in particular of the thymus [ 113 ], but not in 
the specifi cation of these anlages. This was suggested by the 
fact Splotch mutant mice (Pax3 defi cient), which have severe 
neural crest defects, are athymic. However, parathyroid and 
thymus primordia are present, and an increase in the thymus 
domain at the expense of the parathyroid domain of third 
pharyngeal pouch was observed [ 114 ]. The contribution of 
neural crest-derived cells to the postnatal thymus appears 
limited to pericytes [ 115 ]. The thymus is colonized by 
 hematopoietic cells, and T cell development is initiated. This 
process begins while the thymic lobes move towards the 

precordial location and before the organ is vascularized, 
implying that the earliest T cell precursors move into the 
thymus through the surrounding mesenchyme and neural 
crest tissue [ 116 ]. Further development of the thymus 
beyond the stage of a FOXN1 +  thymic primordium likely 
requires positively selected T cells [ 41 ], as well as, at least 
during embryonic life, lymphoid tissue inducer cells (LTis). 
The latter are CD4+CD8− CD3− hematopoietic cells that 
express CD40 and RANKL and are critical for the develop-
ment of mTECs [ 117 ]. In addition, dendritic cells, which are 
also of hematopoietic origin, are required for appropriate 
thymic function [ 118 ]. FGF7 and FGF10 are expressed in 
the neural crest surrounding the thymus [ 119 ,  120 ]. They 
play a critical role during later thymic development as dele-
tion of  Fgfr3b  blocks thymic growth at E12.5 but appear dis-
pensable for differentiation of TEC progenitors into cTECs 
and mTECS [ 120 ]. 

  Lung . Just distal from the tracheal anlage, the lung buds 
evaginate and connect with the nascent trachea. At the level 
of the developing trachea, dorsoventral patterning differenti-
ates the gut endoderm into the dorsal esophagus (marked by 
 Dlx3  and high expression of  Sox2 ) and a ventral trachea 
(marked by  Nkx2.1  and  Nkx2.5 , as well as lower expression 
of  Sox2 ) [ 30 ,  31 ,  121 ]. Nevertheless,  Sox2  plays a critical role 
in tracheal development and in the maintenance of tracheal 
and proximal airway epithelium, where it is subsequently 
more highly expressed [ 122 ]. Hedgehog signaling from the 
endoderm to the mesoderm is required for the correct separa-
tion of trachea and esophagus, among others through induc-
tion of  Foxf1  [ 80 ,  123 ]. Canonical WNT, BMP, bFGF, and 
FGF10 signaling from the ventral mesoderm to the AFE are 
essential for the specifi cation of the lung fi eld [ 124 – 129 ]. A 
BMP signaling gradient appears critical for the establishment 
of dorsoventral identity, as BMP4 is expressed in the ventral 
mesenchyme, while its antagonist, Noggin, is expressed in 
the dorsal mesenchyme and in the notochord [ 30 ,  130 ]. It has 
been shown that BMP4 signaling represses  Sox2 , which in 
turn, through mechanisms that are currently unclear, allows 
induction of  Nkx2.1 , establishing a reciprocal dorsoventral 
 Sox2 / Nkx2.1  gradient [ 131 ]. Reporter gene lineage tracing 
studies have shown that the lung fi eld, but not the pharyngeal 
pouches, experiences retinoic acid (RA) signaling [ 132 ]. 
Consistent with these observations, RA is required for lung 
bud formation, though not for lung fi eld specifi cation [ 133 –
 135 ]. One role of RA, secreted from the mesoderm, is inhibition 
of the expression of Dkk1, a Wnt inhibitor. Wnt2/2b, essen-
tial for lung bud development, induces FGF10. In addition, 
RA induces FGF10 through alleviation of TGF-β-mediated 
inhibition of FGF10 expression [ 135 ]. 

 The lung buds grow and branch in a stereotyped pattern, 
driven by proliferating progenitors in the tips of buds [ 136 ], 
while the cells that are left in the stalks adopt an airway 
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epithelial cell fate with the emergence of basal, goblet, Clara, 
ciliated, and other cell types [ 30 ,  137 ]. Ultimately, the distal 
aspect of the buds gives rise to alveolar progenitors [ 136 ]. 
The alveolar progenitors slowly mature in the perinatal 
period to give rise to ATI and ATII cells. Alveolar morpho-
genesis and functional maturation proceed in part postnatally 
and go through defi ned pseudoglandular, saccular, and vesic-
ular stages [ 137 ]. The regulation of branching morphogene-
sis and subsequent specifi cation and terminal differentiation 
of specifi c cell types are extremely complex and involve 
interactions of multiple signaling pathways that signal 
between the pulmonary endoderm and the surrounding mes-
enchyme. Among the critical factors secreted by the mesen-
chyme are FGF10 and BMP4, while Hedgehog signals from 
the endoderm to the mesenchyme [ 30 ]. Canonical and non-
canonical Wnt signaling as well as BMP4 are involved in 
promoting a distal fate [ 129 ,  138 ,  139 ], while RA and Notch 
signaling promote a more proximal fate [ 140 ,  141 ]. Notch 
furthermore plays a major role in the cell fate decisions in the 
developing airway epithelium. Notch signaling enhances dif-
ferentiation of tracheal basal cells into secretory and goblet 
cells but not into ciliated cells or neuroendocrine cells [ 142 , 
 143 ]. During early postnatal development, lung and tracheo-
bronchial stem cells that provide extensive regenerative 
capacity are laid down as well [ 29 ]. 

  Thyroid . The thyroid domain is specifi ed at E8.5 and 
expresses  Nkx2.1 ,  Pax8 ,  Hhex1,  and  Foxe1  [ 144 ]. The mech-
anisms involved in thyroid specifi cation show partial overlap 
with those involved in lung bud specifi cation. For example, 
FGF10 derived from the mesenchyme plays a critical role. 
   However, while in the lung fi eld, FGF10 expression depends 
on RA signaling, FGF10 expression if not dependent on RA 
in the thyroid fi eld [ 134 ]. Furthermore, in contrast to the lung 
fi eld, Shh is excluded from the thyroid domain of the AFE 
[ 145 ]. The thyroid evaginates from the fl oor of the pharynx 
and migrates caudally to its fi nal position ventral of the thy-
roid cartilage [ 144 ]. Thyroid-stimulating hormone (TSH) 
signaling through its receptor, TSHR, only plays a role after 
thyroid morphogenesis has been completed [ 146 ].  

    Generation of Anterior Foregut Endoderm 
Derivative from Pluripotent Stem Cells 

  Directed differentiation . Current literature suggests that 
recapitulating development is the best approach to achieve 
differentiation of PSCs into a given cell type, a strategy 
referred to as directed differentiation [ 1 ,  10 ,  11 ]. However, 
while mechanisms underlying germ layer specifi cation are 
quite well understood and could be applied successfully to 
the specifi cation of DE from PSCs [ 10 ,  11 ,  83 ,  84 ,  147 ], the 
factors involved in the specifi cation of organs domains, of 

specifi c mature cell types, and of postnatal stem cells within 
these organs are less well understood. It is, for example, not 
known how thymus and parathyroid are specifi ed [ 42 ,  43 ]. 
Directed differentiation of PSCs combined with more unbi-
ased approaches, such as morphogen and small molecule 
screens, may therefore reveal novel mechanisms underlying 
tissue specifi cation and development and provide an acces-
sible model for mechanistic studies, in particular in the 
human. To generate AFE derivatives, primitive streak and 
DE have to be induced fi rst. Subsequently, anteroposterior 
patterning of the DE has to be achieved to generate AFE. 
Next, dorsoventral patterning of AFE is required to induce 
specifi c organ domains, which can be further differentiated. 
An overview of the current status of the fi eld in directed dif-
ferentiation of AFE derivatives is shown in Fig.  3 .

    Generation of defi nitive endoderm . ES cells are maintained 
in an undifferentiated state in specifi c culture conditions. 
Removal from these conditions results in the formation of 
embryoid bodies, spheres of cells where spontaneous gastru-
lation takes place, leading to the random generation of deriv-
atives of all germ layers [ 1 ]. Several protocols have been 
developed to induce DE from PSCs in mouse and human. It 
has been shown that highly enriched DE can be generated by 
exposing ES cells, after withdrawal from conditions that 
maintain self-renewal, in either EB or monolayer format to 
serum-free conditions in the presence of high concentrations 

  Fig. 3    Stepwise differentiation strategy for AFE and AFE derivative 
from pluripotent stem cells. Developmental progenitor fates that hPSCs 
must pass through to differentiate into tissues derived from the AFE are 
depicted together with critical signaling pathways (indicated in  grey ), 
based on current literature, required for the conversion between devel-
opmental progenitors       
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of Activin A, which mimics nodal signaling [ 14 ,  83 ,  84 ,  147 , 
 148 ]. A potential alternative to Activin A is small molecules. 
One such small molecule screen showed that two putative 
HDAC inhibitors, Ide1 and Ide2, can also induce DE [ 149 ]. 
DE induction from hPSCs in monolayer culture may be faster 
(3 instead of 5 days) but typically requires low amounts 
(0.2 %) of serum, however, although it has recently been 
shown that addition of BMP4, bFGF, and VEGF obviates the 
requirement for serum [ 150 ]. Addition of low concentrations 
of BMP4 and FGF2 have also been shown to enhance DE 
formation in EBs [ 151 ]. However, high BMP signaling in the 
absence of FGF signaling promotes primitive ectoderm and 
trophectoderm formation [ 84 ], while BMP exposure after 
endoderm induction favors a hepatic fate [ 14 ]. The appropri-
ate concentrations and duration of exposure to these factors 
vary between laboratories [ 150 – 153 ] and need to be deter-
mined empirically. Wnt signaling is also required for primi-
tive streak induction [ 82 ,  147 ] but is often not included in 
differentiation protocols [ 150 ,  151 ,  153 ]. It is likely that 
endogenous Wnt signaling in the cultures is suffi cient for DE 
induction in the presence of high concentrations of Activin 
A. We have observed, however, that some variation among 
hPSC lines in the induction of DE can be alleviated by adding 
low doses of Wnt3a or a GSK inhibitor on the fi rst day of DE 
induction (unpublished data). Use of an inhibitor (Y-27632) 
of the Rho kinase, ROCK, during the fi rst day of differentia-
tion has been shown to better maintain viability of dissoci-
ated hPSCs [ 154 ] and increases the yield of DE cells [ 152 ]. It 
is likely however that the strategy used to specify DE will 
determine its ultimate differentiation potential. For example, 
the length of induction of DE by Activin A is important in 
determining the subsequent potential of the cells. It has been 
shown that longer exposure to Activin A (7 days instead of 5 
days) makes hESCs more amenable to differentiation into 
pancreatic endocrine cells when using the EB system but not 
when DE is induced in a monolayer [ 150 ]. In vitro generated 
DE expresses Epcam [ 85 ], c-KIT [ 14 ], and CXCR4 [ 84 ], so 
that the quality of DE induction can be assessed by fl ow 
cytometry, in addition to immunofl uorescence and qPCR for 
the DE markers SOX17 and FOXA2. Up to 90 % pure DE, as 
judged by expression of Epcam, c-KIT, and CXCR4, can be 
achieved in hPSCs, although signifi cant variability exists 
among lines in their capacity to generate DE. 

  Generation of AFE . Green et al. [ 153 ] observed that DE 
induced from hPSCs for 4.5 days in the presence of high 
Activin A and low concentrations of BMP4 and FGF2 shows 
a posterior bias, likely explaining why specifi cation of 
hepatic, pancreatic, and intestinal fates has been reported [ 9 , 
 12 ,  14 ,  20 ,  79 ,  150 ], while, until recently, there were no 
reports of the effi cient specifi cation of AFE or of AFE- 
derived tissues. A morphogen screen revealed that exposure 
of DE to a combination of NOGGIN, a physiological inhibi-

tor of BMP signaling, and SB-431452, a pharmacological 
inhibitor of Activin A/nodal and TGF-β signaling (NOGGIN/
SB-431542 or NS), led to expression of the foregut marker 
 SOX2 , suppression of the posterior marker  CDX2 , and main-
tenance of the endoderm marker  FOXA2  (Fig.  2 ) [ 153 ]. 
When transplanted under the kidney capsule of immunodefi -
cient mice, these cells generated growths containing pre-
dominantly AFE-derived tissues, including GCM2+ 
parathyroid, AIRE+ putative TECs, and SP-C+ tubular struc-
tures indicative of lung and airway potential. There is devel-
opmental precedent for the importance of these compounds 
in anterior axial patterning. The most anterior endoderm is 
derived from cells that move through the primitive streak 
fi rst and then leave the node. Hence, this part of the endo-
derm is the farthest removed from the nodal signaling area of 
the epiblast for the longest time. Furthermore, these cells are 
exposed to the nodal inhibitors, Lefty and Cerberus-like, 
from the anterior visceral endoderm that surrounds the form-
ing DE [ 155 ,  156 ]. During its anterior migration, the cells 
fated to become AFE also pass through a zone where the 
BMP inhibitor Noggin is expressed in the anterior mesoderm 
[ 157 ]. This may explain why blocking TGF-β and BMP sig-
naling after exposure to Activin A is required to specify this 
part of the endoderm. As such, these in vitro differentiation 
studies suggest a possible mechanism for AFE specifi cation 
that is operative in vivo. 

  Generation of lung progenitors . There were, until recently, 
no reports of specifi c induction of a respiratory fate from 
mouse or human PSCs. Some studies reported lung differen-
tiation from stochastically differentiating mPSCs but failed 
to show the effi ciency of the protocol or depletion of other 
lineages [ 158 – 161 ]. An alternative approach has been the 
generation of a mES line where the neomycin resistance 
gene is expressed under the control of the promoter of the 
ATII marker,  Sftpc  (SP-C) [ 162 ]. Selection for neomycin- 
resistant cells from differentiating ES cells yielded cells with 
an ATII-like phenotype. However, genetic modifi cation and 
selection carries the risk of mutations in the resulting cells. 
Green et al. attempted to specify the lung fi eld from in vitro 
generated AFE by applying factors that are known to play a 
role in ventralization of the AFE in vivo. Treatment of hPSC- 
derived AFE, generated after 4.5 days of DE induction fol-
lowed by 2 days of anteriorization with NOGGIN and 
SB-431542, with combinations of Wnt, FGF10, FGF7, EGF, 
and BMP leads to an increase in  Nkx2.1  expressing cells and 
a decrease in  Sox2  expression [ 153 ]. These data suggested 
ventralization and are consistent with the notion that FGF, 
BMP, and Wnt signaling are critical in the dorsoventral pat-
terning of AFE [ 124 – 127 ,  131 ]. It is likely, based on these in 
vivo studies, that Wnt, BMP, and FGF10 are essential. The 
ventral AFE contains both pharyngeal and lung fi eld endo-
derm, however. Reporter gene lineage tracing studies have 
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shown that the lung fi eld, but not the pharyngeal pouches, 
experiences RA signaling [ 132 ,  163 ] and that RA is required 
during lung bud formation, through induction of FGF10 and 
Wnt2/2b [ 135 ]. In addition, RA represses TBX1, which is 
essential for the proper development of the pharyngeal endo-
derm [ 164 ]. Consistent with these in vivo fi ndings in the 
mouse, addition of RA to the Wnt, FGF10, FGF7, EGF, and 
BMP cocktail decreased expression of the anterior pouch 
marker PAX1 but increased  FOXP2 ,  NKX2.1 ,  GATA6 , and 
the ciliated cell marker  FOXJ1 , a constellation of markers 
suggestive of a lung fi eld fate and depletion of pharyngeal 
fate [ 153 ]. Together, these fi ndings illustrate the value of fol-
lowing developmental paradigms discovered in the mouse 
model to direct differentiation of hPSCs and were the fi rst 
demonstration of specifi c and quantifi ed directed differentia-
tion of the lung fi eld from hPSCs. 

 Longmire et al. subsequently used a similar strategy with 
an Nkx2.1:GFP genetic reporter for pulmonary epithelium 
[ 165 ]. There were several differences with the data of Green 
et al. in the human model however [ 153 ]. The effi ciency of 
lung fi eld generation was lower. Furthermore, ventralization 
required FGF2. Finally, some of the Nkx2.1:GFP +  cells 
showed evidence of thyroid specifi cation, which was not 
observed in hPSCs [ 153 ]. This may be a refl ection of inter-
species variation and of the differences in the rate of develop-
ment between humans and mice. Identifying and targeting 
the optimal developmental time window where cells are 
responsive to appropriate inductive signals may be more 
challenging in PSCs from the mouse, where development 
proceeds much more rapidly than in humans. In another 
report, Mou et al. used monolayer, as opposed to embryoid 
body differentiation, and observed that only inhibition of 
TGF-β was required for the specifi cation of AFE in mouse 
ES cells [ 166 ]. This produced, after ventralization in the 
presence of Wnt, BMP, and FGF2 signaling, Nkx2.1 +  puta-
tive lung fi eld epithelial cells from hPSCs with an effi ciency 
of 15 % and from mPSCs with an effi ciency of 10 %, again 
strikingly lower than what was reported in hPSCs. These 
authors also observed that addition of BMP4 was suffi cient 
to induce NKX2.1, but that endogenous Wnt and FGF signal-
ing was required. These observations were reproduced using 
iPSCs from cystic fi brosis patients, suggesting that human 
disease modeling could be undertaken using this strategy. 

  Terminal maturation of lung and airway . Green et al. 
showed that continued culture after ventralization in the 
absence of BMP-4 and RA but in the presence of Wnt, 
FGF10, and FGF7 induced expression of SP-C, a marker not 
only of ATII cells but also of early lung progenitors at E11 in 
the mouse [ 153 ]. These fi ndings are in accordance with the 
observation that within the developing mouse lung, RA 
signaling is most pronounced proximally, while constitu-
tively active RA signaling favors a proximal fate [ 140 ,  163 ]. 

Furthermore, Wnt and FGF signaling have been shown to 
promote a distal fate [ 138 ,  167 ]. Mou et al. found that a 
minority of mESCs-derived Nkx2.1 cells could be induced to 
express proximal markers ( p63 ,  Sox2 ) after addition of 
BMP7 and FGF7 and that this effect was enhanced by Wnt 
inhibition [ 166 ]. Further differentiation in vitro was not doc-
umented however. Some of the cells did form spherical struc-
tures expressing proximal airway markers after subcutaneous 
transplantation in vivo. Unfortunately, similar maturation 
studies in the  cystic fi brosis iPSCs failed to show any mature 
cell types in vivo. 

 In the presence of FGF2 and FGF10, purifi ed Nkx2.1:GFP +  
mESC-derived cells induced a variety of airway and alveolar 
markers, while addition of established maturation compo-
nents for fetal lung explants cultures, consisting of dexa-
methasone, butyrylcAMP and isobutylmethylxanthine (DCI) 
[ 168 ], upregulated expression of SP-C, SP-B, and the Clara 
cell marker (CCSP). Furthermore, Nkx2.1:GFP +  cells could 
home to a decellularized lung matrix and in some cases gen-
erate cells with marker expression and morphology consis-
tent with ATI cells [ 165 ]. While this work showed that it is 
possible to differentiate mESCs into several lineages of lung 
and airway epithelial cells, the requirement for an 
Nkx2.1:GFP reporter is a drawback, as this approach cannot 
be used routinely in hPSCs. 

 While it is now established that lung bud epithelium can 
be generated from PSCs, many challenges remain. 
Specifi cation protocols with terminal maturation steps will 
be needed to generate each of the different cell types of the 
proximal airway and alveoli. The lung and airways are also 
endowed with postnatal stem cells [ 29 ]. As postnatal lung 
and airway stem cells can regenerate airway and alveolar 
epithelium after severe injury in vivo, seeding decellularized 
lung matrices with these cells will likely achieve the most 
physiological locoregional distribution of appropriate cell 
types. However, although several populations have been 
identifi ed in the mouse that, based on lineage tracing experi-
ments, display regenerative capacity in vivo or are able to 
form colonies containing mature cells in vitro, none have 
been purifi ed to homogeneity, and except for tracheal basal 
cells, their physiological role, phenotype, and physical loca-
tion are unclear [ 169 – 174 ]. In particular, it is not known 
which cells are responsible for regeneration of alveoli [ 172 , 
 175 ], although a newly identifi ed p63+ distal airway cell 
[ 176 ] and a population of distally located a6b4 integrin 
expressing cells [ 172 ] are good candidates. A focus of the 
fi eld should therefore include identifi cation and generation 
of postnatal stem cells of the human lung. Directed differen-
tiation hPSCs may represent a “forward” strategy to eluci-
date the nature and function of postnatal human lung and 
airway stem cells. Finally, functional assays are required to 
test the function of hPSC-derived lung and airway epithelial 
cells populations. 
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  Generation of TECs . Of critical importance for efforts at gen-
erating TECs is that it is likely suffi cient that the stage of a 
specifi ed fetal TEC progenitor, equivalent to E11.5 in the 
mouse, is reached. The thymus domain of the third PP at 
E11-12 stains with the MTS24 antibody in the mouse [ 177 , 
 178 ]. Using this antibody, which recognizes Plet1 (unfortu-
nately, humans do not have a Plet1 orthologue) [ 179 ], it was 
possible to purify TEC progenitors, which can reconstitute a 
fully functional thymus after transplantation under the kidney 
capsule of adult mice [ 177 ,  178 ]. Although MTS24 was sub-
sequently shown not to uniquely identify all TEC progenitors 
in the third PP [ 180 ], these fi ndings do show that purifi ed 
fetal TEC progenitors are suffi cient to establish a functional 
thymus after transplantation. It is likely that other supporting 
cells required for thymic growth are recruited from the host. 
Lineage tracing experiments have furthermore shown that 
single fetal TEC progenitors can give rise to both mTECs and 
cTECs [ 181 ]. It is therefore likely that hPSC- derived fetal 
TEC progenitors will establish a functional thymus and sup-
port development of human T cells after transplantation into 
immunodefi cient mice engrafted with human HSCs. 

 There are no reports of the generation of TEC progenitors 
from hPSCs. One report described the generation of TECs 
from mESCs [ 182 ]. In this report, differentiating mESCs 
were exposed to a combination of factors, FGF7, FGF10, 
BMP4, and EGF, that are known to play a role in terminal 
differentiation of TECs or of epithelial cells in general. A 
minor population of Epcam   + cells arose that was enriched 
for the expression of  Krt5 ,  Krt8 ,  Pax1 ,  Pax9 ,  Foxn1,  and 
 Plet1 . After reaggregation with thymocytes and transplanta-
tion under the kidney capsule, these cells formed structures 
resembling thymus where evidence of ongoing T cell devel-
opment was present. Furthermore, these mice displayed 
higher numbers of peripheral T cells. Although naïve T cells 
appeared increased, there were no data on the number of 
memory T cells, which should decrease, as T cell numbers 
are determined by peripheral homeostatic mechanisms [ 47 ]. 
Remarkably, these ES-derived putative TECs engrafted after 
intrathymic injection into allogeneic hosts. These fi ndings 
are remarkable for several reasons. First, it appeared unnec-
essary to direct differentiation along established develop-
mental stages (endoderm, AFE, pharyngeal endoderm, 
pharyngeal pouch endoderm, TEC progenitors). Rather, 
 adding factors that play a role in the fi nal stages of thymic 
development appeared suffi cient. Second, the cells did not 
appear to be rejected by an irradiated allogeneic host. The 
same authors showed in subsequent paper that mES-derived 
TECs could prevent graft-versus-host disease after alloge-
neic bone marrow transplantation [ 183 ]. While potentially 
very exciting, these observations require independent confi r-
mation. Another report demonstrated that EBs developing in 
serum- free conditions contain cells that express markers of 
pharyngeal endoderm and of thymus. These EBs were able 

to support T cell development when reaggregated with 
CD4−CD8− fetal thymocytes but did not generate functional 
thymic tissue after transplantation under the kidney capsule 
[ 184 ]. As EBs are ESC-derived structures that arise after 
conditions conducive to self-renewal are withdrawn and 
where a process equivalent to gastrulation takes place, it is 
not entirely surprising that several lineages, including TECs, 
are detected. Finally, one report describes the appearance of 
thymic markers after exposure of mESC-derived DE to 
FGF7, FG10, and BMP4. No functional studies were per-
formed, and the depletion of other lineages was not reported 
[ 185 ]. Taken together, a reliable, reproducible protocol to 
generate a functional and pure thymic organoid from hPSCs 
has not been reported, although some progress has been 
made in the mouse model. 

  Parathyroid . The generation of cells expressing markers 
consistent with parathyroids has been reported [ 186 ,  187 ]. 
These studies were based on differentiation of mES cells into 
endoderm, followed by extended culture in the absence of 
Activin A in varying concentrations of serum. However, rig-
orous quantifi cation, assessment of depletion of alternative 
lineages, or functional analysis in vivo of these cells is not 
available. We observed in a medium throughput screen that 
hPSC-derived AFE, ventralized in the absence of RA and 
then exposed to either FGF8,    SHH, or FGF8 and SHH 
expressed GCM2 in a large fraction of the cells [ 153 ]. 
   However, PTH expression was not detected. Furthermore, 
GCM2 was almost exclusively cytoplasmic (unpublished 
data), likely explaining the lack of PTH expression. The rea-
son for the cytoplasmic location of GCM2 is unclear. These 
data however again illustrate the diffi culties facing efforts to 
generate functionally mature cells. 

  Thyroid . Rigorous protocols to induce thyroid have not yet 
been established, and there are no studies in hPSCs. Typical 
protocols using mESCs involve inducing formation of EBs 
and exposure of the cells to thyroid-stimulating hormone 
[ 188 ]. Although some cells co-expressing the Na/I symporter 
(Nis) and TSHR were observed, the fraction of cells co-
expressing  Nkx2.1  and  Pax8 , a signature expression profi le of 
thyroid progenitors, was very low and or not quantifi ed. 
Using cell sorting for Tshr:GFP in a TSHR reporter mES line 
induced to form EBs, structures resembling thyroid follicles, 
where uptake of I was documented, were generated. 
Furthermore, TSHR, thyroid peroxidase, and NIS, but not 
thyroglobulin, were expressed [ 189 ]. TSH stimulation was 
not necessary to achieve expression of these thyroid markers 
in Activin A-induced cells cultured for up to 21 days [ 190 ], 
consistent with the notion that TSH is not required for thy-
roid specifi cation and early thyroid development [ 146 ]. 
Combining sequential induction by Activin A and TSH, fol-
lowed by TSH, insulin and IGF1 resulted in some expression 
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of thyroglobulin, indicative of further maturation [ 191 ]. 
Similarly, culture of EBs in the presence of insulin and potas-
sium iodide yielded some expression of thyroglobulin [ 192 ]. 
No data on effi ciency of differentiation or on the fraction of 
cells expressing these markers were given however. Longmire 
et al. observed, in their more developmentally guided directed 
differentiation approach using Nkx2.1:GFP reporter cells, 
that Nkx2.1:GFP +  cells isolated from culture induced to gen-
erate ventral AFE expressed thyroglobulin, Pax8, and TSHR 
after further culture in the presence of FGF2 and FGF10 and 
that thyroglobulin and TSHR expression increased after 
exposure to “thyroid maturation media” containing TSH, 
IGF1, and NaI [ 165 ]. No data were provided on the fre-
quency and function of putative thyroid-specifi ed cells, how-
ever. There are currently no data on the generation of thyroid 
cells from hPSCs. Overall, no rigorous protocol to generate 
functional thyrocytes from PSCs have been developed yet, 
although some progress had been made in mouse. None of 
the protocols currently available strictly recapitulated devel-
opment other than induction of DE using Activin A.  

    Conclusion 

 Generation of tissues and organs derived from the AFE, 
including lung, thymus, parathyroid, and thyroid, is a scien-
tifi cally and medically highly relevant area of research. 
Although the specifi cation of AFE from PSC-derived DE has 
been challenging, signifi cant progress has been made 
recently, in particular in the specifi cation of AFE and in the 
generation of progenitors corresponding to the lung fi eld and 
the lung buds. Major challenges remain however. These 
include approaches to specify thymus, parathyroid, and 
 thyroid; strategies to achieve differentiation into functional, 
mature cells as well as postnatal stem cells; and the develop-
ment of in vitro and in vivo assays to probe the function of 
PSC-derived cells.     
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           Introduction 

 The successful reprogramming of fi broblasts into induced 
pluripotent stem cells (iPS cells) was fi rst reported using 
rodent cells in 2006 and human cells in 2007 [ 1 ,  2 ]. This 
innovation by Dr. Shinya Yamanaka and his colleagues at 
Kyoto University in Japan represents a major scientifi c 
achievement, such that in 2012, Yamanaka was awarded the 
Nobel Prize in Medicine, solidifying the importance of his 
pioneering efforts and resulting iPS cells in the history of 
science. The successful reprogramming of human fi broblasts 
into pluripotent cells reinvigorated the stem cell community 
at large by providing a promising alternative to human 
embryonic stem cells (hESCs) and an extraordinary opportu-
nity to revolutionize modern medicine. The life sciences 
marketplace responded by developing an array of new prod-
ucts and services tailored to researchers’ efforts with iPS 
cells, resulting in an ever-expanding commercial market for 
innovative stem cell research tools. With hundreds of billions 
of dollars in potential revenue and a customer base that 
includes over one million stem cell researchers in 179 coun-
tries (see Table  1 ) the market for new stem cell technologies 
has the potential to be very lucrative [ 3 ].

   The market for stem cell products fl ourished over the last 
decade with global revenues currently estimated at $3.8 bil-
lion for 2011 [ 4 ]. This fi gure takes into account all stem cell- 
related tools, reagents, cell products, and adult cell therapies 
currently on the market but excludes indirectly associated 
market segments such as antibodies and cryopreservation. 
Such a rapid escalation in product revenues over the next 
few years is supported by the potential of stem cell 

treatments for macular degeneration [ 5 ], lysosomal storage 
disorders [ 6 ], Pelizaeus–Merzbacher disease [ 7 ], amyo-
trophic lateral sclerosis (ALS) [ 8 ], and other more common 
diseases as well as an expanding global market encouraged 
by recent advancements in iPS cell technologies. 

 The market for iPS cell research products is estimated at 
$873 million for 2012 and currently growing at a rate of 
14.7 %. Continued growth in the iPS cell technologies market 
is substantiated by an expected increase in adoption and 
availability of iPS cell applications over the next decade as 
well as the expansion of product pipelines of companies 
already established within the market. With iPS cells being 
sold by 53.4 % of biological research product companies in 
the United States and 38.7 % globally, it is clear that the mon-
etary potential of the stem cell market has not been lost on 
current market players [ 9 ]. Long-term revenue forecasts take 
into account the increasing global burden of an aging popula-
tion, higher incidence of life-threatening diseases, opportuni-
ties for improvement of medical treatments, and the 
increasing costs of drug development [ 10 ]. iPS cell technolo-
gies are particularly suited for the task of addressing these 
challenges and in this chapter we will discuss how the com-
mercial features of iPS cells convey opportunities for signifi -
cant profi ts stemming from a diverse array of technologies. 

 The stem cell market is even larger when we consider the 
numerous associated or ancillary products required for suc-
cessful implementation of this technology, such as antibod-
ies. Antibodies are utilized as biomarkers to characterize 
both the pluripotency of stem cells and the identity of dif-
ferentiated cell populations. Since antibodies are an expen-
sive, but indispensable tool for stem cell researchers, it is no 
surprise they command signifi cant market revenues. The 
antibody sector of the stem cell market alone was estimated 
at almost $2 billion bringing the total market value for all 
stem cell products and therapies to a staggering $5.72 billion 
for 2011 [ 3 ]. 

 In the clinic, autologous iPS-derived cell therapies could 
potentially eliminate the need for immunosuppression and 
reduce the risk of graft vs. host disease. In addition, using a 
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patient’s own cells opens up the possibility of correcting 
disease-causing mutations by genetically modifying and 
then replacing cells. Perhaps of even greater therapeutic 
promise is the ability to use iPS cell technologies for disease 
modeling and drug discovery. Primary cell-based disease 
models currently employed by researchers have many limita-
tions when investigating mechanisms of disease. For the fi rst 
time, researchers have the ability to create patient-specifi c 
cells lines to examine a variety of disease phenotypes, allow-
ing for better insight into disease progression and more 
robust lead candidate identifi cation studies for disease- 
modifying drugs. In addition, iPS cells provide researchers 
with the ability to test promising compounds on cells from a 
variety of patients, the so-called clinical trial in a dish, with-
out ever having to risk a single patient’s safety. 

 In this chapter, the commercial potential of iPS cell tech-
nologies will be explored. We will begin by discussing the 
fundamental characteristics of iPS cells that make them a 
valuable tool in the marketplace. Then, the commercial mar-
ket itself will be surveyed and we will consider market play-
ers in context of their specifi c roles. Next, we will explore 
the relevance of iPS cells in modeling disease and discuss 
current market efforts to capitalize on this unique function of 
these cells. Further, we will consider the most important 
applications of this technology, from drug discovery tools 
and reagents to clinical cell-based therapies. Finally, we will 
discuss challenges for utilizing iPS cell technology for com-
mercialization purposes and how modern science and indus-
try can work together to overcome these challenges to fully 
realize the potential of iPS cells.  

    Commercial Features of Induced Pluripotent 
Stem Cells 

 In order to understand the potential commercial uses of iPS 
cells, it is fi rst important to consider the features of this tech-
nology that make it both  suitable  and  valuable  in the market. 
While iPS cells are a relatively recent discovery, they have 
demonstrated the potential to convey all applications described 
in the last 30 years for embryonic stem cells with a few unique 
benefi ts. The basics of stem cells are covered in detail in other 
sections of this textbook; therefore, we will focus upon fea-
tures of human-derived iPS cells that are most applicable in a 
commercial setting. We will begin by comparing iPS cells to 
hESCs in terms of their fundamental biology and commercial 
applicability. Next, we will examine the ability to reprogram 
adult cells and contrast this against existing adult-derived cell 
therapies. Finally, we will fi nish with a discussion of how iPS 
cells have changed the ethical discussion surrounding the use 
of stem cells in research and regenerative medicine. 

    Self-Renewal and Pluripotency in iPS Cell 
Technologies 

 The two most important features of hESCs and iPS cells are 
their capacity for self-renewal and potential to develop into 
numerous cell types, otherwise known as pluripotency. 
While a large body of work exists describing this potential in 
hESCs, a number of recent studies have clearly demonstrated 
that iPS cells share a commensurate capacity for self-renewal 
and pluripotency [ 11 – 18 ]. The developmental potential of 
iPS cells is similar to that of hESCs as researchers have been 
able to differentiate reprogrammed cells into ectoderm, 
mesoderm, and endoderm cell lineages representing all three 
embryonic germ layers [ 2 ,  19 ,  20 ]. Indeed, it is the ability of 
iPS cells to generate virtually any cell type that makes their 
use feasible and suitable for all of the diverse applications 
envisioned for embryonic stem cells. 

 The developmental potential of iPS cells was fi rst demon-
strated by tetraploid complementation studies where tetra-
ploid blastocysts (formation of 70–100 cells that contain four 
copies of each chromosome instead of two, rendering them 
incapable of further embryonic development) were rescued 
using an injection of murine iPS cells. Researchers were then 
able to develop mice from these rescued blastocysts demon-
strating that full developmental potential was indeed restored 
[ 21 – 23 ]. The tetraploid complementation strategy has subse-
quently been employed to verify the developmental potential 
of human iPS cell lines [ 1 ,  20 ]. However, because of the 
time-consuming nature of this method, it is ineffi cient for 
manufacturing and drug discovery purposes. 

   Table 1    Distribution of stem cell researchers throughout the world   

 Country 
 Number 
of researchers 

 Percentage of 
world total researchers 

 United States  187,317  18.6 
 Japan  97,100  9.6 
 India  81,641  8.1 
 UK  64,279  6.4 
 Australia  63,509  6.3 
 Germany  43,698  4.3 
 China  37,887  3.8 
 Italy  30,869  3.1 
 Canada  18,637  1.9 
 South Korea  16,840  1.7 
 France  16,377  1.6 
 Brazil  16,321  1.6 
 Russia  15,893  1.6 
 The Netherlands  15,251  1.5 
 Finland  8,678  0.9 
 REST OF WORLD  292,682  29.1 

   Source : BioInformant Worldwide, L.L.C., Research Analysis Group, Stem 
Cell Research Products: Opportunities, Tools & Technologies, May 1, 2012     
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 Another feature that makes iPS cells a valuable resource 
is their capacity for self-renewal that allows them to be gen-
erated in vitro virtually in perpetuity. This provides several 
advantages for academic and industrial uses, most promi-
nently the ability to generate large amounts of cells from a 
relatively small amount of source material. Because iPS cells 
have the developmental potential to generate adult cells of 
almost any type, expansion and differentiation from a single 
sample could supply a limitless amount and array of cell 
products. 

 Since many human cells are diffi cult to source (some can 
only be obtained from human cadavers) or culture in vitro, 
iPS cells represent a novel and valuable resource for regen-
erative medicine. Further, the virtually unlimited availability 
of cells from a single donor negates potential complications 
arising from pooling donor cells and limited tissue accessi-
bility. Hepatocytes, highly functional liver cells responsible 
for the majority of drug metabolism and detoxifi cation, are a 
great example of a cell type that is diffi cult to source and 
culture and therefore it would be of great utility to be able to 
produce unlimited quantities of this cell type from iPS cells. 
iPS-derived hepatocytes present a valuable opportunity for 
researchers and entrepreneurs alike and will be examined in 
more detail later in this chapter. 

 The mechanisms underlying the differences between 
hESCs and iPS cells are currently not well understood. Many 
researchers believe the p53-p21 pathway, often referred to as 
“guardian of the genome,” plays a distinct role in these pro-
cesses [ 24 ]. Its primary function is to prevent the occurrence 
of genetic mutations and abrogation of p53 resulted in more 
successful reprogramming of cells in vitro, regardless of 
their level of DNA damage [ 25 ]. Others have found inhibi-
tion of the p53-p21 pathway suppresses subsequent genera-
tion of iPS-derived cell types while simultaneously ensuring 
genome integrity in these cells [ 24 ]. Normal, cancer-free 
mice have been developed from cells in which the p53 path-
way was inhibited to enhance reprogramming [ 21 – 23 ]. 
However, the balance of the p53 system is delicate and 
downstream effects need further study [ 26 ,  27 ]. 

 Another plausible explanation for the differences observed 
between iPS cells and hESCs is variation in their respective 
genetic profi les. Small variations in gene expression indicate 
that iPS cells generated by retroviral integration methods 
exhibit an miRNA expression profi le that is slightly different 
from that of hESCs, but this profi le gradually evolves to be 
more similar after extended culturing in vitro [ 28 ]. 
Regardless, control over self-renewal and pluripotency in 
both hESCs and iPS cells in vitro remains an ongoing chal-
lenge for researchers and product manufacturers. 

 For commercialization purposes, self-renewal and pluri-
potency translate into the ability to develop a diverse range of 
iPS cell products and applications. However, understanding 

the mechanisms underlying these most fundamental aspects 
of stem cells will help standardize experimental and manu-
facturing procedures.  

    Commercializing the Ability to Reprogram 
Adult Cells 

 The ability to reprogram adult somatic cells into pluripotent 
stem cells is what distinguishes iPS cells from hESCs and 
other sources of stem cells with regard to their potential use 
in research, commercial, and therapeutic applications. 
Numerous types of adult human cells have been successfully 
reprogrammed into iPS cell lines and differentiation proto-
cols exist to create virtually any adult cell type, though qual-
ity and purity of these may vary greatly. Established methods 
to generate iPS cells from adult somatic cells are covered in 
detail in other chapters in this textbook and in an excellent 
review by Dr. Nimet Maherali and Dr. Konrad Hochedlinger 
[ 29 ]. Therefore, we will cover this area only briefl y and 
instead focus on how reprogramming adult cells is valuable 
in the commercial stem cell marketplace. 

 Several adult tissue sources are capable of reliably gener-
ating iPS cell lines [ 1 ,  30 ,  31 ]. While the ability to generate 
patient-derived cells avoids the potential for immunological 
incompatibility between cell-based therapies and their recip-
ients [ 1 ,  2 ,  20 ], the “stemness” and developmental potential 
of these adult tissue sources remain largely uncharacterized. 
Further, generating mature adult cells from these progenitors 
currently requires extensive in vitro and in vivo culturing 
[ 32 ,  33 ]. The success of making cells suitable for engraft-
ment is variable between cell types and fully dependent upon 
generating pure populations of cells at a specifi c maturation 
stage [ 34 ]. Before full commercialization of adult cell repro-
gramming and iPS cell technologies can take place, 
 researchers must refi ne current methods to generate clini-
cally relevant cell populations and validate various patient 
tissue sources for their suitability in these paradigms. 

 In humans, keratinocytes (epidermal cells found in the 
outermost layer of skin) are a favorable source material for 
generating iPS cells as the process to obtain samples from 
patients is noninvasive and these cells have a demonstrated 
capacity for reprogramming. For clinical and cell banking 
purposes, this results in small patient samples that are easy to 
store and capable of producing virtually unlimited amounts 
of cell products. However, more research is needed to qual-
ify which sources are best for which purposes, since data 
suggests that not all patient tissue sources are created equal. 
For example, keratinocytes harvested from a single strand of 
human hair have been successfully reprogrammed into iPS 
cell lines using a retroviral method to drive expression of 
Yamanaka’s four reprogramming factors. When protein 
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expression was examined using a panel of stem cell bio-
markers, including the transcription factor Oct4 and stage-
specifi c cell-surface antigens SSEA-3/4 and TRA-1-60/81, 
iPS cells generated from keratinocytes appeared more stem-
like than those obtained from adult human fi broblasts repro-
grammed using the same method. Pluripotency was also 
confi rmed by differentiating keratinocyte-derived iPS cells 
into dopaminergic neurons and rhythmically beating cardio-
myocytes, representing ectodermal and mesodermal lin-
eages, respectively. It was observed that iPS cells generated 
from keratinocytes were obtained with 100 times more 
effi ciency and could be produced in half the time when 
compared to fi broblast- derived cells [ 30 ]. For commercial 
purposes, the difference translates into signifi cantly 
decreased production costs and reduced time to turn around 
patient-specifi c products. 

 Peripheral blood cells [ 31 ] and adipose stem cells have 
also demonstrated an increased capacity for reprogramming 
[ 35 ] and similarly represent a relatively accessible patient 
source material. Although, the process to obtain these cells is 
slightly more invasive than for keratinocytes or fi broblasts, it 
is possible that the genetic condition of these cells remains 
more stable over a human lifetime because of reduced expo-
sure to environmental factors such as UV light [ 36 ]. Other 
adult cell types, such as mesenchymal-like cells harvested 
from dental tissue, have also been successfully repro-
grammed into iPS cell lines. By obtaining adult cells that are 
similar in origin to the desired fi nal product, researchers 
hope that dental tissue-derived iPS cell will be particularly 
adept at developing into odontogenic, oral, and craniofacial 
tissues that would be particularly advantageous in studying 
and treating craniofacial disorders such as cleft lip and palate 
[ 34 ]. These congenital deformities that occur during gesta-
tion affect 1 out of every 500–700 children born today and 
currently require surgical treatment to correct. Though the 
various sources and methods used to derive iPS lines from 
those sources have yet to be fully evaluated for clinical suit-
ability, it demonstrates that iPS technologies have been rec-
ognized by a broad spectrum of life science and medical 
disciplines. 

 The greatest advantage of iPS cell-based strategies com-
pared to other types of adult stem cells is their pluripotent 
potential. Cord blood stem cells harvested from umbilical 
cords and mesenchymal stem cells found in bone marrow are 
only capable of producing hematopoietic cell types. Limbal 
stem cells found in the eye are currently being tested as a 
treatment for corneal disease [ 37 ], yet their suitability for 
other purposes appears limited. Though many sources of 
adult stem cells exist, it is important to keep in mind that the 
quality and safety of all adult stem cell treatments remain to 
be established. Regardless, the ability to reprogram adult 
cells that iPS cell technologies offer researchers presents a 
better platform for modeling human disease in vitro than 
other available methodologies.  

    The Ethics of iPS Cell Technologies 

 Beyond presenting a novel avenue for patient-specifi c medi-
cine, the ability to generate iPS cells from adult sources also 
resolves many ethical barriers surrounding the use of embry-
onic stem cells. Soon after the fi rst derivation of embryonic 
stem cell lines from human embryos by Dr. James Thomson 
at the University of Wisconsin, in Madison [ 38 ], controversy 
began to surround the use of these cells for any purpose. The 
basis for most objections concerned the origin of these cells, 
human blastocysts, and the manner in which they are 
obtained from donor sources. 

 In 1996, the United States Congress signed the Dickey- 
Wicker Amendment banning government funding for cre-
ation or destruction of human embryos into law. For 15 
years, an ideological battle was waged between researchers, 
politicians, ethicists, and religious organizations. In 2009, 
US President Barack Obama issued an executive order that 
removed restrictions on federal stem cell funding, though 
this was contested with an injunction for 2 years [ 39 ] before 
the US District Court for the District of Columbia fi nally 
lifted the injunction in 2011. In July 2012, a panel of judges 
upheld this decision in the US Circuit Court of Appeals for 
the District of Columbia thereby affi rming the legality of 
embryonic stem cell research in the United States. However, 
policies governing embryonic stem cell research remain 
restrictive throughout most of the world including Western 
Europe, with the exception of the UK, Sweden, and 
Switzerland where researchers are less limited in their ability 
to pursue hESC-based work. 

 The use of iPS cells has the potential to even the stem cell 
playing fi eld across the globe as it opens up new applications 
and funding opportunities previously unavailable to  thousands 
of researchers. Bioengineering cells through reprogramming 
offers an innovative strategy for embryo-independent cre-
ation of autologous cell therapies and avoids ethical and 
political issues surrounding embryonic stem cell work. While 
much research is still required to validate the use and safety 
of iPS cells and to fully characterize them in comparison to 
“gold standard” embryonic stem cells [ 40 ], many recent dis-
coveries have brought the goal of regenerative medicine 
closer than ever to becoming a reality. Indeed, the speed with 
which iPS technologies could potentially deliver clinical 
therapies roused offi cials at the National Institutes of Health 
to thoroughly examine and codify the informed consent pro-
cess for iPS cell research in coordination with the US Food 
and Drug Administration (FDA) in 2012 [ 41 ].   

    Disease Modeling 

 The concept of using stem cells to model human disease in 
vitro is based on their capacity for self-renewal and pluripo-
tent potential [ 42 ]. The most distinct advantage of using iPS 
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cell-based models for studying disease is that they appear to 
be more refl ective of actual pathophysiology than traditional 
biochemical assays, genetically modifi ed animal models, or 
transformed cell lines [ 43 ]. Additionally, unlike embryonic 
stem cells, iPS cell technologies present the unique ability 
for researchers and physicians to reprogram patient cells into 
iPS cell lines, conveying several major advantages that we 
will examine in this section.    We will consider the implica-
tions of generating disease-specifi c and patient-specifi c cell 
lines in the context of modeling disease and survey the mar-
ket for disease-relevant stem cell products. Finally, we will 
discuss the utility of iPS cell technologies for researching 
various forms of cancer. 

    Disease-Specifi c iPS Cell Models 

 The ability to modify specifi c genetic or epigenetic parame-
ters of cells allows researchers to more accurately reproduce 
disease states in the laboratory. Transformed cell lines and 

animal models currently utilized are limited by genetic varia-
tions and, in many cases, fail to reproduce certain aspects of 
human pathophysiology. Additionally, these models are 
insuffi cient for analyzing complex disorders or recapitulat-
ing transient physiological disease states in vitro. For these 
reasons, the generation of more accurate in vitro human dis-
ease models that allow researchers to thoroughly examine 
pathophysiology has long been a goal of academia and 
industry alike. 

 Numerous other iPS cell lines have been developed that 
replicate human disease phenotypes, including “diseased” 
lines for spinal muscular atrophy (SMA) [ 44 ], fragile X syn-
drome [ 45 ], Dyskeratosis Congenital [ 46 ], LEOPARD syn-
drome [ 47 ], Long QT syndrome [ 48 ], Rett syndrome [ 49 ], 
multiple liver diseases [ 50 ], Parkinson’s disease (PD) [ 51 ], 
and schizophrenia [ 52 ]. See Table  2  for a list of iPS cell lines 
carrying disease-specifi c genetic mutations. Considering the 
variety of diseases these lines encompass, this strategy has 
the potential to be applied to almost any human disease for 
which there is a genetic link. The fi rst report of functional 

   Table 2    List of registered iPS cell lines carrying disease-specifi c genetic mutations   

 Disease  Mutation  Cell lines 

 Amyotrophic 
lateral sclerosis 

 ALS (L144F [Leu144 > Phe] dominant allele 
of the superoxide dismutase (SOD1) gene) 

 G85S [Gly85 > Ser] dominant allele 
of the superoxide dismutase (SOD1) gene 

 A29a 
 A29b 
 A29c 
 29d 
 29e 
 27b 
 27e 

 Crigler–Najjar syndrome  UGT1A1, p.Leu413Pro  CNS-hiPSC10 
 CNS2-hiPSC7 

 Cystic fi brosis 

 Homozygous DF508 mutant CFTR genotype 

 CF-RiPS-1.2 
 CF-RiPS-1.3 
 CF-RiPS-1.4 
 DF508 2 
 DF508 4 
 DF508 5 
 DF508 6 
 RC2 202 2 
 RC2 202 4 

 Diabetes, Type 1  DiPS-H1.5 
 DiPS-H2.1 
 DiPS-H2.4 

 Down syndrome  Trisomy 21  DS1-IPS4 
 DS2-IPS1 
 DS2-IPS10 

 Emphysema  AAT defi ciency, PiZZ phenotype  RC2 100 3 
 RC2 100 3 Cr-1 
 RC2 100 3 Cr-6 
 RC2 102 37 Cr-1 
 RC2 102 37 Cr-3 
 RC2 103 43 Cr-1 
 RC2 103 43 Cr-3 

(continued)
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 Disease  Mutation  Cell lines 

 Gaucher disease type III  GD (AAC > AGC, exon 9, G-insertion, 
nucleotide 84 of cDNA, GBA gene) 

 GD-IPS1 
 GD-IPS3 

 Huntington disease  HD (72 CAG repeats, huntingtin gene)  HD-IPS1 
 HD-IPS4 
 HD-IPS11 

 Juvenile diabetes mellitus  Multifactorial  JDM-IPS1 
 JDM-IPS2 
 JDM-IPS4 

 Lesch–Nyhan syndrome, carrier  Heterozygosity of HPRT1  LNSC-IPS2 
 Long QT syndrome, Type 1  LQT 1 
 Mucopolysaccharidosis, 
Type 1 (Hurler syndrome) 

 MPS-KC-iPS 1 
 MPS-KC-iPS 2 
 MPS-MSC-iPS 2 

 Muscular dystrophy, Becker  BMD, unidentifi ed mutation in dystrophin  BMD-IPS1 
 BMD-IPS4 

 Muscular dystrophy, Duchenne  DMD-iPS (DYS-HAC) 1 
 DMD-iPS (DYS-HAC) 2 
 DMD-iPS (DYS-HAC) 3 
 DMD-iPS (DYS-HAC) 4 
 DMD-iPS (DYS-HAC) 5 
 DMD-iPS (DYS-HAC) 6 
 DMD-iPS (DYS-HAC) 7 
 DMD-iPS (DYS-HAC) 8 
 DMD-iPS (DYS-HAC) 9 
 DMD-iPS1 
 DMD-iPS2 

 DMD (deletion of exon 45–52, dystrophin gene)  DMD-iPS1 
 DMD-iPS2 

 Myeloproliferative disorder 
(Polycythemia vera) 

 JAk2 gene, V617F mutation  iMPD183.C1 
 iMPD183.C2 
 iMPD183.C3 
 iMPD183.C5 
 iMPD183.C6 
 iMPD183.C7 
 iMPD183.C8 
 iMPD183.C10 
 iMPD183.C11 

 Myeloproliferative disorder 
(primary myelofi brosis) 

 JAK2 gene, V617F mutation  iMPD562.C.3 
 iMPD562.C2 

 Parkinson disease  Multifactorial  PD-IPS1 
 PD-IPS5 

 Progressive familial hereditary cholestasis  Multifactorial  HER-hiPSC1 
 Schizophrenia  DISC1 mutation  D1-iPSC-1 

 D2-iPSC-1 
 Severe combined immunodefi ciency  ADA-SCID, adenosine deaminase 

defi ciency-related (GGG > AGG, exon 7, ADA gene) 
 ADA-IPS2 
 ADA-IPS3 

 Spinal muscular atrophy, Type 1  IPS-SMA-3.5 
 IPS-SMA-3.6 

 Spinal muscular atrophy, Type 1 (carrier)  IPS-WT 
 Shwachman–Bodain–Diamond syndrome  SBDS (IV2 + 2T > C and IV3 − 1G > A, SBDS gene)  SBDS-IPS1 

 SBDS-IPS2 
 SBDS-IPS3 

 Tyrosinemia, Type 1  FAH gene, GLN64His mutation  TYR1-hiPSC1 
 X-linked Adrenoleukodystrophy, 
Adrenomyeloneuropathy (AMN) 

 AMN iPSC-3 

 X-linked Adrenoleukodystrophy, 
Childhood Cerebral ALD (CCALD) 

 CCALD iPSC-2 
 CCALD iPSC-10 

   Source : University of Massachusetts Medical School International Stem Cell Registry. Accessed 3 Dec 2012. Available:      http://www.
umassmed.edu/iscr/GeneticDisorders.aspx      
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cells being generated from patient-derived, disease-specifi c 
iPS cell lines occurred in 2009. A group at the Center for 
Regenerative Medicine in Barcelona, Spain, derived iPS 
cells from patients with Fanconi Anemia, a rare genetic 
blood disorder. Researchers were subsequently able to 
develop disease-corrected cells demonstrating the potential 
of iPS cell technologies for both research and cell therapy 
applications [ 53 ].

   ReproCell (Yokohama, Japan) launched the fi rst commer-
cially available, disease-specifi c iPS cell derivatives onto the 
market in June 2012. Researchers at this company were suc-
cessfully able to incorporate a gene related to Alzheimer’s 
disease (AD) into neurons derived from iPS cells. These 
cells reportedly express a hallmark Alzheimer’s phenotype 
that includes Amyloid β plaque accumulation and are the 
fi rst human neurons on the market targeted specifi cally to 
this disease. Considering the market for Alzheimer’s thera-
pies was valued at $5.4 billion for 2010 and is expected to 
triple by the year 2020, models to improve the accuracy of 
safety and effi cacy data for potential treatments are of great 
value to researchers and industry [ 54 ]. 

 Several other companies have since launched disease- 
relevant iPS cell lines and products including non-virally 
transduced human iPS cell lines for diabetes, Parkinson’s 
disease, ALS, and muscular dystrophy from System 
Biosciences, Inc. (SBI) (Mountain View, CA). SBI uses non-
viral methods for reprogramming that incorporate phiC31 
integrase [ 55 ], minicircle transfection [ 56 ], or recombinant 
proteins [ 57 ]. The benefi t of non-virally transduced iPS cells 
is that products generated downstream are considered more 
suitable for clinical use. American Type Culture Collection 
(ATCC) (Manassas, VA) has also made available several 
human disease cell lines including cell lines for Down syn-
drome, cystic fi brosis, and Parkinson’s disease. Though gen-
erating commercially available disease cell lines is a 
potentially lucrative venture, identifying effective and rele-
vant stressors that accelerate cell processes driving late-onset 
disease phenotypes is not a straight-forward process. 

 We must also consider the current limitations of iPS cell- 
based disease modeling. First, as previously mentioned, iPS 
cells have yet to be fully validated against hESCs for use and 
reliability. Second, factors such as age and sex of patients 
from whom iPS cells are generated may critically affect how 
closely those cells refl ect pathophysiology and/or how 
 effi ciently transgene integration occurs such that cells are 
capable of differentiating into disease-relevant phenotypes 
[ 58 ]. Beyond addressing existing issues with the genetic 
fi delity of iPS cells [ 59 ], the suitability of each adult tissue 
source, reprogramming process, and derivation scheme must 
be examined. Regardless, iPS cells still retain the potential to 
become one of the most valuable tools in replicating human 
disease in vitro.  

    Patient-Specifi c 

 One of the most profound advantages of iPS cell technologies 
is that they provide a strategy for cell lines to be generated 
from an individual in the context of his or her own genetic 
and epigenetic identity. This is especially important for indi-
viduals with sporadic forms of disease or for patients whose 
pathophysiology is idiopathic or complicated by polygenic 
origins, as is the case for autism spectrum disorders [ 60 ], 
Type 1 diabetes [ 61 ], and insulin-dependent Type 2 diabetes 
[ 62 ]. Patient-derived iPS cells would also provide a compli-
mentary high-throughput approach to current human pharma-
cological studies by expanding the ability to compare diseased 
and healthy cell lines from various parental lineages [ 63 ]. 

 Several proof of principle experiments have demonstrated 
that patient-derived iPS cell lines possess the potential to dif-
ferentiate into “disease-relevant” phenotypes. In 2008, 
researchers reprogrammed iPS cells from patients diagnosed 
with a genetic form of SMA, a neurodegenerative disease that 
leads to loss of lower motor neurons. These iPS cells were 
differentiated into motor neurons and compared to cells simi-
larly derived from wild-type iPS cells. Initially, the patient-
derived motor neurons demonstrated a normal phenotype and 
morphology in culture. However, after 8 weeks, these cells 
exhibited decreased expression of survival of motor neuron 
(SMN) protein aggregates [ 44 ], similar to the defi ciency of 
this protein observed in the disease progression of SMA in 
humans [ 64 ]. This characteristic phenotype of SMA was sub-
sequently reversed in vitro by certain small molecules dem-
onstrating the potential usefulness of this methodology as a 
discovery platform for novel therapeutic strategies [ 44 ]. 

 The value of using patient-derived iPS cells to model dis-
ease pathogenesis was further demonstrated by researchers 
investigating familial dysautonomia (FD) where disease- 
specifi c phenotypic changes, including tissue-specifi c splic-
ing defects due to a mutation in the IKAP gene, were observed 
in vitro using iPS cells derived from patients with the disorder. 
The generation of these cells allowed researchers to examine 
disease-specifi c defects in neurogenesis and migration of neu-
ral crest cells, tissues that heretofore were unavailable due to 
the early lethality associated with the disease. These cells 
were subsequently utilized for compound testing and pheno-
typic changes were somewhat alleviated by a single small-
molecule candidate in a drug assay screen. Several other 
examples of patient-specifi c iPS cells and their use in pharma-
cologic testing and diagnostics have also been reported [ 65 ]. 

 The relative simplicity with which patient-specifi c iPS cell 
lines can be generated also presents a lifeline to the hundreds 
of thousands of patients suffering from orphan diseases/disor-
ders. The Orphan Drug Act of 1983 gives orphan status to 
diseases affecting less than 200,000 people in the United 
States. The high cost of drug development coupled with a 
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small market size reduced the potential for profi ts, thus rela-
tively few fi nancial resources are dedicated to fi nding treat-
ments or cures for these patients. However, the ability to 
conduct patient-specifi c drug screens is currently being devel-
oped and there are substantial efforts to make the cost less 
than prohibitive, even for rare diseases. One such example is 
the neurodegenerative disorder ALS, more commonly known 
in the United States as Lou Gehrig’s disease. This disease is 
characterized by a sustained loss of nerve cells that innervate 
muscles leading to neuropathy, weakness, and diffi culty 
breathing. ALS is generally fatal within 3–5 years and there 
are few treatments to relieve symptoms. In 2008, researchers 
were able to differentiate motor neurons from iPS cells from 
an 82-year-old ALS patient [ 66 ]. While these cells may not 
yet be suitable for transplantation, they offer an improved 
research tool and may lead to the discovery of a cure for this 
disease that affects over 350,000 people worldwide. 

 Since it is virtually impossible to create patient-specifi c 
disease lines from embryos, as this would require cells 
removed from the embryo of that patient prior to implanta-
tion, providing iPS cell line generation for research or clini-
cal uses is becoming a viable commercial service, even for 
individual consumers. The diffi culty in creating disease lines 
from embryonic cells (except in rare cases of embryos with 
known genetic disorders being donated by patients undergo-
ing IVF) has limited the available cell types that could be 
generated from patient samples. The commercial creation of 
patient-specifi c iPS cell lines and banks is already being 
undertaken by several companies in the United States and 
abroad, though currently these products are intended for 
research purposes only. In 2012, Cellular Dynamics 
International (CDI) (Madison, WI) and Lonza Group (Basel, 
Switzerland) launched services that include novel repro-
gramming of iPS cells from customer samples, as well as 
genetic engineering and differentiation of those cells into 
several progenitor cell types. More recently, in March 2013, 
the California Institute of Regenerative Medicine (CIRM) 
awarded CDI a $16 million grant to create and bank three 
iPS cell lines for each of 3000 healthy and diseased donors. 
This initiative intends to establish a state-of-the-art iPS cell 
bank in California that will be broadly accessible by research-
ers worldwide.  

    Cancer Modeling 

 Beyond the ability to generate cell lines that replicate disease 
from adult patient cells, iPS cell technologies present an 
extraordinary opportunity to study the progression of disease 
states in varying forms of cancer. Since cancer is fundamen-
tally a genetic disease, the superiority of iPS cells as an 
oncologic research tool is that they do not require species 

extrapolation and may provide more accurate physiological 
responses to potential cancer therapies. Reprogramming 
adult cancer cells into iPS cells has so far proven a more dif-
fi cult process than reprogramming other normal cell types, 
possibly because these cells are genetically compromised in 
some manner [ 67 – 70 ]. However, cancer patient-derived cells 
could provide valuable insight into processes of oncogenesis 
and metastasis, therefore presenting an enormous potential 
for researchers and investors alike. 

 Several studies indicate that there are signifi cant mecha-
nistic similarities between the process of oncogenesis and 
cell reprogramming [ 71 ]. Indeed, since the initial reporting 
of Yamanaka’s four reprogramming factors, one in particu-
lar, c-Myc, has been criticized for its role as a well- 
documented oncogene. The manipulation of this gene during 
the reprogramming process negates the use of cells gener-
ated for diagnostic or clinical purposes [ 71 ,  72 ]. Even though 
certain strategies have removed c-Myc from reprogramming 
processes, these methods have yet to demonstrate the effi -
ciency of c-Myc containing methods [ 73 ]. 

 However, the other three reprogramming factors in Dr. 
Yamanaka’s cocktail still remain viable targets for commer-
cially exploiting the similarity of cancer and iPS cells. For 
example, Oct4, one of the main transcription factors required 
for cell reprogramming, is also overexpressed in a variety of 
oncopathologies, including bladder cancer [ 74 ], prostate 
cancer [ 75 ], primary colon cancer, ovarian carcinoma, lung 
adenocarcinoma, pancreatic cancer, chronic lymphocyte leu-
kemia, and certain forms of glioblastoma, among many oth-
ers [ 76 ]. As Oct4 is typically expressed in only embryonic 
stem cells and germ cells, this presents a good target for 
potential therapies. 

 Another reprogramming factor, Sox2, is also overex-
pressed in a variety of malignant cells including those asso-
ciated with pancreatic cancer [ 77 ], breast cancer [ 78 ], brain 
tumors [ 79 ], and several carcinomas [ 76 ]. However, Sox2 is 
not necessarily required for successful generation of iPS 
cells, indicating the Sox transgene may be less vital to repro-
gramming or that reprogramming factors may vary from cell 
type to cell type [ 80 ]. 

 Researchers examining the epigenetic differences 
between iPS cells, embryonic stem cells, and cancerous 
fi broblasts noted that the DNA methylation patterns observed 
varied between these cell types. Further, iPS cells had 
enriched or reduced methylation in CpG island shores previ-
ously identifi ed as being cancer-specifi c methylation regions 
[ 81 ]. Another group observing similar results believe that 
studying these epigenetic changes will give great insight into 
mechanisms of gene silencing that lead to human tumorigen-
esis [ 82 ]. In short, the potential overlap in reprogramming 
processes and oncogenesis makes iPS cells a valuable tool in 
the battle against cancer.   
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    Induced Pluripotent Stem Cells in Drug 
Discovery and Development 

 iPS cell technologies have enormous potential for applica-
tions in drug discovery research and development [ 83 ]. In 
fact, these technologies are currently being sought out and 
incorporated by all of the world’s leading pharmaceutical 
corporations including Johnson & Johnson (New Brunswick, 
NJ), Pfi zer (New York, NY), Roche (Basel, Switzerland), 
GlaxoSmithKline (GSK) (London, UK), Novartis (Basel, 
Switzerland), and Sanofi  (Paris, France). This is in large part 
due to the potential of this technology to generate substantial 
savings in drug development costs by making the discovery 
process more effi cient and reliable. Considering the cost to 
bring a single drug candidate to market is currently estimated 
at $1.2–1.7 billion, it is understandably a high priority of this 
industry to fi nd more cost-effective strategies [ 84 ]. 
Embracing iPS cell technologies will help diversify global 
pharmaceutical product portfolios and drive more personal-
ized approaches to medicine [ 58 ]. In this section, we will 
describe how this technology can be exploited for drug dis-
covery research purposes and examine how using iPS cells in 
drug discovery has the potential to generate billions of dol-
lars in revenue over the next decade. We will also use current 
products to illustrate this potential and identify emerging 
leaders in this valuable market segment. 

    iPS Cell Technology in Lead Generation 

 iPS cell screening platforms can be developed to identify 
small molecules, biologics, and other modulators that are 
effi cacious in reverting disease-related phenotypes to that of 
healthy controls. Immediately, these cells have the potential 
to reduce development time and cost, which is a major incen-
tive to big pharmaceutical companies who must prioritize 
their resources. iPS cell-based platforms have the ability to 
increase our understanding of disease progression as well as 
the fundamental biology of many cell types [ 49 ]. In addition, 
iPS cell screening libraries would give researchers the oppor-
tunity to observe effi cacy in a large and varied preclinical 
human patient set. 

 The utility of stem cells in early drug discovery was 
recently illustrated in a publication by researchers at 
 Sanford- Burnham Medical Research Institute in San Diego, 
CA. By chance, a high-throughput screen to examine the 
effects of thousands of small molecules on mouse embryonic 
stem cells resulted in the discovery of a chemical compound, 
ITD- 1, that effi ciently differentiates stem cells into cardio-
myocytes [ 85 ]. This compound works by blocking trans-
forming growth factor-beta (TGF-β), one of the key factors 
regulating cellular proliferation and differentiation. Results 

obtained in early studies suggest that ITD-1 may be useful 
for reducing scarring observed in tissues after heart failure 
and promoting the formation of new heart muscle. This 
group intends to further capitalize on this discovery by 
examining ITD-1 as a potential therapeutic drug for cardio-
vascular disease and recently partnered with ChemRegen, 
Inc. (San Diego, CA), a biotechnology company that special-
izes in developing small- molecule regenerative medicine 
strategies for the treatment of heart disease and cancer. 

 The ability to more cost-effectively screen human cells 
earlier in the discovery process will allow researchers and 
companies to better focus their time and resources. Panels of 
stem or adult cells that represent population variations will 
help better predict the safety of a drug candidate for global 
distribution. In conclusion, iPS cells have the potential to 
greatly reduce the time from hit to lead through more faithful 
and cost-effective in vitro recapitulation of human health and 
disease.  

    iPS Cell Technology in Toxicity Studies 

 The commercial properties of iPS cells provide for a range of 
novel applications in predictive toxicology, which is increas-
ingly important as costs for the entire drug discovery process 
continue to escalate [ 84 ]. Currently, the success of drug 
development during early preclinical phases relies almost 
entirely on animal models to establish safety and effi cacy 
[ 86 ]. Since these models are not genetically identical, they 
are incomplete representations of human disease pathophysi-
ology and have frequently proven ineffi cient for this use. The 
high failure rate (estimated at >90 %) of new drug candidates 
that enter later clinical phases due to safety issues or poor 
effi cacy demonstrates the ineffi ciency of this process and is a 
very expensive problem for the pharmaceutical industry 
[ 87 ]. However, iPS cells are poised to revolutionize the way 
toxicity is assessed in vitro as a more diverse collection of 
human iPS cell lines become available to researchers. 

 Hundreds of millions of dollars could be saved if iPS 
technologies are able to render more effi cient and accurate 
elimination of toxic compounds earlier in the discovery pro-
cess, but this potential can only be realized if these processes 
are reliable. Accuracy is extremely vital for predictive toxi-
cology as failure in this respect can be not only expensive but 
also lethal. In 1957, a German pharmaceutical company 
began marketing the drug thalidomide as a “safe sedative” 
for the treatment of cough, cold, fl u, and the nausea/vomiting 
associated with pregnancy. Clinical trials commenced in the 
United States two years later, but thalidomide had already 
earned approval in over 20 European countries, Canada, and 
Africa. By 1961, serious concerns about peripheral nerve 
damage and birth defects began to rise in Europe. It was the 
tenacity of one Medical Offi cer at the FDA, Dr. Frances 
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Oldham Kelsey, that led to halting these trials and thalido-
mide’s eventual removal from the global market because of 
serious side effects. It is unknown how many patients 
received the drug during its lifetime worldwide, but it is esti-
mated that more than 10,000 children in 46 countries were 
born with birth defects due to the teratogenic effects of tha-
lidomide [ 88 ]. Indeed, following the thalidomide tragedy, 
Congress passed the Kefauver-Harris Amendments that 
require all drug components be proven safe and effi cacious 
before marketing and further compel distributors to disclose 
accurate information about potential side effects. Perhaps 
most importantly, it strengthened the authority of the US 
FDA by establishing a precedent for an approval process for 
new drugs. 

 While teratogenic effects are of grave concern, the most 
common mechanisms for drug toxicity occur in the heart and 
the liver.    Unsurprisingly, hepatotoxicity and cardiotoxicity 
are also the two major reasons why potential drug candidates 
fail during the discovery process. However, obtaining and 
culturing functional human liver and heart cells in vitro can 
be a prohibitively expensive undertaking. For commercial 
purposes, iPS cell technologies that faithfully recapitulate 
these cells represent an extraordinarily valuable market seg-
ment, not in small part because the primary customer base 
comprises multibillion dollar pharmaceutical companies 
examining millions of drug candidates every year. For these 
reasons, we will dedicate some time to discussing these two 
cell types in greater detail. 

    iPS Cell-Derived Hepatocytes 
 The majority of drug compounds are metabolized by the 
liver through numerous enzymatic pathways which makes it 
vital to screen drug candidates for toxicity in fully functional 
human hepatocytes. The current “gold standard” accepted by 
the US FDA requires evaluating inhibition or induction of 
several cytochrome P450 (CYP) metabolizing enzymes as 
well as examining effects on uridine diphosphate glucurono-
syl transferases and other various hepatic transporters (FDA 
Guidance for Industry: Drug Interaction Studies, February 
2012). There are 57 CYP isoforms in total, though three in 
particular (CYP1A2, CYP2B6, and CYP3A4) are responsi-
ble for most drug interactions. Because these cells are highly 
functional and a poor interaction with even one CYP can fail 
a drug candidate, there are rigorous standards for the source 
and quality of hepatocytes used in toxicity studies. 

 Currently only one product on the market satisfi es these 
stringent requirements—primary human hepatocyte cells 
derived from healthy individuals. These cells are extremely 
fragile in culture, expensive because of their source, and 
require extensive analyses to qualify them for use in toxicity 
studies. Thus, researchers often implement an intricate 
sequence of biochemical evaluations to analyze toxicity 
prior to examining hepatic enzyme inhibition using in vivo 

rat models and in vitro human primary cells. For drug devel-
opers, this translates into a prolonged and expensive process 
that, in most instances, still fails to guarantee that a drug can-
didate will make it through the entire approval process. For 
entrepreneurs in the iPS cell market, this represents an 
extraordinary opportunity to revolutionize the manner in 
which the global pharmaceutical industry evaluates toxicity. 

 The year 2012 saw the launch of several iPS cell-derived 
hepatocyte products for use in in vitro drug discovery 
research. ReproCell (Yokohama, Japan) launched both fro-
zen human iPS cell-derived hepatocyte cells and a CYP 
assay service that examines enzymatic function in the pres-
ence of drug compounds at their facility. Two other compa-
nies, Cellectis (Gothenburg, Sweden) and CDI (Madison, 
WI) have also launched frozen vial products containing 
human iPS cell-derived hepatocytes.    With a consumer base 
that includes billion dollar pharmaceutical companies, it is 
easy to understand the enthusiasm market players are bring-
ing to this particular area. 

 Since generating mature cell types from stem cells is still 
an imprecise science, creating functional adult cells as com-
plex in nature as hepatocytes is an impressive achievement 
[ 89 ]. However, these products have yet to be fully validated 
against the FDA “gold standard” primary hepatocytes in a 
large compound screen.  

    Cardiomyocytes 
 The second most common reason a drug candidate fails is 
because of unforeseen cardiotoxic effects. Cardiotoxicity 
occurs when a drug impairs the ability of the heart muscle to 
pump blood normally. Substantial efforts are made during 
the discovery process to elicit this potential, yet current mod-
els remain inadequate to identify and measure the full spec-
trum of human cardiac responses. The complexity of cardiac 
physiology derives from dual innervation of the heart by the 
sympathetic and parasympathetic nervous systems. This 
results in a complex signaling cascade involving multiple 
types of cell receptors within and between cardiac cells. 

 Evaluating cardiac responses in vitro often produces an 
incomplete picture of how a drug affects an entire beating 
human heart. Evaluating the cardiotoxic effects of a drug 
compound involves reporter assays and electrophysiology 
performed on cardiomyocytes obtained from primary rodent 
and human sources, as well as transgenic models both in 
vitro and in vivo. Because the number and type of cardiac 
cell receptors may vary slightly between species, animal in 
vivo studies often fail to accurately predict human responses. 
Research methods to examine cardiac responses are dis-
cussed in an excellent review by Dr. Ralf Kettennhofen pub-
lished in 2008 [ 90 ]. There are several studies demonstrating 
the effectiveness of iPS cell-derived cardiomyocytes in gen-
erating accurate electrophysiological data and responses to 
several cardiac and noncardiac drugs [ 91 – 93 ]. A leader in 
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this fi eld is ReproCell (Yokohama, Japan) who launched the 
QTempo™ in vitro cardiotoxicity assay service in 2008. This 
service includes a comprehensive analysis of cardiac ion 
channels using human iPS-derived cardiomyocyte clusters 
that beat rhythmically in culture. The following year, the 
company launched a frozen cardiomyocyte product, 
ReproCardio™, for direct use by researchers. In 2009, CDI 
(Madison, WI) launched iCardiomyocytes™ frozen cell 
product intended for use in toxicity screening. 

 The reduced cost of examining cardiotoxicity and hepato-
toxicity would potentially allow pharmaceutical companies, 
who currently possess millions of compounds, to signifi -
cantly reduce their overall number of primary screening can-
didates by fi rst eliminating all toxic compounds from these 
expansive libraries. This approach is currently economically 
unfeasible due to the aforementioned high cost of toxicity 
studies in general, but the long-term fi scal benefi ts of com-
piling such data would be signifi cant. Regardless, iPS cell 
technologies have the potential to revolutionize in vitro toxi-
cological studies.   

    Use of iPS Cells for Assessing Effi cacy 

 Making more accurate determinations of drug effi cacy in 
humans during preclinical development is another method 
for rendering the drug discovery process more cost-effective. 
In 2001, over 30 % of drug candidates that entered clinical 
trials were later abandoned because of poor effi cacy data, 
even though preclinical studies demonstrated alleviations of 
disease symptoms in relevant animal models [ 94 ]. This high-
lights the importance of using human cells for determining 
effi cacy for all potential drug candidates, as genetic varia-
tions resulting from species differences require extrapolation 
and may confound experimental results [ 89 ]. 

 The utility of iPS cells for evaluating the effi cacy of drug 
candidates can be demonstrated by the results of a recent 
clinical trial for a new treatment for ALS. ALS affects motor 
neurons in the brain and spinal cord to cause progressive 
muscle atrophy that subsequently leads to defi cits in mobil-
ity and respiratory function resulting in death. The drug can-
didate being tested was found to be highly effi cacious in 
animal models of ALS, yet the benefi cial results observed 
were not reproduced in humans and yielded poor effi cacy 
data [ 95 ]. While unfortunate, it is often the case that 
 impressive preclinical animal results cannot be replicated in 
humans resulting in the loss of hundreds of millions of dol-
lars and years of research wasted. These researchers may 
have benefi tted immensely from screening compounds 
against patient- derived iPS cells from ALS patients prior to 
performing a clinical trial in humans. 

 Current preclinical testing strategies are also inadequate 
to measure the variability of individual patient responses to 

drug candidates and this presents a substantial problem for 
developing new treatments in a global marketplace [ 89 ]. iPS 
cells allow for the creation of cell screening libraries that can 
be tailored for a specifi c disease state or individual in context 
of their unique genetic identity [ 58 ]. This personalized 
approach to medicine is not economically feasible yet, but 
there are already services on the market to develop iPS cells 
and derive various cell types from customer samples, such as 
MyCell™ Services from CDI (Madison, WI) and Lonza 
Group’s (Basel, Switzerland) Pluripotent Stem Cell Services.   

    Therapeutic Applications of Induced 
Pluripotent Stem Cells 

 iPS cells hold great promise for regenerative medicine 
because they can potentially provide a renewable source of 
cells without the risk of immune rejection and associated 
immunosuppression regimes necessary with allogeneic ther-
apies. While there is some evidence that iPS cells may cause 
some degree of immune rejection, it is not expected to be as 
severe as compared to allogeneic methods and production 
strategies could be optimized as the fi eld progresses to reduce 
immune response. Recently, there is concern that genetic and 
epigenetic abnormalities within iPS cells could result in 
immunogenicity of differentiated cells [ 96 – 98 ]. The onco-
genic potential of induced pluripotency is another major con-
cern that needs to be addressed before clinical application. 
Therefore, reprogramming techniques need further optimi-
zation to minimize or eliminate genetic and epigenetic 
abnormalities associated with iPS cells before they are ready 
for clinical application [ 99 ,  100 ]. 

 iPS cells perhaps will provide the most utility in drug dis-
covery and development because they will provide a window 
into diseases with a known or suspected genetic link that is 
not available through other methods. They also hold great 
potential for true personalized, regenerative medicine. 
Unlike adult stem cells which are multipotent and limited in 
their proliferation and differentiation potential, virtually any 
cell type can be differentiated from iPS cells, thereby open-
ing the door to the treatment of a multitude of diseases or 
injury states. While there are some major challenges to over-
come, they are not insurmountable, and given the fast pace of 
the fi eld, it is likely only a matter of time before clinical 
translation of iPS cell-based therapeutics is brought to 
fruition. 

    Clinical Applications 

 iPS cells can be differentiated into most cell types and have 
the exciting potential to be applied to an unlimited number of 
disease and injured states. iPS cell-based products are largely 
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expected to restore function or ameliorate disease by cell 
replacement or by the secretion of factors that support the 
endogenous environment by either activating or altering the 
behavior of surrounding cells. In addition, there is the poten-
tial to correct genetic defects in the patient’s cell line via 
gene manipulation, combing both cell and gene therapy in 
one product. 

 Some of the earliest therapeutic targets include CNS dis-
ease and injury states such as Parkinson’s disease (PD), 
Alzheimer’s disease (AD), multiple sclerosis (MS), 
Huntington’s disease (HD), traumatic brain injury (TBI), 
stroke, spinal cord injury (SCI), ALS, SMA, age-related 
macular degeneration (AMD), and epilepsy. Other targets 
include endocrine disorders, such as diabetes, and skin ail-
ments, such as burns and would healing. While there are cur-
rently no clinical trials using iPS cell-based products, Phase 
I clinical trials with hESC-derived products have com-
menced. Similar to allogeneic adult stem cell therapies, a key 
challenge in using allogeneic hESC-derived therapies is the 
requirement for immunosuppression. iPS cells therefore 
hold great hope for personalized medicine as an autologous 
cell line could be produced for each intended patient, obviat-
ing the need for chronic immunosuppression. Additional 
research is currently ongoing to address potential safety con-
cerns unique to the clinical application of iPS cells such as 
potential for mutations due to genomic insertion, risk of 
tumor formation due to upregulation of oncogenes such as 
c-Myc, and inactivation of tumor suppressor gene p-53, as 
well as the potential for incomplete genetic reprogramming. 

 Because hESCs and iPS cells are both pluripotent, we will 
briefl y cover hESC-based products that have entered the 
clinic, as the same approach could be taken using patient- 
specifi c iPS cells. To date, three clinical trials have been ini-
tiated in the United States, and one in the UK, using 
hESC-based products. The fi rst ever approved product for 
clinical trials was GRNOPC1, composed of hESC-derived 
oligodendrocyte progenitor cells, for the treatment of acute 
SCI, developed by Geron Corporation (Menlo Park, CA). 
Oligodendrocytes are a type of cell that support and insulate 
axons in the CNS. Geron initially received FDA approval in 
January 2009 to commence clinical trials; however, the trial 
was put on hold shortly thereafter to address issues in manu-
facturing processes with subsequent re-approval in June 
2010. The Phase I study was open to patients with a neuro-
logically complete (ASIA Impairment Scale A) traumatic 
SCI to the thoracic region between T3 and T11. GRNOPC1 
was administered once to patients between 7 and 14 days 
after the injury. Unfortunately, Geron decided to pull the 
plug on its Phase I study in November 2011, citing fi nancial 
constraints as the reason [ 101 ]. 

 Advanced Cell Technology, Inc. (ACT) of Marlborough, 
MA, was the second company to receive FDA approval to 
commence clinical trials using an hESC-derived product. In 

November 2010 the company FDA received approval to ini-
tiate a Phase I/II multicenter clinical trial using retinal pig-
ment epithelium (RPE) cells derived from hESCs to treat 
patients with Stargardt’s (juvenile) macular dystrophy 
(SMD), one of the most common forms of juvenile macular 
degeneration. Their product, MA09-hRPE, consists of PSC- 
derived RPE cells that are injected into subretinal space 
[ 102 – 104 ]. Soon after in January 2011, they received 
approval to initiate a Phase I/II multicenter clinical trial to 
treat patients with dry age-related macular degeneration 
(AMD), the most common form of macular degeneration in 
the world. In September 2011, ACT received approval to ini-
tiate a Phase I/II trial in the UK for the treatment of SMD—
this marked the fi rst ever European approval for a clinical 
trial using an hESC-derived product. While these clinical 
studies will only enroll a small number of patients (10–12 
per study), and only a limited number of patients have 
received the investigational PSC-based products, there have 
been no serious adverse events reported thus far. Indeed, 
there are early signs of effi cacy reported in two patients with 
Stargardt’s disease, demonstrating improved vision follow-
ing treatment [ 5 ]. 

 The hESC-based therapeutic products previously 
described all require immunosuppression as part of their 
clinical protocols. While suppressing the immune system is 
desirable to prevent rejection of cell product, immunosup-
pressive drugs carry many untoward side effects. They ren-
der patients more susceptible to opportunistic infections and 
cancers and can cause dangerous side effects such as kidney 
or liver damage. RPEs and OPCs have been successfully 
generated from iPS cells [ 105 – 107 ], suggesting that the 
same clinical approach can be taken using iPS cells. The 
major advantage of using iPS cells over hESCs is the ability 
to create patient-specifi c therapeutic products, thereby 
potentially eliminating the need for immunosuppression and 
minimizing the risks of immune rejection. Promising 
research is currently underway to develop PSC-derived treat-
ments for other diseases as well, such as diabetes, SMA, 
ALS, and sickle-cell disease.  

    Commercial Potential of iPS Cell-Based 
Therapeutics 

 With increased federal funding, a more supportive political 
environment for stem cell research, and some early signs of 
clinical successes, investor interest in regenerative medicine 
has been gaining momentum. While there was signifi cant 
excitement around hESCs when they were fi rst discovered, 
advancements in hESC research got off to a slow start due to 
the political and ethical controversy that surrounds its source 
material, the embryo, subsequent restriction and then easing 
of federal funding, and court proceedings (briefl y discussed 
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in section “The Ethics of iPS Cell Technologies”)    which 
have only recently been settled. Even though iPS cells are 
not plagued by the same controversy that surrounds hESC 
research, the protracted legal battles served to deter big 
pharma and venture capitalists from entering the fray. 

 Federal funding for all types of stem cell research has 
increased under President Obama, despite ongoing litigation. 
In addition, several states jumped into the fold to fi ll the gap 
left by traditional venture capital investors. Most notably, the 
California Institute of Regenerative Medicine (CIRM), 
established in 2004 to provide $3 billion in funding to 
California institutions carrying out stem cell research, dedi-
cated towards helping promising projects move from bench 
to bedside. In addition, CIRM started a Strategic Partnership 
Awards Initiative in order to attract industry engagement in 
stem cell research, with biotech companies already receiving 
funding. Viacyte Inc. of San Diego, CA, recently received a 
$10.1 million Strategic Partnership Award for the develop-
ment of an hESC-based treatment for insulin-dependent dia-
betes, which is in addition to a $20 million Disease Team 
grant the company was previously awarded. Bluebird Bio 
Inc. was awarded $9.3 million to fund a Phase I/II study of 
LentiGlobin for the treatment of the inherited beta-thalas-
semia, expected to start in 2013. Stem Cells Inc. has also 
received a $20 million award to fund preclinical develop-
ment of its neural stem cell product for the treatment of 
Alzheimer’s, which is in addition to another $20 million for 
its SCI program [ 108 ,  109 ]. 

 There is growing investor confi dence in the stem cell 
fi eld, as evidenced by the increase in stock price for publicly 
listed stem cell companies. The average increase in share 
price in the year to date for the 15 publicly listed stem cell 

companies was 27 % with a total market cap of $3.24 billon, 
see Table  3 . While most of the companies are adult stem cell 
companies, the increase is expected to positively impact 
investor perception of stem cell research across the board. 
This boost has been aided by promising preclinical data, 
positive results in early clinical trials, and the recent approval 
in Canada of the world’s fi rst manufactured stem cell prod-
uct, Prochymal, an allogeneic stem cell treatment for GVHD 
in children, by Osiris Therapeutics Inc. This approval led to 
an almost doubling of the company’s stock price [ 108 ]. 
Excitement was also spurred when positive results were pub-
lished in the Lancet showing that two patients with Stargardt’s 
disease, an inherited form of macular degeneration, had 
improved vision following treatment with ACT’s hESC- 
derived RPE cells [ 5 ]. Early data from StemCells Inc. also 
suggests that patients had regained function following stem 
cell treatment, in this case patients with SCI regained sensa-
tion below the level of injury. Positive data from this and 
another trial, along the awarding of signifi cant grants from 
CIRM, has helped the shares of StemCells Inc. rise 118 % in 
the year to date. While these positive results were only 
reported in a limited number of patients due to the small 
enrollment numbers in early phase clinical trials, they are 
nonetheless very encouraging and help increase confi dence 
in the therapeutic utility of stem cell therapeutics and their 
commercial potential.

   Adult stem cell technologies have already proven to be a 
commercial success with the sales of allograft-derived stem 
cell products or systems used to concentrate stem cells esti-
mated to have been $139 million in 2011. These include 
products derived from cadaveric or living donors and cover a 
wide range of indications from orthopedic to cardiovascular 

   Table 3    Publicly listed stem cell companies   

 Symbol  Company name  Market cap (in US dollars)  Share price, % change YTD 

 ACTC  Advanced Cell Technology, Inc.  134.33  −25 
 ASTM  Aastrom Biosciences, Inc.  56.48  29 
 ATHX  Athersys, Inc.  56.24  6 
 BTX  BioTime, Inc.  176.49  −2 
 CUR  NeuralStem, Inc.  84.99  30 
 CYTX  Cytori Therapeutics, Inc.  246.50  110 
 ISCO  International Stem Cell Corporation  15.82  −18 
 KOOL  Thermogenesis Corporation  11.57  – 
 MEDS  Medistem, Inc.  6.15  – 
 MSB.AX  MesoBlast Limited  1,770  −14 
 NBS  NeoStem, Inc.  100.43  24 
 OPXA  Opexa Therapeutics, Inc.  9.91  – 
 OSIR  Osiris Therapeutics, Inc.  315.60  79 
 PSTI  Pluristem Therapeutics, Inc.  192.87  68 
 STEM  StemCells, Inc.  67.39  118 
 Total market cap: $3.244 billion 
 Average increase in stock price YTD: 27 % 

   Source : Regenerative Medicine Strategy Group, LLC  
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to anti-infl ammatory to nerve repair, with orthopedic indica-
tions making up the largest component. While there are no 
FDA-approved stem cell treatments, Prochymal by Osiris 
has completed Phase III studies and has been approved in 
Canada for the treatment of GVHD in children. The market 
for stem cell therapeutics is expected to experience signifi cant 
growth over the next decade, with estimated sales of $6 bil-
lion by 2020 as more products move further along the devel-
opment pathway [ 110 ].  

    Regulation 

 A major challenge in the development of iPS cell-based ther-
apeutics is navigating the regulatory process. As a new and 
unproven technology, the regulatory requirements for dem-
onstrating safety of IPS cell-based therapeutics will be high 
and potentially very costly, particularly for the fi rst compa-
nies out of the gate, as was the case for Geron Corporation 
with its fi rst-in-human hESC-based therapy. While there has 
been rapid growth in the adult stem cell sector, this is due in 
large part to differences in the regulatory classifi cation of 
adult stem cell products vs. pluripotent stem cell products. 
Many autologous adult stem cell treatments are classifi ed as 
human cells, tissues, and cellular and tissue-based products 
(HCT/Ps) and are regulated solely under section 361 of the 
Public Health Service Act (PHS Act) and do not require 
FDA approval. Establishments that provide products regu-
lated under section 361 must follow good tissue practices for 
HCT/Ps, perform donor screening and testing, have proce-
dures in place to prevent spread of communicable disease, 
and maintain proper records. While they are required to reg-
ister and list their products with the FDA, the products are 
not considered drugs and therefore do not require a drug 
application or the conduct of clinical trials prior to use. There 
are several criteria, as defi ned by 21 CFR 1271.10, that must 
be met in order for a product to be eligible for regulation 
solely under section 361, the most important of which is that 
the product be minimally manipulated. Due to these dimin-
ished regulatory barriers to establishing autologous adult 
stem cell clinics, there has been a fl urry of activity in this 
sector, with states like Texas quickly taking center stage 
[ 111 ]. However, the effi cacy of many of these autologous 
stem cell treatments is up for debate as blinded clinical stud-
ies are rarely conducted. Further, the exact defi nition of 
“minimally manipulated” has been called into question with 
the FDA stepping in to regulate adult stem cell clinics in 
cases where it feels that product offerings are more than min-
imally manipulated and therefore should be treated as drugs. 
A court ruling in July 2012 reaffi rmed the FDA’s right to 
regulate such stem cell therapies [ 112 ]. This ruling has sev-
eral implications for the adult stem cell fi eld because drugs 
require extensive clinical studies and regulatory approval 

prior to being marketed to patients. This would result in a 
much longer and costlier development process, making the 
establishment of such clinics more cost prohibitive and per-
haps driving some overseas. 

 iPS cell-based therapeutics require extensive manipula-
tion due to derivation procedures and prolonged duration in 
culture and therefore require strict regulatory oversight. An 
investigational new drug (IND) application must be submit-
ted to the FDA prior to the start of clinical trials. iPS cell 
products are classifi ed as biologics and require the approval 
of the FDA’s Center for Biologics Evaluation and Research 
(CBER) and its offi ce of Cellular, Tissue and Gene Therapies 
(OCTGT). If the cell product will be used along with a medi-
cal device (e.g., matrix and encapsulation device) or the 
additional of a drug (e.g., growth factors), it would be con-
sidered a combination product and therefore also be reviewed 
by the Center for Devices and Radiological Health (CDRH) 
and the Center for Drug Evaluation and Research (CDER), 
respectively. In addition, if gene transfer via vector delivery 
is used in reprogramming, iPSCs could also be considered 
a gene therapy product and subject to review by the NIH 
Offi ce of Biotechnology Activities program on Recombinant 
DNA (RAC).   

    Challenges for Commercializing iPS Cell 
Technologies 

 While rapid progress has been made during the 7 years since 
iPS cells were fi rst discovered, specifi c recent advancements 
in nuclear reprogramming have brought bioengineered cells 
closer than ever to the safety and effi cacy benchmarks neces-
sary for clinical iPS applications. However, there remain dis-
tinct issues within the technology as well as obstacles presented 
by the surrounding regulatory and legal environments that 
require addressing before the commercial potential of iPS 
cells can be fully realized. In this section, we will discuss the 
challenges stem cell researchers and entrepreneurs must con-
front and present modern approaches to overcome these 
issues. 

    Safety Issues 

 As previously discussed, the ability to generate patient- 
derived iPS cells would enable clinicians to generate autolo-
gous cell therapies for a diverse range of medical applications. 
Since the risk of immune rejection for autologous cell thera-
pies is generally lower than for non-autologous cells, this may 
overcome some of the immunological concerns that accom-
pany any transplant therapy. (Immunological considerations 
concerning stem cell transplantation are covered in more 
detail in another chapter of this textbook.) However, when 
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considering clinical application of iPS cells, we must examine 
the cell manipulations required during the reprogramming 
process and all subsequent cell differentiation procedures. 
Even though cells are autologous, the methods used to manip-
ulate them in culture remain largely uncharacterized for use in 
clinical settings and may present additional safety risks. 

 Early efforts to generate iPS cells incorporated genome- 
integrating retroviruses and lentiviruses, which by their 
nature present the potential for uncharacterized insertional 
mutations, thus rendering cells unsuitable for diagnostic 
and clinical uses [ 113 ]. Additionally, iPS cells created by 
viral methods could pose substantial clinical safety risks 
resulting from the potential for erratic reactivation of viral 
transgenes that would substantially increase the potential of 
cells transforming and becoming oncogenic to the patient 
[ 15 ,  73 ,  114 ]. Researchers have also observed that the 
reprogramming process itself may pose potential safety 
hazards [ 90 ]. 

 Adult cells derived from iPS cell progenitors injected into 
immunocompromised mice resulted in tumors in some ani-
mals soon after transplantation [ 15 ]. If the injected prepara-
tions were truly free of stem cells, this provides evidence that 
the genetic integration that occurs during the reprogramming 
process may itself be oncogenic [ 114 ]. Two well-established 
recombination systems known for their ability to effi ciently 
modify the genetic expression of mammalian cells, the 
piggy-bac transposon [ 115 ,  116 ] and the Cre/loxP system 
[ 16 ], were also successfully utilized to generate iPS cell 
lines. However, the use of these systems for generating clini-
cally relevant cells remains uncharacterized. 

 The potential use of iPS cells for cellular replacement has 
recently benefi ted from the work of several groups dedicated 
to defi ning strategies for creating clinically relevant, non- 
oncogenic cell lines using non-integrating reprogramming 
methods. In 2008, an adenoviral approach was successfully 
implemented to reprogram mouse fi broblasts and liver cells 
into iPS cells [ 117 ]. The following year, alternative methods 
were developed using episomal vectors [ 118 ] and recombi-
nant proteins, clearly demonstrating that random insertional 
mutagenesis is not required for successful somatic cell repro-
gramming [ 57 ,  119 ]. Most recently, researchers have 
described a process using zinc-fi nger nucleases to reprogram 
adult somatic cells into iPS cell lines [ 120 ]. 

 Intrinsic variability appears to occur regardless of the 
reprogramming method [ 119 ,  121 ,  122 ]. There is additional 
evidence supporting the necessity for qualifi cation of various 
adult cell sources as iPS cells derived from mouse tail-tip 
fi broblasts showed a much higher oncogenic propensity than 
similarly derived cells obtained from mouse embryonic 
fi broblasts and gastric epithelial cells [ 123 ]. Finally, there are 
strong correlations reported between gene expression signa-
tures and specifi c laboratory facilities, suggesting that small 
differences in in vitro microenvironments have the potential 

to affect the overall genetic quality of stem cells [ 124 ]. For 
this reason, life science companies have committed substan-
tial resources to developing standardized, component- 
defi ned products that will make cell culture conditions and 
downstream processing more consistent. 

 There is still much work to be done to validate the clinical 
use of iPS cells including determining methods to minimize 
abnormal expression of imprinted genes [ 59 ] that may result 
from various methods employed during the reprogramming 
process [ 125 ]. Since effi ciently and reproducibly generating 
clinically relevant target cell populations is a primary goal of 
the iPS cell fi eld, there is an immediate market for products 
that provide innovative solutions to this issue. Accordingly, 
academic researchers and industry alike are racing to defi ne 
strategies for reliable and effi cient creation of iPS cell lines 
using alternative methods. Yet, the effectiveness of various 
reprogramming strategies developed in the short time since 
iPS cells were discovered suggests that the modern challenge 
for reprogramming iPS cells is no longer how to make this 
process free of oncogenic elements, but rather how to make 
this process more effi cient and reliable [ 58 ].  

    Establishment of Effi cacy 

 Beyond establishing methods for creating clinically relevant 
iPS cell lines, the functionality and safety of products derived 
from these cells need to be characterized. In congruence with 
the FDA approval process, the effi cacy of these cells in creat-
ing a functional benefi t for patients must clearly be demon-
strated prior to marketing that therapy for any particular 
clinical indication. For researchers, this entails demonstrat-
ing the functional equivalence of these cells to their in vivo 
counterparts and proving that placing these cells in the body 
alleviates symptoms caused by a defi ned disease or disorder, 
whether directly or indirectly. 

 While some degree of success has been achieved for stem 
cell replacement therapies in the laboratory and the clinic 
[ 6 – 8 ], there is also evidence supporting the need for long- 
term studies of this methodology, as only a tiny minority of 
transplanted cells appears to survive in multiple studies using 
various cell types. For example, in a primate model of 
Parkinson’s disease, transplanted neuronal cells showed only 
1 % survival after 14 weeks [ 126 ]. Though these cells were 
differentiated from hESCs, not iPS cells, there is currently 
little evidence to suggest this would provide any survival 
benefi t to transplanted cells. 

 As previously described in this chapter, iPS cell therapies 
may function not only through cell replacement strategies but 
also through mechanisms of cell nursing or effects on the 
endogenous environment mediated by the secretion of various 
factors. For this reason, establishment of effi cacy may prove 
more diffi cult as such mechanisms of action are often subtle.  

Commercial Opportunities for Induced Pluripotent Stem Cells



192

    Manufacturing Process Standardization 

 Large-scale manufacturing systems for the bioproduction of 
human cells have existed for decades. Yet, there are several 
important obstacles that keep engineers from standardizing 
and scaling manufacturing processes in a manner such that 
large quantities of stem cells or their derivatives can be pro-
duced. While modern efforts to use bioreactors for creating 
industrial-scale batches of stem cells are described in detail 
in another section of this textbook, it is important to remem-
ber the production of cell products is not limited to scaling 
up cell expansions. It requires a long process of cell manipu-
lations and evaluations to generate quality cell products and 
many of these processes are not suited to high-throughput 
strategies necessary for large-scale production. 

 For example, current protocols for determining the 
potency of stem cells are time-consuming, expensive, and 
rely on consistent availability and quality of products such as 
antibodies to provide accurate results. For various reasons, it 
is often necessary to use several different antibodies to verify 
cell identity and this process must be repeated for each lot of 
cells produced. A more extensive qualifi cation process, fi rst 
established in Dr. Yamanka’s laboratory, includes teratoma 
formation, differentiation of stem cells into three embryonic 
germ layers, confi rmation of Oct4 transcription factor expres-
sion, and formation of embryoid bodies in in vitro culture [ 1 ]. 
Though these may be the best standards for defi ning the over-
all “quality” of stem cells, the time required would cripple 
most development processes. 

 Current differentiation methods are also insuffi cient for 
creating derived cell populations with 100 % purity without 
incorporating time-consuming sorting processes such as 
fl uorescence- activated cell sorting, magnetic-based sorting 
[ 86 ], or high- content analysis [ 127 ,  128 ]. The time required 
for these processes renders them unfeasible for large-scale 
production methods and these methods are also dependent 
on the availability of specialized biomarker products. Addi-
tionally, researchers often have diffi culty observing disease 
 phenotypes in iPS cell lines derived from disease patients. 

 The rigorous standards that must be met when manufac-
turing cell products for diagnostic or transplant purposes 
require high levels of purity. Because many features of this 
process could be described as an “art,” there are substantial 
challenges in completing the approval process and subse-
quent technology transfer that must occur between research-
ers and manufacturing facilities. Thus, standardizing culture 
procedures and manufacturing paradigms is key to bringing 
nearly all iPS cell technologies to the marketplace.  

    Intellectual Property and iPS Cell Technology 
Licensing 

 The immense potential of iPS cell technologies and their 
subsequent usefulness in a wide variety of research schemes 

makes them an extremely valuable commodity in today’s 
marketplace. Therefore, it is of particular importance for 
researchers and entrepreneurs to protect their inventions and 
organizations across the globe are racing to secure rights to 
use and distribute these technologies. In a nascent environ-
ment where smaller iPS cell companies frequently demon-
strate a more refi ned expertise in specifi c technologies, even 
the largest organizations appear willing to partner. Thus, it is 
important to establish scientifi c ownership of iPS cell tech-
nologies as early as possible in the discovery process. 

 iPS Academia Japan was established to manage the pat-
ents and technology rising from Dr. Yamanaka’s discovery 
of iPS cells at Kyoto University after the institution was 
granted a patent for iPS cells by the Japan Patent Offi ce in 
2008 [ 129 ]. Since its founding, numerous institutions and 
companies have applied for licenses to use this technology. 
In 2011, iPierian (San Francisco, CA) licensed this technol-
ogy and in 2012, CDI signed a new agreement to use 
Yamanaka’s technology and cell lines. 

 Intellectual property laws vary globally, especially with 
regard to the applicability of patents to stem cell technolo-
gies, making establishing ownership tedious and diffi cult in 
some cases. For example, in 2011, the European Parliament 
courts banned patents on stem cell products citing an “uneth-
ical industrial” use of stem cells after a German researcher 
tried to patent a method of turning hESCs into neurons [ 130 ]. 
This placed the UK and Europe in a precarious situation with 
regard to commercializing any stem cell technology, includ-
ing iPS cells, and was considered “a blow to years of effort 
to derive biomedical applications from embryonic stem 
cells” by leaders in the fi eld [ 131 ].   

    Areas for Commercial Opportunity 

 We previously described the potential that iPS cells have to 
revolutionize the drug discovery process and generate a diverse 
range of cell therapies. Now, we will examine how these fea-
tures translate into commercial opportunities. Frequently, the 
successful translation of this technology into commercial 
products requires a spectrum of expertise including basic life 
scientists, clinicians, and engineers. Thus, the commercial 
market for these technologies encompasses an extensive array 
of products and services targeted at a diverse audience. 

 Defi ning simple and cost-effective strategies to manipu-
late iPS cells is a valuable goal to both the stem cell fi eld and 
the life sciences industry at large. While many challenges 
still need to be addressed, each potential solution represents 
a commercial opportunity within this sector. From relatively 
simple chemical compounds, such as growth factors, to 
highly evolved services including genetic cellular analyses 
and iPS cell reprogramming, global commercial opportuni-
ties are expanding. 

 In this section, we will consider global infrastructures 
that support stem cell markets and discuss examples of 
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international collaboration within the stem cell community. 
To illustrate the growing commercial potential of iPS cell 
technologies, we will examine major iPS cell technology 
market segments and provide innovative examples of prod-
ucts and services that have helped support ongoing research 
and clinical development investments. 

    Global Market Infrastructure 

 The scale at which stem cell research is conducted largely 
depends on the infrastructure and funding available from 
government sources. In the last decade, substantial initiatives 
have led to the creation of numerous regenerative medicine 
research centers focused on the translation of stem cells into 
commercial and clinical applications across the globe. While 
iPS cells may pose fewer ethical and legal concerns, the sup-
port systems and funding that allow this research are closely 
tied to government policies concerning all stem cells. 

 In the United Sates, federal stem cell research funding has 
been enhanced by many state initiatives. In 2006, the CIRM 
was created to oversee grants and loans for stem cell research 
totaling $3 billion over 10 years. As of July 2012, 528 awards 
totaling over $1.5 billion had been dispersed to institutions 
throughout California (CIRM Website). Other states, includ-
ing Connecticut, Illinois, New York, and Texas, have made 
similar investments in regenerative medicine research by 
establishing state agencies and educational institutions to 
support stem cell research efforts within their state. 

 Europe, most especially the UK, has also demonstrated a 
commitment to the development of regenerative medicine 
research and education. In 2008, the Oxford Stem Cell 
Institute (OSCI) was established to combine the expertise of 
basic researchers and clinical professionals. Now encom-
passing over 40 research groups, the success of OSCI has 
encouraged similar initiatives within the UK. In 2012, the 
University of Cambridge and Harvard University announced 
the creation of a new $12.5 million stem cell research center 
underwritten by the UK Medical Research Council and 
Wellcome Trust. In Scotland, the Scottish Centre for 
Regenerative Medicine and other foundations providing 
business and research expertise in addition to fi nancial sup-
port, such as Scottish Enterprise, Scotland Stem Cell 
Network, and the UK Stem Cell Foundation, help stimulate 
a vibrant regenerative medicine research environment. 
Additional funding through EuroStemCell partnerships by 
the European Commission’s Seventh Framework Programme 
serves as a prime example of government/private partner-
ships working to progress regenerative medicine research 
throughout Europe. 

 In Asia, where policies on stem cells are generally per-
missive towards therapeutic research, Yamanaka’s discovery 
of iPS cells immediately elevated Japan to a prominent posi-

tion in the fi eld and grew fi nancial support in the region. In 
Singapore, public and private funding currently supports 
over 40 regenerative medicine research groups, led by inves-
tigators from all over the world. Large investments in manu-
facturing may help strengthen Singapore’s position as a 
potential major exporter of iPS cell technologies and goods 
in the next decade. 

 One of the largest publishers of peer-reviewed stem cell 
research in the scientifi c literature is currently China. With a 
population of over one billion, the Chinese market represents 
one of the largest potential consumer bases for stem cell 
therapeutics. However, in December 2011, the Chinese 
Ministry of Health tightened regulations on all stem cell 
research by announcing that companies must register clinical 
activities involving stem cells and subsequently closed down 
several operations allegedly performing unapproved testing. 

 Other countries have also recognized the potential of 
regenerative medicine research and are working to establish a 
presence in the global stem cell market. In 2007, the Canadian 
Institutes of Health Research released Guidelines for Human 
Pluripotent Stem Cell Research outlining a framework for the 
uses of stem cells in Canada. This country hosts several suc-
cessful stem cell companies, including Stem Cell Technologies 
(Vancouver, Canada), producers of popular stem cell culture 
medias. In Israel, several clinical trials using stem cells have 
commenced in recent years. In India, a fl ourishing industry 
exists for stem cell banking even after the Council for Medical 
Research banned these banks from being used for reproduc-
tive purposes in 2007. It is a policy shared by many countries, 
including Belgium, Switzerland, and South Africa, to allow 
and support the use of stem cells for therapeutic purposes, but 
ban their use for reproductive purposes. 

 The global infrastructure that supports all stem cell tech-
nologies is growing. In places where government policies 
regarding use of embryonic stem cells once prevented 
researchers from entering the fi eld of regenerative medicine, 
iPS cells are fi nding new and enthusiastic audiences. Out of 
the 293 researchers who identify iPS cell technologies as a 
primary focus in their work, almost 40 % were outside the 
United States [ 9 ]. With an expanding global consumer base 
that includes individual academic researchers  and  large 
pharmaceutical companies, there are growing opportunities 
in this market for a range of international contributors.  

    Research Tools Market 

 The global market for iPS cell research products is expected 
to exceed $1 billion annually by 2015. Growing global infra-
structure and increased adoption of iPS cell technologies in 
existing and new markets substantiate a continued increase 
in market value in the upcoming decade. Over 293 principal 
investigators now identify iPS cell research as a core focus of 
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their laboratory [ 9 ]. Further, a large number of these research-
ers are working on new applications for drug discovery and 
clinical development research purposes. 

 The tools and services that comprise the iPS cell research 
product space can generally be broken down into several 
market segments, each of which encompassing its own spec-
trum of products. Each segment described below commands 
a fair share of the market, with sectors focused on produc-
tion, reprogramming, and differentiation of cells taking a 
slightly larger market share than those offering analytical or 
engineering services [ 132 ]. 

    Cells-Based Tools 
 iPS cell lines and products, associated with the culture, 
maintenance, reprogramming, and derivation of these lines, 
command a majority share of the iPS cell research market 
space. The ability to generate a variety of functional cells, 
including cardiomyocytes, hepatocytes, and neurons for pre-
dictive toxicology, is an extremely useful and valuable aspect 
of iPS cell research technologies. Substantial commercial 
opportunities are created by the ability of these cells to gen-
erate nearly limitless amounts of stem cells and stem cell- 
derived products [ 133 ]. 

 The requirement for every new drug candidate to have 
proven effi cacy for each use indicated on the product label 
compels a substantial market containing a wide variety of 
human cell types and associated products. For example, CDI 
(Madison, WI) launched their iCell™ endothelial cell 
 products as a tool for researchers to evaluate drug candidates 
in the fi elds of angiogenesis, atherosclerosis, infl ammation, 
and wound healing. This is an extremely large market with 
potential mega-customers like the US Department of 
Defense, who recently signed a $200 million deal with Osiris 
Therapeutics Inc. (Columbia, MD) for a stem cell-related 
treatment for radiation poisoning.  

    Chemicals and Reagents 
 Since process standardization is a substantial challenge for 
both individual researchers and large-scale manufacturing 
facilities alike, there is a substantial opportunity for the devel-
opment of more refi ned culture systems and reagents that 
reduce variability. However, there are several complex signal-
ing pathways that contribute to the “stemness” of cells, includ-
ing those involving WNT [ 134 ], BMP/Activin [ 135 ], FGF 
[ 136 ], and Notch signaling [ 137 ,  138 ], which complicates the 
development of stem cell culture products and reagents. 

 One of the most successful examples of a stem cell media 
is Stem Cell Technologies’ (Vancouver, Canada) mTESR 
range of stem cell medias. Used by researchers worldwide, 
this media formulation was recently updated to reduce the 
total number of components in a new E8 version. Beyond 
creating reagents that are defi ned, the utility of xeno-free 
products for the maintenance and derivation of clinically rel-

evant stem cell products represents a major opportunity for 
product developers [ 39 ]. 

 Several groups across the globe are researching the use of 
small molecules to enhance the effi ciency of the iPS cell 
reprogramming process, a task that entails large-scale screen-
ing efforts [ 139 ]. Chemical-based strategies to generate con-
sistent cell culture conditions are a lofty goal, but some 
success has already been made. 

 The use of epigenetic strategies incorporating DNA meth-
yltransferase inhibitors [ 14 ] and the histone deacetylase 
inhibitor valproic acid has also been effective in enhancing 
the overall effi ciency of the reprogramming process. Indeed, 
use of valproic acid appeared to negate the requirement for 
Klf4 entirely in certain reprogramming paradigms [ 140 ]. 
Since 1978, valproic acid has been approved for use in the 
United States for the treatment of epilepsy, and though it has 
several mechanisms of action other than epigenetic modula-
tion, gaining approval for methods utilizing valproic acid 
would be markedly less diffi cult than for completely new 
drug compounds.  

    Cell Engineering 
 Many of the experimental paradigms defi ned for hESCs, 
such as differentiation protocols employing various meth-
ods, have not been optimized for cells that have undergone 
reprogramming. For example, researchers differentiating 
neuronal cells from iPS cells applied a standard protocol pre-
viously validated using hESCs. While some success was 
demonstrated by producing iPS-derived cells expressing 
neuronal biomarkers, these cells were produced with less 
than half the effi ciency of similarly derived hESCs [ 141 ]. 

 Similar results were also observed by researchers attempt-
ing to differentiate hemangioblasts (multipotent cells that 
give rise to hematopoietic and endothelial cell types) from 
more well-characterized iPS cell lines generated by Dr. 
Yamanaka’s laboratory in Japan. Hemangioblasts generated 
from iPS cells were created with less effi ciency and appeared 
to age more rapidly when compared to cells similarly derived 
from hESCs. These cells also exhibited signs of programmed 
cell death after a short time in culture [ 142 ], highlighting the 
small, but signifi cant differences that exist between these 
two cell populations and further demonstrates the need for 
optimizing current cell culture strategies for iPS cells. 

 Because of the time and resources required to optimize 
iPS cell culture strategies, there are numerous commercial 
opportunities to engineer cells for researchers in a variety of 
biomedical disciplines. StemGent (Cambridge, MA), a pio-
neer in lentiviral-based iPS cell reprogramming, began offer-
ing custom iPS cell line generation services and Cellular 
Reprogramming Training Courses in 2010. The following 
year, this company established a partnership to distribute cells 
with ATCC (Manassas, VA), a private, nonprofi t biological 
resource center with an expansive collection of cell types. 
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 More recently, CDI announced MyCell™ Services that 
include novel iPS cell line reprogramming. This service uses 
an episomal method to generate “footprint-free” human iPS 
cells at a manufacturing capacity of over two billion cells 
daily. Other features of this service include genetic engineer-
ing and differentiation of iPS cells into cardiomyocytes, neu-
rons, and endothelial cells using CDI’s previously optimized 
protocols to generate pure populations suitable for research. 
Users can provide iPS cells or choose from one of over 250 
normal and diseased lines currently available through CDI.  

    Cell Characterization 
 The fi nal segment of the research tools market includes prod-
ucts and services to characterize iPS cells and derived adult 
cell types. This includes validating stem cells to confi rm plu-
ripotency and assessing maturity levels of cells derived from 
iPS cell lines. While many of these procedures are currently 
performed in-house by researchers, outsourcing this analysis 
can be cost-effective and removes the burden from research-
ers who may not be familiar with such techniques. 

 Commercial opportunities exist in this area to develop 
tools that quickly and accurately identify cell characteristics 
both in the form of products and services. Currently avail-
able products incorporate the use of primary antibodies to 
qualify the identity of cells as well as other methods to ana-
lyze cellular genetic profi les. 

 Systems Bioscience, Inc. (Mountain View, CA) offers a 
stem cell characterization kit that includes materials to qual-
ify the pluripotent potential of cells using fl uorescent-tagged 
antibodies. Similar kits are also available from many of the 
larger life science companies. Applied Stem Cell, Inc. 
(Menlo Park, CA) will use similar methods to characterize 
cells for researchers and reports both qualitative and quanti-
tative results.   

    Therapeutics Market 

 One of the most promising commercial aspects of iPS cells 
is their potential for therapeutic uses. As a “blank-slate” 
material for the generation of virtually any human cell type, 
the use of these cells could be applied to a wide variety of 
clinical strategies. Though iPS cell therapies are currently 
only in preclinical stages, the global market for these prod-
ucts appears imminent. 

 In 2012, the US District Court ruled that an individual’s 
stem cells are essentially drugs once cultured and therefore 
fall under the regulatory domain of the US FDA. This prec-
edent bestows the authority to regulate clinical stem cell 
research and trials for all treatments in which cells are 
manipulated in more than a minimal fashion [ 112 ]. Since 
generating mature adult cells requires extensive in vitro 
and in vivo culturing of cells [ 27 ,  28 ] companies must fi rst 

demonstrate safety and effi cacy of iPS cells, iPS cell-derived 
adult cells, and many associated products and services before 
the full potential therapeutic uses of this technology can be 
realized. Further, the success of making cells suitable for 
engraftment is variable between cell types and fully depen-
dent upon generating pure populations of cells at a specifi c 
maturation level [ 29 ]. Examples of stem cell therapies cur-
rently in clinical trials are presented in another section 
“Clinical Applications.” 

 Reprogramming processes that incorporate retroviral 
methods have proven inadequate for producing clinically rel-
evant iPS cell populations. These strategies rely on random 
and stable integration of reprogramming factors into the 
genome, which have been shown to cause variation even 
within a patient’s own cells and appear to affect the differen-
tiation potential of generated iPS cell lines [ 143 ]. New meth-
ods are being developed to address the issue of variation in 
cell products and to remove viral integration schemes from 
the reprogramming process completely. 

 Beyond the importance of iPS cells and their derivatives 
being free of oncogenic transgene elements or viruses, it is 
vital that fi nal cell products should be free of any undifferen-
tiated stem cells, as these cells are in their essence extremely 
oncogenic. For this reason, there is a substantial opportunity 
for the development of methods that generate pure popula-
tions of cells. In order to generate clinically relevant cells, 
reprogramming processes and all subsequent cell manipula-
tions are required to be fully characterized for their suitabil-
ity and safety in a variety of clinical paradigms.  

    Logistics and Adjunct Technologies 

 While research and therapeutic uses of stem cells are being 
pursued with great vigor by industry, there are a host of other 
accompanying products and services that are required for 
successful translation and delivery of stem cell products and 
therapies to consumers. Logistically, stem cells are alive and 
therefore require specialized storage and transport systems 
that will ensure quality products suitable for their fi nal use. 
Clinical products are tightly regulated from creation to con-
sumption and this requires oversight at every stage in these 
processes. Thus, this poses signifi cant challenges in a global 
marketplace. 

    Consumer Stem Cell Banking Services 
 While the short-term therapeutics market is limited by previ-
ously described development issues, there are growing com-
mercial opportunities in providing acquisition and storage of 
adult tissue suitable for reprogramming. While cord blood 
banking services have been popular for a few decades, 
increasingly services are becoming available to store and 
propagate tissue suitable for iPS cell derivations. 
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 Recently, Lonza Group (Basel, Switzerland) made avail-
able a range of iPS cell services from tissue acquisition to 
differentiation of client cells into adult cell types. These ser-
vices are performed under current Good Manufacturing 
Procedure conditions, therefore making Lonza able to offer 
cell products to cell therapy clients in support of ongoing 
clinical trials. This is an important fi rst step in preparing for 
potential iPS cell-based therapeutics and represents a new 
market sector entirely.  

    HLA-Haplotype Banking of iPS Cell Lines 
 Though iPS cell technologies allow for more personalized 
medicine approaches through creation of patient-specifi c cell 
lines, signifi cant benefi ts could be made through the use of 
human leukocyte antigen (HLA) haplotype banking of iPS 
cells [ 144 ]. The HLA system mediates histocompatibility in 
humans through the use of cell-surface antigens. 

 This approach would afford many of the immunological 
benefi ts of autologous cell therapies by matching donor and 
patient HLA haplotypes to reduce the potential for rejection 
of cell grafts. It would also allow for the creation of large 
clinical iPS cell banks that could be prequalifi ed for use in 
specifi c clinical paradigms. The commercial potential of 
developing such cell banks could also be applied to both 
drug discovery and clinical applications.       
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        Abbreviations 

   SSCs    Spermatogonial stem cells   

          Introduction 

 Spermatogonial stem cells (SSCs) are the resident stem cells 
in the testes of adult males and are responsible for maintain-
ing lifelong spermatogenesis in mammals, yet represent only 
a tiny fraction of adult germ cells (e.g., about 0.03 % in mice) 
[ 1 ]. In humans, SSCs seem to be similarly scarce but only 
indirect estimates have been made, and these are based in 
part on ethically problematic experiments performed on pris-
oners who were dosed with radioisotopes in the 1960s [ 2 ]. 
Given the apparent paucity of SSCs, it should come as no 
surprise that, as yet, we are unable to defi nitively identify the 
authentic stem cell population within the testis. Nonetheless, 
remarkable technology developed by Ralph Brinster and oth-
ers has enabled the discovery of critical molecular and func-
tional features of SSCs, not only in mice but also in other 
species, making SSC biology a preeminent model for long- 
term self-renewing adult stem cells. In addition to maintain-
ing genomic and epigenomic integrity for future generations, 
SSCs have the unusual property among other adult stem cell 
types of undergoing spontaneous programming in vitro to 
produce a pluripotent phenotype, a process that is poorly 
understood despite a number of recent controversial studies, 
particularly in humans [ 3 – 6 ]. The goal of this chapter is to 
present recent discoveries that pertain to the characterization 
and function of normal adult SSCs in mice and humans and 
also to address the current understanding of reprogramming 
of adult male germ cells.  

    Spermatogonial Stem Cells in Rodents 

 According to the classical view, known as the A s  model, 
mammalian SSCs are characterized by morphological crite-
ria obtained from whole mount preparations of testicular 
seminiferous tubules. This model, initially proposed by 
Clermont and Bustos-Obregon [ 7 ], defi nes rodent SSCs as 
isolated A single  (A s ) spermatogonia. These A s  spermatogonia 
are located on the basement membrane of the seminiferous 
tubules and are part of a larger subcategory of undifferenti-
ated spermatogonia, A undiff , which are recognized by their 
apparent lack of condensed heterochromatin in the nucleus. 
A s  spermatogonia either self-renew, dividing into two new 
SSCs, or begin to differentiate, forming A paired  (A pr ) sper-
matogonia which remain connected by intercellular cyto-
plasmic bridges [ 8 ]. A pr  spermatogonia continue on the path 
of differentiation to form longer chains of 4–32 cells, which 
are referred to as A aligned  (A al ) spermatogonia. These A al  sper-
matogonia continue to differentiate, ultimately giving rise to 
diploid spermatocytes. 

 More recently, functional and molecular features have 
essentially supplanted the classic morphological descrip-
tions of putative SSCs. The minimum requirement for stem 
cell functionality is the ability to maintain the stem cell 
population while producing differentiating progeny. This 
functionality can only be defi nitively assessed by means of 
transplantation, which was fi rst published as an assay in 
1994 by Ralph Brinster and others [ 9 ,  10 ]. The transplanta-
tion assay demonstrates that donor SSCs, when injected 
into the seminiferous tubules of infertile mice, have the 
capacity to migrate to the proper microenvironment along 
the basement membrane and carry out long-term self-
renewal and spermatogenesis. It was also shown that donor 
spermatozoa could generate normal offspring and were, 
thus, fully functional. 

 It had been widely assumed, in accordance with 
Clermont’s earlier model, that A s  spermatogonia, exclu-
sively, are the true SSCs. However, due to the fact that there 
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is no universally accepted A s -specifi c marker and that SSCs 
can only be defi nitively identifi ed in retrospect using the 
aforementioned functional transplantation assay, the small-
est population that has been proven to have stem cell proper-
ties includes all undifferentiated spermatogonia (A s , A pr , and 
A al ). Furthermore, it is equally unclear whether the stem cell 
population is limited to an even smaller subset of undifferen-
tiated spermatogonia than the A s  spermatogonia. 

 Recent studies have presented convincing data suggesting 
that Clermont’s original model is likely fl awed. Using an in 
vivo lineage tracing strategy, Nakagawa et al. described two 
functional populations of SSCs in the mouse testis; these 
were referred to as “actual stem cells,” which are self- 
renewing, and “potential stem cells,” which have the ability 
to self-renew but only do so under stress [ 11 ]. A recent study 
by this same group showed that the putative stem cell pool, 
as defi ned by the A s  model, is heterogeneous and that the 
actual stem cell population is contained within a subpopula-
tion of A s  spermatogonia [ 12 ]. Other studies have cast doubt 
on the schema of self-renewal and differentiation suggested 
by the Clermont model, according to which differentiation is 
linear and nonreversible, and have shown that the commit-
ment of spermatogonia to the differentiation pathway is 
indeed reversible [ 12 ,  13 ]. The extent to which this phenom-
enon is generally applicable to SSCs in other mammals, 
including humans, is not currently clear. 

 In addition to the above studies, the ability to characterize 
SSCs based on molecular markers that are present on the cell 
surface has greatly accelerated the fi eld. In 1999, Shinohara 
et al. showed that α 6 -integrin and β 1 -integrin were expressed 
on the surface of SSCs [ 14 ]. Later, in 2003, Kubota et al. 
identifi ed Thy1 (CD90) on mouse SSCs. Kubota showed that 
95 % of the SSCs in the adult mouse testes are contained in 
the Thy1 +  cell fraction [ 15 ]. Kanatsu-Shinohara previously 
found that mouse SSCs express CD9, though the CD9 +  testis 
cell fraction was found to be enriched only 6.9-fold for SSCs 
[ 16 ]. In a more recent study, Kanatsu-Shinohara showed that 
SSCs are most concentrated in CD9 + EPCAM −/low  population 
[ 17 ]. GPR125 was also shown to be a marker for undifferen-
tiated spermatogonia in the mouse [ 3 ]. Purifi cation of SSCs 
has also been facilitated by the use of negative selection 
against molecules such as α V -integrin [ 18 ]. 

 While cell surface markers are particularly useful for iso-
lation of live SSCs, other signature genes have been identi-
fi ed, many of which are nuclear. These include, but are not 
limited to, PLZF, LIN28, NANOS2, and OCT4, which are 
all expressed by undifferentiated spermatogonia, but not spe-
cifi cally by A s  spermatogonia [ 19 – 24 ]. Conversely, KIT 
expression is absent in undifferentiated spermatogonia and 
marks the transition to differentiating type A spermatogonia 
[ 25 ]. In a recent paper, however, Oatley et al. showed that 
ID4 is expressed exclusively in A s  spermatogonia [ 26 ].  

    Spermatogonial Stem Cells in Humans 

 According to studies beginning with Clermont and Heller, 
primate spermatogonia were characterized morphologically 
as A dark  (A d ) and A pale  (A p ) spermatogonia, based on the dis-
tinct levels of chromatin condensation in the nuclei and the 
consequent intensity of the staining with hematoxylin [ 27 , 
 28 ]. Both A d  and A p  spermatogonia were considered undif-
ferentiated and it was suggested that the A d  spermatogonia 
are the reserve stem cells and the A p  spermatogonia are the 
actively renewing stem cells [ 27 – 30 ]. In this model of sper-
matogenesis, the A p  spermatogonia divide to form either new 
A p  spermatogonia or differentiated type B spermatogonia. 
The type B spermatogonia continue to divide, differentiating 
to form primary spermatocytes and spermatids. Other mod-
els of human SSC population dynamics suggest that the A p  
spermatogonia, which undergo regular divisions, are actually 
transit-amplifying progenitors, whereas the A d  spermatogo-
nia are the true SSCs [ 31 ,  32 ]. It has also been proposed that 
the A d  and A p  nuclear phenotypes may represent spermato-
gonia at distinct stages of the cell cycle as opposed to sper-
matogonia with differing stem cell fates [ 33 ]. Due to the 
diffi culty of culturing human SSCs and the paucity of avail-
able assays, however, the true identity of the human SSC 
remains unknown, though it is most likely true that the 
human SSCs exist as a smaller subpopulation of the A d  or A p  
spermatogonia [ 5 ]. 

 In the last decade, however, progress has been made to 
defi ne human SSCs using the same approaches as were used 
with rodent models. Izadyar et al. showed that putative SSCs 
in the adult human testis are phenotypically characterized as 
SSEA-4 + , CD49f + , CD90 + , GPR125 + , and c-Kit neg/low  [ 34 ]. The 
same study also found that about one-third of repopulating 
spermatogonia express OCT4 and NANOG, signifying the 
existence of populations of spermatogonia in the adult human 
testes with at least some characteristics of pluripotent cells. 

 In a 2010 study, the Dym group used human testicular 
material from deceased organ donors and confi rmed that 
human spermatogonia express THY1, GFRα1, ITGα6 
(although ITGα6 is also expressed in Sertoli cells), and 
PLZF, all of which are also markers of rodent SSCs [ 35 ]. 
Localized expression of GPR125 was observed in 1–2 sper-
matogonia per seminiferous tubule cross-section, and they 
proposed that GPR125 might be a marker of SSCs. In a more 
recent study, von Kopylow et al. shed substantial light on the 
original morphology-based model proposed by Clermont 
[ 36 ]. It was found that the gene expression profi le of A p  and 
A d  spermatogonia differed in regard to expression of KIT, 
Ki-67, and DMRT1, while many putative SSC markers were 
common to A p  and A d  spermatogonia. Specifi cally, they 
found that KIT, Ki-67, and DMRT1 were restricted to 
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 subtypes which lacked nuclear rarefaction zones, i.e., types 
A p  and B spermatogonia only. A d  spermatogonia, however, 
were marked by high levels of exosome component 10 
(EXOSC10) in the nuclear vacuole, which may refl ect dif-
ferential nuclear RNA metabolism in the A d  spermatogonial 
population; this feature was linked to the cell’s immature 
state. Thus, as additional molecular correlates of stemness in 
the human testis are validated, it is likely that the utility of 
morphological assessments will continue to decline. 

 While several groups reported that OCT4 expression is not 
conserved in human spermatogonia [ 6 ,  35 ], Bhartiya et al. 
suggested that the reason for the discrepancy between fi nd-
ings in rodents and humans may be that the antibodies and 
primer sets used were derived from the overlapping domain 
between OCT4A and OCT4B rather than from an exon spe-
cifi c to OCT4A [ 37 ]. A novel population of 5–10 μm cells was 
found to express nuclear OCT4A and also other pluripotent 
markers such as NANOG and TERT, suggesting that these 
cells may represent a distinct population of cells with pluripo-
tent features in the testis. Given the numerous pitfalls associ-
ated with accurate and valid measurement of pluripotency 
genes and of possible markers of human SSCs, it remains to 
be seen whether genes such as OCT4, NANOG, and SOX2 
are meaningfully expressed, either at the level of mRNA or 
protein in human SSCs. Such questions become particularly 
relevant when addressing the reprogramming of adult germ 
cells, as discussed in the fi nal section of this chapter.  

    Microanatomy of the Spermatogonial Stem 
Cell Niche 

 A stem cell niche is the specialized microenvironment that 
supports self-renewal and survival of the stem cell popula-
tion. Stem cell niches are formed by contributions from sur-
rounding support cells, which provide extrinsic stimuli to 
regulate self-renewal and differentiation both through 
secreted growth factors and extracellular matrix support. 
Spermatogenesis occurs within the seminiferous tubules of 
the testis, which are surrounded by the basement membrane 
(Fig.  1 ). The developing germ cells and Sertoli cells together 
form the seminiferous epithelium [ 38 ]. Tight junctions 
formed between the Sertoli cells create both a basal compart-
ment, which houses all undifferentiated spermatogonia, and 
an adluminal compartment. Peritubular myoid cells line the 
outside of the basement membrane and provide structural 
support for the tubules. The interstitial region between the 
tubules consists predominantly of Leydig cells, which secrete 
testosterone, along with the vascular network, and also tissue 
macrophages. Each of the cell types mentioned, in addition 
to vascular contributions, have been implicated as contribu-
tors to the SSC niche [ 39 – 44 ].

   The Sertoli cell is the only somatic cell type within the 
seminiferous tubule; in addition to critical roles in fostering 
the latter stages of spermatogenesis, it is generally accepted 

  Fig. 1    Structure of the mouse seminiferous tubule and SSC niche. ( a ) 
Hematoxylin- and eosin-stained section of adult mouse testis.  Red , 
 dashed line  shows area that is illustrated in ( b ). ( b ) Cartoon showing 
undifferentiated spermatogonia, including stem cells, are nurtured 
from within the seminiferous tubule by signals produced by Sertoli 

cells ( turquoise ) and also from the outside of the tubule by other somatic 
cell types, such as peritubular myoid cells ( green ) and others. Additional 
cell types of note that are present in the interstitial region include 
 endothelial cells, macrophages, and Leydig cells       

 

Spermatogonial Stem Cells in Adult Mice and Men



206

that the Sertoli cell is the predominant participant in the SSC 
niche. Oatley et al. recently provided more direct evidence 
that the Sertoli cells regulate the SSC niche, showing that 
increasing the number of Sertoli cells in the testes of mice 
concomitantly increases the number of niches accessible for 
colonization by SSCs posttransplantation [ 45 ]. 

 While the Sertoli cell is critical, somatic cell populations 
in the interstitial tissue likely contribute to the niche as well 
[ 39 ,  40 ]. Chiarini et al. showed that undifferentiated sper-
matogonia accumulate in areas of the seminiferous tubule 
where the basement membrane is more closely associated 
with the interstitial tissue. Additionally, Yoshida et al. (2007) 
implicated the vascular network of the testes in regulation of 
spermatogonia by showing that during the process of differ-
entiation, undifferentiated spermatogonia migrate away from 
areas of the tubule that are associated with the interstitial 
vasculature [ 46 ]. The functional roles of vascular-derived 
instructions in SSC self-renewal have yet to be elucidated.  

    Extrinsic Factors Regulating Fate Decisions 

 Substantial progress has been made in identifying extrinsic 
stimuli that control the decision of SSCs to self-renew rather 
than differentiate and in using this knowledge to establish 
culture conditions that support the long-term propagation of 
SSCs in vitro [ 47 – 49 ]. The fi rst, and arguably the most 
important, extrinsic regulator of SSC self-renewal and prop-
agation to be found was glial cell line-derived neurotrophic 
factor (GDNF) [ 50 ]. Produced by Sertoli cells, GDNF is a 
member of the transforming growth factor beta (TGFβ) 
superfamily. Meng et al. (2000) were among the fi rst to rec-
ognize the importance of GDNF signaling in the mainte-
nance of undifferentiated spermatogonia. It was shown that 
spermatogenesis is disrupted in GDNF-defi cient mice, while 
overexpression of GDNF in transgenic mice results in the 
accumulation of undifferentiated spermatogonia [ 50 ]. These 
fi ndings ultimately enabled the successful creation of an in 
vitro culture system that could sustain SSCs long term. In 
2004, Kubota et al. found that the addition of recombinant 
GDNF to serum-free medium did indeed promote the long- 
term expansion of mouse SSCs [ 49 ]. A recent study has 
shown that GDNF is required not only for the initial estab-
lishment of the stem spermatogonial pool but also for the 
maintenance of the SSC population in the normal adult testis 
[ 51 ]. GDNF was found to promote self-renewal over differ-
entiation of replicating stem spermatogonia in the normal 
mature testis. GDNF is also known to signal via the GFRα1/
RET co-receptor through activation of Src family kinases, 
Ras, and PI3K-Akt pathways and subsequently induces 
expression of target genes in SSCs [ 52 – 55 ]. 

 In addition to GDNF, other growth factors that enhance 
SSC self-renewal have been identifi ed. Kubota et al. (2004) 
found that while fi broblast growth factor 2 (FGF2) alone 

does not support SSC expansion, it does increase the rate of 
proliferation when added in conjunction with GDNF [ 49 ]. 
Kanatsu-Shinohara et al. (2005) also found that inclusion of 
either FGF2 or EGF in serum-free medium along with GDNF 
supports long-term expansion of SSCs [ 56 ]. Leukemia inhib-
itory factor (LIF) supports SSC growth in vitro and, thus, 
may also play a role in the regulation of SSC fate decisions 
in vivo, although it is not strictly required in vitro [ 57 ]. Of 
note, the Shinohara group recently demonstrated that activa-
tion of MAP2K1 downstream of FGF2 drives expression of 
ETV5 and BCL6B in SSCs [ 58 ]. 

 Two recent studies, using gene expression profi ling, found 
that Csf1r, the receptor for Colony Stimulating Factor 1 
(CSF1), is highly expressed in undifferentiated spermatogo-
nia isolated from mouse testes [ 42 ,  59 ]. The ligand, CSF1, 
was thus implicated as a potential extrinsic factor in the regu-
lation of SSC proliferation. When added to cultures of undif-
ferentiated spermatogonia, which were also supplemented 
with GDNF and FGF2, CSF1 did not enhance proliferative 
activity but did increase SSC content. These data indicate 
that CSF1 exposure alters the balance of SSC self-renewal 
versus differentiation and demonstrate that CSF1 infl uences 
SSC self-renewal without affecting proliferation of non-stem 
spermatogonia. Because CSF1 alone (i.e., without GDNF) 
did not support cluster formations, it was speculated that 
CSF1 likely acts in collaboration with or through GDNF. 
CSF1 expression was observed in both Leydig cells and 
select myoid cells, suggesting that these cells, too, contribute 
to the SSC niche [ 42 ,  59 ]. 

 The Wnt family of proteins, which comprises secreted gly-
coproteins, is another group of cell-extrinsic signals that have 
been implicated in SSC maintenance in vitro [ 60 ,  61 ]. Yeh 
et al. (2011) showed that Wnt5a, in particular, supports SSC 
maintenance and enhances survival of stem spermatogonia in 
vitro, while Wnt3a may target progenitors [ 60 ]. Because the 
effects of Wnt5a were eliminated by the inhibition of a 
β-catenin-independent signaling pathway and also because 
germ cells with active β-catenin signaling lacked SSC activity, 
these data suggest that Wnt5a supports SSC self-renewal inde-
pendently of β-catenin. Interestingly, it was also shown that 
Wnt5a is expressed by Sertoli cells and that SSCs express the 
cognate receptors. In contrast, Golestaneh et al. found that 
Wnt3a induces cell proliferation of spermatogonia [ 61 ]. It was 
suggested that Wnt3a acts through the β-catenin-dependent 
pathways. Unfortunately, direct comparison of these studies is 
diffi cult due to substantial methodological differences.  

    Intrinsic Molecular Mechanisms Regulating 
Spermatogonial Stem Cell Maintenance 

 In the SSC system, germ cell-intrinsic factors have essential 
roles in the maintenance of stem cells and, thus, contribute to 
the niche in a cell-autonomous manner. Because GDNF is 
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generally regarded as the most important extrinsic factor in 
the regulation of SSC self-renewal, the study of cell-intrinsic 
mechanisms involved in SSC maintenance have focused on 
those pathways that are regulated by GDNF. To date, numer-
ous genes have been found to intrinsically regulate SSC 
maintenance. These include POU3F1, ETV5, BCL6B, 
LHX1, and NANOS2 [ 53 ,  62 – 66 ]. Wu et al. recently demon-
strated that POU3F1 is an intrinsic regulator of GDNF- 
induced survival and self-renewal of mouse SSCs [ 63 ,  64 ]. 
The Brinster group showed that siRNA silencing of POU3F1 
induces apoptosis in cultured THY1 +  spermatogonia and, in 
transplantation assays, greatly reduces that number of colo-
nies formed in the testes of recipient mice [ 63 ,  64 ]. These 
studies strongly suggest that POU3F1 is an integral intrinsic 
regulator of SSC survival and likely acts as a suppressor of 
apoptosis-related genes. 

 ETV5 is another gene that has been strongly implicated as 
an upstream regulator of SSC fate in the GDNF-signaling 
cascade [ 62 ,  63 ]. Wu et al. (2011) demonstrated that ETV5 
knockdown and GDNF withdrawal both dramatically reduced 
the expression of BCL6B, LHX1, Brachyury, and CXCR4. 
These data provide evidence to the fact that ETV5 is an 
upstream of effector of all four genes and is itself regulated 
via GDNF activation [ 63 ]. Loss of BCL6B, a transcriptional 
repressor, has been shown to upregulate genes associated 
with apoptosis [ 63 ]. LHX1 knockdown by siRNA impairs 
SSC maintenance in vitro [ 53 ]. NANOS2, a zinc fi nger RNA-
binding protein, has an expression pattern consistent with 
undifferentiated spermatogonia, including A s , A pr , and some 
A al  [ 65 ]. While NANOS2 was initially thought to be unaf-
fected via GDNF, a recent paper demonstrated that the GDNF 
signaling pathway induces NANOS2 expression [ 62 ,  66 ]. 
Disruption of NANOS2 results in rapid depletion of undif-
ferentiated spermatogonia, while overexpression results in 
accumulation of undifferentiated spermatogonia and reduc-
tion in the number of differentiating spermatogonia [ 65 ]. 

 In parallel to GDNF-activated signaling pathways, addi-
tional cell-intrinsic factors have been identifi ed in the self- 
renewal and survival of the SSC population. One of these 
factors is promyelocytic leukemia zinc fi nger protein (PLZF), 
a transcriptional repressor [ 19 ,  20 ]. It was previously shown 
that male mice lacking PLZF expression undergo progres-
sive germ cell loss and testis atrophy, strongly suggesting 
that PLZF is a cell-intrinsic factor that is necessary for the 
maintenance of germ cell lineage [ 19 ,  20 ]. Hobbs et al. 
(2010) then showed that PLZF −/−  spermatogonial progenitor 
cells can be maintained in long-term culture [ 18 ]. Similarly, 
Wu et al. (2011) found that PLZF silencing did not affect the 
ability of SSCs to self-renew in vitro [ 63 ]. However, PLZF 
promotes in vivo SSC self-renewal indirectly by repressing 
mTORC1 activity, which inhibits normal spermatogonial 
progenitor cell response to GDNF [ 18 ]. 

 FOXO1, another transcription factor, was recently found 
to be essential to both SSC homeostasis and spermatogenesis 

[ 67 ]. As a specifi c marker of a subcategory of spermatogonia 
with stem cell potential in addition to mouse gonocytes, it 
was revealed that FOXO1 is closely associated with the 
“stemness” of the spermatogonia. This group also showed 
that FOXO1 is an important effector of PI3K-Akt signaling 
in SSCs, thus revealing novel FOXO-dependent mechanisms 
that affect SSC fate decisions [ 67 ]. Thus, a plethora of sig-
nals are emerging as regulators of SSCs under normal physi-
ologic conditions.  

    Loss of Lineage Commitment: Culture- 
Induced Acquisition of Pluripotency 

 As opposed to SSC self-renewal which can be demonstrated 
in vivo or in vitro, reprogramming of adult germ cells into a 
pluripotent state is generally considered a culture-induced 
phenomenon, wherein a unipotent germ cell converts into an 
ES-like state (Fig.  2 ). In contrast, reprogramming in vivo 
either in adult mice or in men is an extremely rare event (<1 in 
~11,000 in wild-type laboratory mice and <1 in ~16,000 in 
humans) [ 68 ,  69 ]. The basis for studying reprogramming of 
SSCs in vitro rests upon (1) the availability of technology to 
derive and maintain SSC lines in vitro which we regard as 
germ lineage-committed, non-pluripotent cells and (2) the 
identifi cation and functional validation of cells that have actu-
ally undergone reprogramming to a pluripotent state, concom-
itant with the loss of most germ cell features. Multiple studies 
in mice have shown that the resultant pluripotent cells are 
highly similar but not identical to ES cells with respect to gene 
expression, function, and epigenetic features [ 3 ,  70 – 73 ].

   The reprogramming of spermatogonia in vitro is akin to 
induced pluripotency in which a different type of stable pre-
cursor (e.g., fi broblasts) is reprogrammed into a pluripotent 
state, with an unambiguous distinction between the precur-
sors (e.g., fi broblasts or spermatogonia) and the resultant 
pluripotent cell type [ 74 ]. However, such an unambiguous 
distinction requires that the precursors be clearly defi ned, 
most critically, by functional assays for long-term self- 
renewal both in vitro and in vivo. Unfortunately, these strin-
gent criteria are not met in many cases. 

 Following the seminal observations by Shinohara et al. 
(2004) that SSCs derived from neonatal mice could repro-
gram in vitro after long-term culture, the same group 
 demonstrated that even after single cell cloning of SSCs, 
such potency was retained [ 70 ]. In 2007, we showed, using 
GPR125 to track germ cells, that even adult SSC lines in 
long-term culture retain the ability to reprogram spontane-
ously [ 3 ]. As per standard criteria for pluripotency, the repro-
grammed cells derived from adult SSC lines were shown not 
only to form teratomas in immunocompromised mice but 
also to contribute to chimeric tissues upon blastocyst injec-
tion, even though gene expression was not identical to that of 
ES cells. Guan et al. (2006) demonstrated pluripotent cells 
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could be derived from the adult testis but the precursor popu-
lation was less defi ned in that study due to the absence of a 
long-term SSC culture phase [ 75 ]. Subsequently, the Scholer 
group showed, using OCT4-GFP reporter cells, that the 
culture- induced reprogramming of adult SSCs was highly 
dependent upon plating density [ 72 ]. 

 While the origination of pluripotent stem cells from long- 
term cultures of cells with testis-repopulating activity 
strongly argues that SSCs are the substrate for conversion, it 
has not been clearly demonstrated whether all spermatogo-
nia are similarly potent or alternatively whether only a subset 
give rise to pluripotent colonies. Izadyar (2008) presented 
data that the OCT4 + /KIT +  fraction of spermatogonia were 
enriched for cells that could be reprogrammed which is inter-
esting, because KIT expression has been considered marker 
for commitment to differentiation of adult spermatogonia 
[ 72 ]. Intriguingly, Morimoto et al. (2012) recently found that 
whereas freshly isolated CD9 +  testis cells (enriched for 
SSCs) could produce ES-like colonies upon transfection of 
the Yamanaka factors (Oct4, Klf4, Sox2, and Myc), cultured 
SSCs could not, suggesting that in vitro propagation of cells 
has a negative infl uence on reprogramming [ 76 ]. 

 The fi rst evidence of culture-based reprogramming of 
human spermatogonia came from the Skutella group who 
found that testicular cells expressing germ cell markers rap-
idly upregulated OCT4 during the fi rst week in culture [ 6 ]. 
Subsequently, colonies of putative pluripotent cells were 
formed continuously during the following weeks in culture. 
Upon differentiation, the pluripotent cells were able to form 
functional tissues in vitro and limited teratomas in immuno-
compromised mice. Despite substantial increases in expres-
sion of pluripotency genes, the levels were nonetheless 
signifi cantly lower than those observed in human ES cells. 

Subsequently, the Scholer group questioned these fi ndings 
and concluded that the testis-derived cells thought to be plu-
ripotent were actually more closely related to fi broblasts [ 77 , 
 78 ]. An additional caveat is that the Conrad et al. study 
lacked a long-term self-renewal phase of SSCs in culture 
prior to reprogramming, without which it is diffi cult to be 
sure of the identity of the precursors to the cells that under-
went reprogramming. 

 Following the study by Conrad et al., several studies have 
found evidence for the ability of normal human testicular 
cells to undergo apparent reprogramming, although the cell 
of origin and mechanism are not entirely clear [ 4 ,  5 ,  79 ,  80 ]. 
However, no study to date has demonstrated reprogramming 
of validated human SSCs from long-term, self-renewing cul-
tures that have been maintained for longer than several 
months. Kossack et al. (2009) observed appearance of 
ES-like colonies within several weeks of culture of testicular 
cells and found not only expression of OCT4 and SOX2 but 
also the ability of stem cells to differentiate robustly in vitro, 
but no teratomas were formed in vivo [ 4 ]. Subsequently, the 
van Pelt group also showed in vitro differentiation into all 
three germ layers but not teratoma formation by ES-like cells 
derived from testicular cell cultures that had been maintained 
up to 8 weeks but not thereafter [ 79 ,  80 ]. Since teratoma for-
mation is one of the few assays for pluripotency available for 
human cells in vivo, the observed reprogramming may have 
been incomplete or inadvertently produced an intermediate 
cellular state. Subsequently, the same group concluded that 
similarly derived ES-like cells were not, in fact, pluripotent 
due to the absence of spontaneous tri-lineage differentiation. 
In contrast, Golestaneh et al. (2009) discovered that ES-like 
cells appear after only 4 days of culture of testicular cells 
from organ donors; within 4 weeks, lines of pluripotent stem 

  Fig. 2    Reprogramming of adults mouse SSCs in culture. ( a ) Cultures 
of SSCs exhibit variably sized grape-like clusters ( arrows ) of cells that 
are tightly associated with each other but loosely attached to underlying 
feeder cells. ( b ) Spontaneous reprogramming of SSCs yields embry-

onic stem- cell line colonies with sharp, refractile borders that can be 
maintained as such if transferred to culture conditions designed from 
mouse embryonic stem cells. Reprogrammed cells rapidly differentiate 
when maintained in suboptimal conditions       
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cells were obtained that could form teratomas in vivo [ 5 ]. 
Unfortunately, none of the aforementioned studies was able 
to unequivocally identify the precursor for the reprogrammed 
cells, which would require a combination of single cell clon-
ing and subsequent functional characterization of both the 
putative SSCs (using germ cell transplantation assays) and 
their ES-like progeny (through formation of teratomas).  

    Conclusions 

 The rapid progress of the SSC fi eld beyond morphological 
criteria and into a phase of functional and molecular studies 
has ushered in a new era. With the ability to rigorously defi ne 
this cell type, various groups are moving forward with strate-
gies to address urgent clinical problems, such as treatment- 
related infertility, using SSCs. Of course, such approaches 
will require that the level of data produced from the afore-
mentioned rodent studies are at least matched, where possi-
ble, using human tissue. At the same time, it is urgent to 
understand the mechanisms behind reprogramming not only 
for safety-related reasons in SSC-based cell therapy but also 
if reprogrammed germ cells are ever to be used for disease 
modeling or other translational purposes.     

   References 

    1.    Tegelenbosch RA, de Rooij DG. A quantitative study of spermato-
gonial multiplication and stem cell renewal in the C3H/101 F1 
hybrid mouse. Mutat Res. 1993;290(2):193–200.  

    2.    Heller CG, Clermont Y. Spermatogenesis in man: an estimate of its 
duration. Science. 1963;140(3563):184–6.  

       3.    Seandel M, et al. Generation of functional multipotent adult stem 
cells from GPR125+ germline progenitors. Nature. 2007; 
449(7160):346–50.  

     4.    Kossack N, et al. Isolation and characterization of pluripotent 
human spermatogonial stem cell-derived cells. Stem Cells. 
2009;27(1):138–49.  

      5.    Golestaneh N, et al. Pluripotent stem cells derived from adult 
human testes. Stem Cells Dev. 2009;18(8):1115–26.  

      6.    Conrad S, et al. Generation of pluripotent stem cells from adult 
human testis. Nature. 2008;456(7220):344–9.  

    7.    Clermont Y, Bustos-Obregon E. Re-examination of spermatogonial 
renewal in the rat by means of seminiferous tubules mounted “in 
toto”. Am J Anat. 1968;122(2):237–47.  

    8.    de Rooij DG, Russell LD. All you wanted to know about spermato-
gonia but were afraid to ask. J Androl. 2000;21(6):776–98.  

    9.    Brinster RL, Zimmermann JW. Spermatogenesis following male 
germ-cell transplantation. Proc Natl Acad Sci U S A. 
1994;91(24):11298–302.  

    10.    Brinster RL, Avarbock MR. Germline transmission of donor haplo-
type following spermatogonial transplantation. Proc Natl Acad Sci 
U S A. 1994;91(24):11303–7.  

    11.    Nakagawa T, Nabeshima Y, Yoshida S. Functional identifi cation of 
the actual and potential stem cell compartments in mouse spermato-
genesis. Dev Cell. 2007;12(2):195–206.  

     12.    Nakagawa T, et al. Functional hierarchy and reversibility within the 
murine spermatogenic stem cell compartment. Science. 2010; 
328(5974):62–7.  

    13.    Barroca V, et al. Mouse differentiating spermatogonia can generate 
germinal stem cells in vivo. Nat Cell Biol. 2009;11(2):190–6.  

    14.    Shinohara T, Avarbock MR, Brinster RL. Beta1- and alpha6- 
integrin are surface markers on mouse spermatogonial stem cells. 
Proc Natl Acad Sci U S A. 1999;96(10):5504–9.  

    15.    Kubota H, Avarbock MR, Brinster RL. Spermatogonial stem cells 
share some, but not all, phenotypic and functional characteristics 
with other stem cells. Proc Natl Acad Sci U S A. 2003;100(11): 
6487–92.  

    16.    Kanatsu-Shinohara M, Toyokuni S, Shinohara T. CD9 is a surface 
marker on mouse and rat male germline stem cells. Biol Reprod. 
2004;70(1):70–5.  

    17.    Kanatsu-Shinohara M, et al. Dynamic changes in EPCAM expres-
sion during spermatogonial stem cell differentiation in the mouse 
testis. PLoS One. 2011;6(8):e23663.  

      18.    Hobbs RM, et al. Plzf regulates germline progenitor self-renewal by 
opposing mTORC1. Cell. 2010;142(3):468–79.  

      19.    Costoya JA, et al. Essential role of plzf in maintenance of spermato-
gonial stem cells. Nat Genet. 2004;36(6):653–9.  

     20.    Buaas FW, et al. Plzf is required in adult male germ cells for stem 
cell self-renewal. Nat Genet. 2004;36(6):647–52.  

   21.    He Z, et al. Gfra1 silencing in mouse spermatogonial stem cells 
results in their differentiation via the inactivation of RET tyrosine 
kinase. Biol Reprod. 2007;77(4):723–33.  

   22.    Zheng K, et al. The pluripotency factor LIN28 marks undifferenti-
ated spermatogonia in mouse. BMC Dev Biol. 2009;9:38.  

   23.    Dann CT, et al. Spermatogonial stem cell self-renewal requires 
OCT4, a factor downregulated during retinoic acid-induced differ-
entiation. Stem Cells. 2008;26(11):2928–37.  

    24.    Shen R, Xie T. NANOS: a germline stem cell’s guardian angel. J 
Mol Cell Biol. 2010;2(2):76–7.  

    25.    Schrans-Stassen BH, et al. Differential expression of c-kit in mouse 
undifferentiated and differentiating type A spermatogonia. 
Endocrinology. 1999;140(12):5894–900.  

    26.    Oatley MJ, et al. Inhibitor of DNA binding 4 is expressed selec-
tively by single spermatogonia in the male germline and regulates 
the self-renewal of spermatogonial stem cells in mice. Biol Reprod. 
2011;85(2):347–56.  

     27.    Clermont Y. Spermatogenesis in man. A study of the spermatogo-
nial population. Fertil Steril. 1966;17(6):705–21.  

    28.    Clermont Y. Renewal of spermatogonia in man. Am J Anat. 
1966;118(2):509–24.  

   29.    Clermont Y. Kinetics of spermatogenesis in mammals: seminifer-
ous epithelium cycle and spermatogonial renewal. Physiol Rev. 
1972;52(1):198–236.  

    30.    Clermont Y. The cycle of the seminiferous epithelium in man. Am 
J Anat. 1963;112:35–51.  

    31.    Ehmcke J, Wistuba J, Schlatt S. Spermatogonial stem cells: ques-
tions, models and perspectives. Hum Reprod Update. 
2006;12(3):275–82.  

    32.    Ehmcke J, Schlatt S. A revised model for spermatogonial expan-
sion in man: lessons from non-human primates. Reproduction. 
2006;132(5):673–80.  

    33.    Hermann BP, et al. Spermatogonial stem cells in higher primates: 
are there differences from those in rodents? Reproduction. 
2010;139(3):479–93.  

    34.    Izadyar F, et al. Identifi cation and characterization of repopulating 
spermatogonial stem cells from the adult human testis. Hum 
Reprod. 2011;26(6):1296–306.  

     35.    He Z, et al. Isolation, characterization, and culture of human sper-
matogonia. Biol Reprod. 2010;82(2):363–72.  

    36.    von Kopylow K, et al. Differential marker protein expression speci-
fi es rarefaction zone-containing human adark spermatogonia. 
Reproduction. 2012;143(1):45–57.  

    37.    Bhartiya D, et al. Newer insights into premeiotic development of 
germ cells in adult human testis using Oct-4 as a stem cell marker. 
J Histochem Cytochem. 2010;58(12):1093–106.  

Spermatogonial Stem Cells in Adult Mice and Men



210

    38.    Oatley JM, Brinster RL. The germline stem cell niche unit in mam-
malian testes. Physiol Rev. 2012;92(2):577–95.  

     39.    Chiarini-Garcia H, Raymer AM, Russell LD. Non-random distribu-
tion of spermatogonia in rats: evidence of niches in the seminifer-
ous tubules. Reproduction. 2003;126(5):669–80.  

    40.    Chiarini-Garcia H, et al. Distribution of type A spermatogonia in 
the mouse is not random. Biol Reprod. 2001;65(4):1179–85.  

   41.    Mullaney BP, Skinner MK. Basic fi broblast growth factor (bFGF) 
gene expression and protein production during pubertal development 
of the seminiferous tubule: follicle-stimulating hormone- induced 
sertoli cell bFGF expression. Endocrinology. 1992;131(6):2928–34.  

     42.    Oatley JM, et al. Colony stimulating factor 1 is an extrinsic stimula-
tor of mouse spermatogonial stem cell self-renewal. Development. 
2009;136(7):1191–9.  

   43.    Spinnler K, et al. Glial cell line-derived neurotrophic factor is con-
stitutively produced by human testicular peritubular cells and may 
contribute to the spermatogonial stem cell niche in man. Hum 
Reprod. 2010;25(9):2181–7.  

    44.    Tadokoro Y, et al. Homeostatic regulation of germinal stem cell 
proliferation by the GDNF/FSH pathway. Mech Dev. 
2002;113(1):29–39.  

    45.    Oatley MJ, Racicot KE, Oatley JM. Sertoli cells dictate spermato-
gonial stem cell niches in the mouse testis. Biol Reprod. 
2011;84(4):639–45.  

    46.    Yoshida S, Sukeno M, Nabeshima Y. A vasculature-associated 
niche for undifferentiated spermatogonia in the mouse testis. 
Science. 2007;317(5845):1722–6.  

    47.    Kanatsu-Shinohara M, et al. Long-term proliferation in culture and 
germline transmission of mouse male germline stem cells. Biol 
Reprod. 2003;69(2):612–6.  

   48.    Kubota H, Avarbock MR, Brinster RL. Culture conditions and sin-
gle growth factors affect fate determination of mouse spermatogo-
nial stem cells. Biol Reprod. 2004;71(3):722–31.  

      49.    Kubota H, Avarbock MR, Brinster RL. Growth factors essential for 
self-renewal and expansion of mouse spermatogonial stem cells. 
Proc Natl Acad Sci U S A. 2004;101(47):16489–94.  

     50.    Meng X, et al. Regulation of cell fate decision of undifferentiated 
spermatogonia by GDNF. Science. 2000;287(5457):1489–93.  

    51.    Savitt J, et al. The in vivo response of stem and other undifferenti-
ated spermatogonia to the reversible inhibition of glial cell line- 
derived neurotrophic factor signaling in the adult. Stem Cells. 
2012;30(4):732–40.  

    52.    Lee J, et al. Akt mediates self-renewal division of mouse spermato-
gonial stem cells. Development. 2007;134(10):1853–9.  

     53.    Oatley JM, Avarbock MR, Brinster RL. Glial cell line-derived neu-
rotrophic factor regulation of genes essential for self-renewal of 
mouse spermatogonial stem cells is dependent on Src family kinase 
signaling. J Biol Chem. 2007;282(35):25842–51.  

   54.    Naughton CK, et al. Glial cell-line derived neurotrophic factor- 
mediated RET signaling regulates spermatogonial stem cell fate. 
Biol Reprod. 2006;74(2):314–21.  

    55.    Braydich-Stolle L, et al. Role of Src family kinases and N-Myc in 
spermatogonial stem cell proliferation. Dev Biol. 2007;304(1): 
34–45.  

    56.    Kanatsu-Shinohara M, et al. Long-term culture of mouse male 
germline stem cells under serum-or feeder-free conditions. Biol 
Reprod. 2005;72(4):985–91.  

    57.    Kanatsu-Shinohara M, et al. Leukemia inhibitory factor enhances 
formation of germ cell colonies in neonatal mouse testis culture. 
Biol Reprod. 2007;76(1):55–62.  

    58.    Ishii K, et al. FGF2 mediates mouse spermatogonial stem cell self- 
renewal via upregulation of Etv5 and Bcl6b through MAP2K1 acti-
vation. Development. 2012;139(10):1734–43.  

     59.    Kokkinaki M, et al. The molecular signature of spermatogonial 
stem/progenitor cells in the 6-day-old mouse testis. Biol Reprod. 
2009;80(4):707–17.  

     60.    Yeh JR, Zhang X, Nagano MC. Wnt5a is a cell-extrinsic factor that 
supports self-renewal of mouse spermatogonial stem cells. J Cell 
Sci. 2011;124(Pt 14):2357–66.  

     61.    Golestaneh N, et al. Wnt signaling promotes proliferation and stem-
ness regulation of spermatogonial stem/progenitor cells. 
Reproduction. 2009;138(1):151–62.  

      62.    Oatley JM, et al. Identifying genes important for spermatogonial 
stem cell self-renewal and survival. Proc Natl Acad Sci U S A. 
2006;103(25):9524–9.  

         63.    Wu X, et al. Spermatogonial stem cell self-renewal requires ETV5- 
mediated downstream activation of brachyury in mice. Biol Reprod. 
2011;85(6):1114–23.  

     64.    Wu X, et al. The POU domain transcription factor POU3F1 is an 
important intrinsic regulator of GDNF-induced survival and self- 
renewal of mouse spermatogonial stem cells. Biol Reprod. 
2010;82(6):1103–11.  

     65.    Sada A, et al. The RNA-binding protein NANOS2 is required to 
maintain murine spermatogonial stem cells. Science. 
2009;325(5946):1394–8.  

     66.    Sada A, et al. NANOS2 acts downstream of glial cell line-derived 
neurotrophic factor signaling to suppress differentiation of sper-
matogonial stem cells. Stem Cells. 2012;30(2):280–91.  

     67.    Goertz MJ, et al. Foxo1 is required in mouse spermatogonial stem 
cells for their maintenance and the initiation of spermatogenesis. J 
Clin Invest. 2011;121(9):3456–66.  

    68.    Krausz C, Looijenga LH. Genetic aspects of testicular germ cell 
tumors. Cell Cycle. 2008;7(22):3519–24.  

    69.    Stevens L, Mackensen J. Genetic and environmental infl uences on 
teratocarcinogenesis in mice. J Natl Cancer Inst. 1961;27:443–53.  

     70.    Kanatsu-Shinohara M, et al. Generation of pluripotent stem cells 
from neonatal mouse testis. Cell. 2004;119(7):1001–12.  

   71.    Izadyar F, et al. Generation of multipotent cell lines from a distinct 
population of male germ line stem cells. Reproduction. 
2008;135(6):771–84.  

     72.    Ko K, et al. Induction of pluripotency in adult unipotent germline 
stem cells. Cell Stem Cell. 2009;5(1):87–96.  

    73.    Seandel M, et al. Niche players: spermatogonial progenitors marked 
by GPR125. Cell Cycle. 2008;7(2):135–40.  

    74.    Takahashi K, Yamanaka S. Induction of pluripotent stem cells from 
mouse embryonic and adult fi broblast cultures by defi ned factors. 
Cell. 2006;126(4):663–76.  

    75.    Guan K, et al. Pluripotency of spermatogonial stem cells from adult 
mouse testis. Nature. 2006;440(7088):1199–203.  

    76.   Morimoto H, et al. In vitro transformation of mouse testis cells by 
oncogene transfection. Biol Reprod. 2012;86(5):148; 1–11.  

    77.   Ko K, et al. Human adult germline stem cells in question. Nature. 
2010;465(7301):E1; discussion E3.  

    78.    Ko K, et al. Brief report: evaluating the potential of putative plu-
ripotent cells derived from human testis. Stem Cells. 
2011;29(8):1304–9.  

     79.    Mizrak SC, et al. Embryonic stem cell-like cells derived from adult 
human testis. Hum Reprod. 2010;25(1):158–67.  

     80.    Sadri-Ardekani H, et al. Propagation of human spermatogonial 
stem cells in vitro. JAMA. 2009;302(19):2127–34.    

C. Sachs and M. Seandel



211S. Sell (ed.), Stem Cells Handbook, DOI 10.1007/978-1-4614-7696-2_15,
© Springer Science+Business Media New York 2013

           Introduction 

 Multipotential/unipotential stem cells are tissue stem cells 
found in almost all tissues of the adult and fetus. It is assumed 
that the steady state of a tissue with high turnover rate (blood, 
epidermis, intestine) results from the adequate balance at the 
stem cell level of self-renewal and commitment. 

 Adult tissue stem cells are rare cells diffi cult to identify by 
phenotype. After more than 20 years of research it is now 
possible, at least in the mouse, to purify blood-forming hema-
topoietic stem cells (HSCs) almost to purity using antibodies 
against membrane antigens and cell cycle markers (review 
in [ 1 ]). However, even in this case, it remains impossible to 
defi ne within a stem cell population which cell will behave as 
a bona fi de HSC capable of repopulating lethally irradiated 
primary and secondary recipients. This may be due to our 
incomplete understanding of the genetic networks operative 
in HSCs, leading us to omit some essential markers for HSC 
sorting. However, it may also be related to the fact that “stem-
ness” is a state reached at certain time points by a given 
immature hematopoietic cell oscillating between different 
states due to gene network noise (reviews in [ 2 ,  3 ]). This latter 
hypothesis may explain why HSCs express variable level of 
lineage markers, in particular transcription factors, a charac-
teristic known as lineage priming (review in [ 4 ]). 

 Adult stem cells are usually studied as native cells directly 
collected from their tissue of origin. However, some of the 
stem cell types may be culture-amplifi ed while maintaining 
their regenerative potential. Such is particularly the case for 
connective tissue-forming mesenchymal stem cells (MSCs). 

 Historically, the concept of niche has been devised as the 
cellular and molecular components associated to an HSC to 
insure appropriate HSC functioning [ 5 ]. It has been subse-
quently applied to most types of tissue stem cells including 
germinal cells (reviews in [ 1 ,  6 ]). Study of stem cell niches is 
diffi cult since tissue stem cells are not easily identifi ed or 
visualized. However, study is made easier for the niches of 
the germinal stem cells in Drosophila due to the specifi c spa-
tial organization of the testes and ovaries where differentia-
tion proceeds along the anterior–posterior axis of the organ 
with germinal stem cells at one end, the tip, in contact to 
specialized cap or hub cells constituting the niches. Moreover, 
analyses can be performed in Drosophila with a wide range 
of genetic modifi cations affecting stem or niche cells. Studies 
in these fl ies have shown that a candidate stem cell niche 
depleted of its stem cell was able to take up and maintain a 
newly introduced stem cell. A model was established 
whereby germ stem cells remaining in contact with microen-
vironmental/stromal cells of the niche kept their stemness 
property, whereas stem cells that lost this contact became 
determined to germ cell progenitors. Studies in mammals of 
intestinal, epidermal, and neural stem cells have largely ben-
efi ted from the Drosophila germ stem cell model since the 
corresponding tissues are strictly organized with stem cells 
localized in well-defi ned areas. Whatever the tissue stem cell 
type, the self-renewal capacity might result from either a 
“lineage mechanism” (asymmetrical division) or a “popula-
tion mechanism” (symmetrical division of a stem cell giving 
two daughter stem cells associated to symmetrical division 
of another stem cell giving two committed progenitors). The 
amplifi cation of the stem cell pool requires a population 
mechanism, while for stem cell maintenance a lineage mech-
anism is suffi cient. Since tissue stem cells have to be ampli-
fi ed during development or in conditions of stress, both 
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mechanisms may be at play depending on developmental 
stage or tissue injury. 

 Defi nitive hematopoiesis is known to proceed in mammals 
by distinct developmental steps: emergence in the ventral 
aorta from the hematogenic endothelium, then migration to 
and amplifi cation in the fetal liver and fi nally migration to and 
maintenance in the bone marrow (review in [ 7 ]). Emergence 
of HSCs from the aortic ventral wall occurs by E10.5 in mice 
and 3.5 gestational week (GW) in humans. In mice, HSCs 
with defi nitive properties of adult tissue stem cells are fi rst 
detected in the aortic wall and later in development or after 
explant culture in presumptive gonads and mesonephros 
region, hence the name for this primary hematopoietic site of 
aorta-gonads-mesonephros (AGM). Hematopoiesis at this 
site is short-lived (from E10.5 to E12 in mice, a few days up 
to 5.5 GW in humans), contrarily to that of the fetal liver 
where hematopoiesis is detected from E9 in mice and 5 GW 
in humans up to gestation end in the two species. Bone mar-
row hematopoiesis that takes place in bone in both species 
after birth lasts over the entire life span. 

 There are two other sites of primary defi nitive hematopoi-
esis, the spleen and the placenta. The red pulp of the spleen 
serves primarily as the site of fi ltration of effete red cells that 
have reached their term of 120 days of life (in humans). 
However, it may also be a site of migration and subsequent 
proliferation of HSCs in stressed mice and diseased humans 
with bone marrow failure or ineffi cient hematopoiesis as 
observed in myelofi brosis (extramedullary hematopoiesis). 
Recent studies, such as that in [ 8 ], indicate that the placenta 
constitutes another developmental site of primary hemato-
poiesis throughout human gestation. 

 In this chapter we will focus on bone marrow HSC niches 
due to the wealth of data generated over more than 4 decades, 
allowing us to outline the makeup of the niches. We will then 
indicate the data progressively unraveled concerning fetal 
liver and AGM, before giving full attention to the molecular 
mechanisms underlying the HSC: niche cell cross talk.  

    The Bone Marrow HSC Niche 

 In the bone marrow of mammals the hematopoietic logettes 
fi lled with differentiating hematopoietic cells are over-
whelming, making the identifi cation of highly motile HSCs 
diffi cult. Study of HSC niches has therefore relied on several 
complementary approaches: cocultures of HSCs and stromal 
cells, in vivo monitoring of cell subsets containing pheno-
typically defi ned HSCs after transplantation in mice, and 
study of transgenic mice with potential niche cell defects. 

 In vitro studies were fi rst to be implemented (see reviews 
in [ 9 ,  10 ]). In 1976, Dexter et al. established a long-term 
culture system where mouse bone marrow cells were seeded 
on plastic recipients in a medium containing a rich mixture 

of cytokines and extracellular matrix (ECM) molecules 
provided by fetal calf and horse sera [ 11 ]. In such cultures an 
adherent layer was generated in approximately 2 weeks. This 
layer made of macrophages and stromal cells was required 
for the maintenance for several months (depending on the 
mouse strain) of HSCs with self-renewing capacity. 
Remarkably, in the following year, 1977, the same team 
demonstrated that stromal cells from normal mice were able 
to maintain HSCs from mice with intrinsic HSC Kit receptor 
defect, whereas stromal cells from mice mutated for the Kit 
ligand (Kitl) were unable to sustain HSC production from 
normal mice. These data evidenced that HSC functioning 
required other cooperating cell populations, mainly stromal 
cells, non-hematopoietic in origin, since HSC-derived mac-
rophages were shown to produce inhibitors limiting the 
growth of stromal cells and to act as scavengers to eliminate 
spent cells such as enucleated cells in erythroblast islands. 
These studies provided with an easily expanded system that 
made it possible to study in vitro the relationship between 
HSCs and stromal cells and validated the former hypotheses 
of “hematopoiesis supportive microenvironment” (review in 
[ 12 ]) presumed upon results from in vivo studies of mice 
transplanted with HSCs. 

 This culture system was adapted to humans in the 1980s. 
Moreover, it was refi ned by allowing to culture cell subsets 
enriched by phenotype in HSCs and hematopoietic progeni-
tors onto immortalized stromal lines fully supportive of 
HSCs, or supportive of myeloid or lymphoid progenitors 
only, or devoid of supportive capacity. Lines of stromal cells 
can be readily generated in the mouse, either by subsequent 
passaging and/or by transfer of immortalization genes such 
as viral T SV-40 or E6/E7 papilloma antigens. Many of the 
supportive lines still exert their supportive ability when 
seeded with human HSCs (xenogeneic systems). However, 
human lines with similar properties are very diffi cult to 
obtain: viral antigen transfection induces crises; telomerase 
integration may lead, probably by associated mutations, to 
malignant transformation after a number of passages. 

 Many observations have indicated the mesenchymal nature 
of the stromal cells, in particular their motility and capacity to 
synthesize and assemble a proteoglycan-rich ECM [ 3 ]. 
Connective tissue-forming mesenchymal cells include spe-
cialized cell types such as osteoblasts, chondrocytes, adipo-
cytes, and smooth muscle cells. Distinct stromal cell 
populations were shown to present many of the markers of 
these specialized types such as fat-laden vesicles characteris-
tic of adipocytes, and collagen I, alkaline phosphatase, bone 
sialoprotein, and osteocalcin characteristic of osteoblasts 
(review in [ 13 ]). We have described the vascular smooth mus-
cle differentiation of human and murine stromal cells and 
lines acquiring with time in culture vascular smooth muscle 
cytoskeletal markers, up to the most specifi c h- caldesmon and 
smooth muscle myosin heavy chains [ 14 ,  15 ]. 
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 The future lies probably in the development of 3D-cultures 
using diverse scaffolds pegged or not with cytokines or other 
mediators and substrates of precise elasticity, a biophysical 
parameter known to affect the self-renewal capacity and the 
differentiation potential of stem cells. 

 Even if in vitro systems are amenable to fi ne-tuned analy-
sis of the different interacting populations, they can at best 
be regarded as surrogate niches [ 16 ]. In vivo observations are 
mandatory to validate the in vitro results and experiments in 
animal models are required to provide the crucial informa-
tion at the cell-to-cell level (review in [ 9 ,  10 ]). In 1979 
“adventitial reticular cells” located in the wall of sinusoids 
and expressing alkaline phosphatase were described in 
mouse and rat bone marrow [ 17 ]. In 1989, the team of Guilio 
Gabbiani described in human bone marrow peri-sinusoidal 
“myoid” cells expressing the vascular smooth muscle marker 
alpha-SM actin [ 18 ]. We confi rmed the presence of such 
cells not only in adult bone marrow where they extend cyto-
plasmic processes deep into the marrow space, making con-
tact with numerous hematopoietic cells, but also in fetal bone 
marrow where they are present before HSC colonization in 
“primary logettes” and increase in size and number after 
colonization [ 14 ,  19 ]. These data suggested that cells associ-
ated to the vasculature or to bone might act as niches for 
different types of hematopoietic cells. 

 More recent studies have allowed to precise the nature of 
the HSC niche. One approach has been to monitor the 
dynamics of labeled HSCs within bone marrow following 
transplantation. This strategy has been made possible due to 
major progress in HSC identifi cation and to the possibility to 
visualize cell traffi cking. Nilsson et al. in 2001 sacrifi ced 
nonirradiated mice at regular intervals after injection of 
labeled hematopoietic precursors and examined serial bone 
marrow biopsies [ 20 ]. They found that candidate HSCs sig-
nifi cantly distributed to the endosteal region (within 12 cells 
of the bone surface), 15 h after transplantation. Other inves-
tigators, by examination of the calvarium of living mice 
using a combination of high resolution confocal microscopy 
and two-photon video imaging, found similar distribution to 
the endosteal region of candidate HSCs, at earlier time points 
(5 h after transplantation) and only when the mice had been 
lethally irradiated or were Kit mutants, situations in which 
there was real engraftment after several weeks [ 21 ]. No 
direct contact with osteoblasts was observed and the distinc-
tion between osteoblastic and vascular niche was not feasi-
ble, osteoblasts being perivascular. 

 A fi nal approach to study the HSC bone marrow niches has 
been to evaluate the HSC compartment in animals with poten-
tial niche defects. In 2003, two teams published    simultane-
ously studies made in mice with increased osteoblastic pool 
due either to the conditional inactivation of the bone morpho-
genetic protein receptor 1A (Bmp1a) or to the constitutive 
activation of the parathormone receptor under the control of 

collagen I promoter (Col1-CaPPR mice) [ 22 ,  23 ]. In both 
cases there was a modest, but signifi cant, increase in the num-
ber of bone marrow HSCs with competitive repopulation 
capacity, while the progenitor compartment was not affected. 
Moreover, normal HSCs injected in Bmpr1a mutant mice 
increased over a 3-month period, which was not observed 
when HSCs from mutant mice were administered to normal 
mice, showing that the HSC increase in the mutant mice was 
non-stem cell autonomous. In Bmpr1a mutant mice, localized 
ectopic formation of trabecular bone was observed; in these 
areas there was an increase in the number of spindle-shaped 
N-cadherin +  osteoblasts lining the bone surface to which puta-
tive HSCs were attached. In the Col1- CaPPR mice, there was 
a noticeable increase in the Jag1 + /osteopontin +  osteoblasts 
found in metaphyses. These data indicated that some of the 
bone marrow HSC niches consisted in specifi c populations of 
bone-lining osteoblasts. The specifi city of the niche-forming 
osteoblastic cell subset was confi rmed in a later study show-
ing that reduction of trabecular bone osteoblasts in biglycan-
defi cient mice did not lead to decrease in HSCs or to defect in 
any hematopoietic lineages [ 24 ]. Other works further speci-
fi ed the phenotype of osteoblasts of HSC niches as expressing 
activated leukocyte cell-adhesion molecule and angiopoi-
etin-1 [ 25 ,  26 ]; this latter angiogenic factor enhanced the abil-
ity of bone marrow Tie-2 +  HSCs to become quiescent. 

 Other data from genetically modifi ed mice indicated that, 
beside osteoblasts, vascular cells might also provide a niche 
for bone marrow HSCs. In thrombopoietin receptor-defi cient 
mice treated by the S-phase-specifi c cytotoxic drug 5-fl uoro- 
uracyl and by antibodies neutralizing vascular-endothelial 
cadherin or Cxcl12 chemokine, the central vascular region of 
long bones was depleted of hematopoietic cells contrarily to 
the endosteal region, which indicated the distinctive role of 
these factors in the two regions [ 27 ]. Another study con-
fi rmed the role of Cxcl12-Cxcr4 ligand–receptor interaction, 
showing that induced deletion of Cxcr4 in adult mice led to 
severe decrease in HSCs, and that cells expressing high 
amounts of Cxcl12 were associated with candidate HSCs; 
many of these cells were peri-sinusoidal [ 28 ]. The demon-
stration that vascular cells, either endothelial or perivascular, 
constitute bone marrow HSC niches has been recently pro-
vided by the team of Sean Morrison [ 29 ]. Using Kitl knock-
 in mice, these investigators showed that Kitl was expressed 
in bone marrow by peri-sinusoidal cells and a few cells sur-
rounding venules and arterioles, but not by bone-lining cells. 
Candidate HSCs were located adjacent to or in immediate 
vicinity of the vascular cells. Kitl conditional deletion from 
hematopoietic cells or osteoblasts did not affect the HSC 
compartment, contrarily to its deletion from Tie2 +  endothe-
lial cells or leptin receptor +  perivascular cells that led to 
decrease in HSCs with additive effect when Kitl was deleted 
in both populations (leading to almost complete loss of HSCs 
and signifi cant reduction of marrow cellularity). 
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 Taken together, these data indicate that diverse types of 
differentiated cells, non-hematopoietic in origin, may consti-
tute the niches of HSCs in the bone marrow. The diversity of 
in vivo niches and the rarity of stromal lines fully supportive 
of HSCs, suggested that the niches might derive from another 
type of stem cells also present in the bone marrow. 

 In the 1990s, following the pioneering work of Alexander 
Friedenstein, several investigators from the orthopedic fi eld 
described a clonogenic precursor for osteoblasts, chondro-
cytes, and adipocytes called MSCs (review in [ 30 ]). It was 
soon shown that this precursor gave rise to hematopoietic 
supportive stromal cells capable of differentiating into vas-
cular smooth muscle cells, as did stromal cells grown in 
long-term marrow cultures. Enumeration of MSCs in vitro, 
done in most cases by counting the number of colony- 
forming units fi broblasts (CFU-fs), indicated their very low 
frequency (0.1–0.01 % of the bone marrow mononuclear 
cells in humans). Cogent demonstration of MSC self-renewal 
was provided by showing that one bone marrow human 
CFU-f colony consisting in CD146 + /CD90 +  cells was still 
containing after ectopic in vivo amplifi cation in the immune-
defi cient mouse a very small fraction of CD146 + /CD90 +  
cells capable of yielding, upon secondary plating, one or two 
CFU-fs [ 31 ]. These data clearly indicate    that MSCs are bona 
fi de stem cells since they are clonogenic, multipotential and 
self-renewing. 

 Lineage priming is another property of stem cells shared 
by MSCs [ 32 ]. We have recently performed a meta-analysis 
of transcription factors expressed in a number of tissues, 
including hematopoietic and mesenchymal cells, and in 
HSCs and MSCs. We have found that a few transcription fac-
tors were prevalent in each tissue type (results for mesenchy-
mal tissues and hematopoietic cells are presented in Fig.  1a, 
b ). Half of the transcription factors prevalent in mesenchymal 
and hematopoietic cells were also present in MSCs (Fig.  1c ) 
and in HSCs (Fig.  1d ), respectively. Two patterns of differen-
tiation can therefore be described. In one case (lineage- 
priming model), transcription factors are present early in 
stem cells and are increased in differentiating cells, while the 
other (“blank slate” model) transcription factors are detected 
at substantial level only in differentiating cells. Lineage prim-
ing in MSCs might be related to the known plasticity of cells 

of the mesenchymal lineage, i.e., their capacity to adapt to 
changing microenvironments (review in [ 30 ,  33 ]).

   Culture-amplifi ed MSCs are known for their hematopoi-
etic supportive capacity. Experiments in vivo have confi rmed 
this supportive activity. In 2006, Muguruma et al. reported 
observations made after intra-bone injection of human labeled 
culture-amplifi ed BM MSCs in immune-defi cient mice [ 34 ]. 
Ten weeks after transplantation, 60 % of the labeled cells 
were alpha-SM actin +  and located in the vicinity of sinusoids, 
while 30 % were alkaline phosphatase +  and located in the 
endosteal region. Transplantation of human cord blood cells 
after that of MSCs revealed the frequent interaction of MSC 
progenies and candidate HSCs. In 2007, the team of Paolo 
Bianco reported results obtained after subcutaneous injection 
of human CD146 +  bone marrow CFU-fs in immune-defi cient 
mice. Four weeks after transplantation, the few human cells 
that retained the expression of CD146 were located on the 
abluminal side of mouse-derived endothelial cells forming 
incipient sinusoids [ 31 ]. By week 8, foci of hematopoietic 
cells were clearly associated to the CD146 +  peri-sinusoidal 
cells. Remarkably, implantation of a single CFU-f gave iden-
tical results. Finally in 2010, different teams working in col-
laboration described one of the murine equivalents to human 
MSCs as nestin +  cells constituting a very rare population of 
perivascular cells frequently associated with putative HSCs 
[ 35 ]. Remarkably, in vivo depletion of nestin +  MSCs led to 
signifi cant decrease in HSCs and to severe impairment of 
HSC homing to bone marrow. Nestin +  cells were often associ-
ated with nerve fi bers, which may be due to the fact these 
cells are probably neuro-ectodermal in origin, contrarily to 
leptin receptor +  cells that may be derived from the mesoderm 
[ 29 ]. Indeed, it has been shown in mice that MSCs can derive 
from either of these germ layers (review in [ 30 ]). 

 Taken together, the data suggest a unifying model for 
bone marrow HSC niche-forming cells, i.e., that they are 
MSCs or their direct progeny (Fig.  2 ). Such view should rec-
oncile the opposite tenets of osteoblastic vs. vascular niche 
since an MSC migrating in the marrow parenchyma may 
give rise to either lineage, depending on its location at a 
given time point. In that respect bone marrow HSC niches 
might differ from niches of other types of stem cells where 
niche cells are specialized and differentiated (review in [ 1 ]). 

Fig. 1 (continued) keratinocytes (Epi, GSE7216), brain cortex (Neural, 
GSE7307), skeletal muscle (Muscle, GSE6798), liver (Hepato, 
GSE7307), HSCs (GSE17054), and skeletal stem cells (GSE6460). 
Results were normalized before comparison. For technical details, see 
[ 67 ]. ( a ) Transcription factors prevalent in mesenchyme. ( b ) Transcription 
factors prevalent in hematopoiesis. ( c ) Levels of transcription factors 
prevalent in mesenchyme in differentiated mesenchymal tissues vs. stem 
cells (MSCs). On the  left hand side  are factors expressed both in stem and 
differentiated tissues (in decreasing order). On the  right hand side  are 

factors expressed only in differentiated tissues (in increasing order). The 
 left hand side  set corresponds to factors fi tting with a lineage- priming 
model of differentiation. The  right hand side  set corresponds to factors 
fi tting with a “blank slate” model of differentiation. Lineage priming is 
exemplifi ed in MSCs by the expression of the master transcription factors 
SOX9 and RUNX2. ( d ) Comparison of levels of transcription factors 
prevalent in hematopoiesis in hematopoietic differentiating cells vs. stem 
cells (HSCs). Lineage priming is exemplifi ed in HSCs by the expression 
of the master transcription factors IKZF1 and TAL1       
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  Fig. 1    Transcription factors in human mesenchymal and hematopoietic 
cells. We used Affymetrix micro-arrays to estimate the levels of tran-
scription factors (SignalLogRatio) in the SiPaGene/BioRetis (  http://

www.bioretis.de    ) database for mesenchymal tissues (Mes: bone, carti-
lage, and fat), hematopoietic cells (Hemato: CD45 + , CD11b + ,
and CD235a +  cells), and MSCs. In addition we used GEO datasets for 
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Depending on their location in the bone mesenchyme (i.e., 
their microenvironment) MSCs might differentiate into a 
specifi c subset of osteoblasts, into perivascular pericyte-like 
cells and even into endothelial cells. Available literature sug-
gest a common origin for pericytes and vascular smooth 
muscle cells [ 36 ], and some data point out to a possible 
endothelial differentiation of bone marrow MSCs [ 37 ], 
which is compatible with the known derivation of vascular 
progenitors from embryonic stem cells [ 38 ].

       Potential Niches in Other Hematopoietic 
Sites 

 The HSC niches in fetal liver and embryonic aorta are yet 
poorly understood. The role of the stromal cells constituting 
these niches have to be, at least partly, different from that of the 
bone marrow niche(s) since fetal liver is the site where HSCs 
amplify and aorta at the site where adult-type HSCs emerge, 
most probably from the hematogenic endothelium. These 
niches contrast therefore with niches in the bone marrow 
where it has been shown that some of the niche components 
participate in the maintenance of the HSC quiescent state [ 25 ]. 

 As mentioned earlier in this chapter, stromal lines repre-
sent an exceptional tool to investigate the role and the cellu-
lar complexity of the HSC microenvironments. Most of these 

stromal lines   , characterized by their ability to support or not 
HSCs, differentiate along the vascular smooth muscle cell 
pathway, many lines being arrested at a distinct differentia-
tion stages along this pathway [ 39 ]. However, some of the 
lines still retain the capability to give rise to other mesenchy-
mal lineages. For example, UG26.1B6, one of the most 
HSC-supportive AGM stromal lines [ 40 ] effi ciently gives 
rise to osteoblasts when cultured in osteogenic conditions 
[ 41 ] and AFT024 [ 42 ] and BMC9 stromal lines, generated 
from fetal liver and bone marrow, respectively, are multipo-
tential with the ability to differentiate into vascular smooth 
muscle cells, osteoblasts, chondrocytes, and adipocytes [ 43 ]. 
With the aim to further characterize the HSC microenviron-
ment in the human placenta, Robin et al. have recently estab-
lished a panel of stromal lines at different developmental 
stages of human gestation [ 8 ]. These lines express markers of 
mesenchymal cells and most of them exhibit an osteogenic, 
adipogenic, and endothelial-like differentiation potential. 

 Studies have been implemented to trace the origins of 
MSCs in early development. By grafting quail or mouse 
embryonic aorta into chick recipients, Minasi et al. have 
shown the existence of vessel-associated multipotential pro-
genitor cells in the vertebrate embryo [ 44 ]. In vivo, these 
cells had the ability to integrate the host vasculature and to 
give rise to several other mesenchymal derivatives such as 
bone and cartilage. In another study, fate-mapping analysis 
revealed that mouse mesenchymal progenitors, with the abil-
ity to differentiate in vitro into osteoblasts, chondrocytes 
,and adipocytes, fi rst appeared in the AGM region in E11 
mouse embryo [ 45 ]. Whereas osteogenic and chondrogenic 
progenitors were found both in the dorsal aorta with its sur-
rounding mesenchyme and the urogenital ridges, adipogenic 
progenitors were exclusively detected in the urogenital 
ridges. Except for chondrogenic potential in the somites and 
limb buds (attributed to already differentiated pre- 
chondrogenic mass), none of the other examined tissues 
(yolk sac, head, heart, liver, and vitelline and umbilical arter-
ies) harbored any mesenchymal differentiation potential. 
Other studies identifi ed bona fi de MSCs in human AGM and 
fetal liver [ 46 ,  47 ]. In these latter studies, coculture experi-
ments with cord blood CD34 +  cells indicated that MSCs 
were able to support hematopoiesis in vitro. 

 Taken together, these data suggest that MSCs are also con-
stituents of HSC niches during development. As for bone mar-
row MSCs, they may serve as HSC niches on their own or 
because they give rise to an adequate progeny, which is prob-
ably vascular (pericyte-like or endothelial) at these sites. As 
noted for other stem cell niches [ 1 ] and in an earlier study on 
CFU-fs made by Wolf [ 48 ], the stromal niche constituents 
appear to be present before their occupancy by HSCs. MSCs 
appear in the aorta at mid-gestation, circulate in the fetal 
blood, and colonize the fetal liver and bone where they amplify 
and will further constitute a supportive microenvironment for 

  Fig. 2    A model for HSC niches in BM. MSCs, which can be of neuroec-
todermal or mesodermal origin, can serve as HSC niche on their own or 
may give rise to spindle-shaped,N-cadherin +  osteoblasts (SNO) or to 
peri-sinusoidal cells or endothelial cells, thus forming the osteoblastic or 
vascular niche where sheltered HSCs preserve their self-renewal and 
commitment potential (see references in the text). On the contrary, the 
differentiation of MSCs into adipocytes results in adipocytic bone mar-
row, which is poor in HSCs and hematopoietic progenitors [ 68 ]. Two 
additional, non-MSC-derived niche components, were recently described, 
neural Schwann cells [ 69 ] and osteoclasts [ 70 ]. Neural Schwann cells are 
found in both endosteal and more central bone marrow regions, while 
osteoclasts line the bone trabeculae. Whether these cells occupy the same 
niches as osteoblasts or vascular cells is not clear. However, it is known 
that nerve terminations are found in the vicinity of arterioles both in 
rodents and in humans [ 71 ,  72 ] where they are known to regulate the 
bone marrow blood fl ow and HSC migration into blood [ 73 ]       
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HSCs. These results highlight the intimate relationships 
between MSCs and HSCs during development as well as in 
the adult. 

 A fi nal point concerns the HSC niche in the spleen. A 
recent study has indicated that candidate HSCs in mice 
treated with mobilizing agents were found associated to 
sinusoids [ 49 ].  

    Major Extrinsic Signaling Pathways 
Implicated in HSC Regulation 

 Stromal cells regulate HSC functions through the production 
of specifi c cytokines (including Kitl, Flt3, thrombopoietin 
[Tpo], interleukins IL-3 and IL-6), chemokines (such as 
Cxcl12), angiopoietic factors and molecules of the ECM 
(reviews in [ 10 ,  50 ]). In the present part, we will focus on a 
few extrinsic signaling pathways that have been shown 
recently to control the maintenance of HSCs in the adult 
bone marrow; we will also review the recent advances con-
cerning the molecular characterization of the AGM hemato-
poietic microenvironment (Fig.  3 ).

   BMP-4 is a member of the bone morphogenetic protein 
family and is required for the establishment of the blood lin-
eages from the ventral mesoderm at early embryonic stages. 
This morphogen has been shown to play a critical role in the 
regulation of the bone marrow HSC niche. In mice, BMP-4 
expression has been reported in osteoblasts, endothelial, and 

perivascular cells [ 51 ] and, as already underlined, the BMP 
signaling pathway has been shown to control the size of the 
BM HSC niche and the numbers of HSCs [ 23 ]. Using hypo-
morphic BMP-4 mice, Goldman et al. reported that the fre-
quency and absolute numbers of HSCs were reduced in 
mutant mice as compared to controls. Furthermore, trans-
plantation experiments suggested that the ability of HSCs to 
self-renew is affected when HSCs are placed in a microenvi-
ronment defi cient for BMP-4. The role of BMP-4 as an 
important extrinsic regulator of HSCs had been previously 
demonstrated using in vitro culture systems. Human cord 
blood HSCs exposed to low concentration of BMP-4 (5 ng/
mL) differentiate, whereas at higher concentrations (25 ng/
mL) BMP-4 maintains ex vivo HSCs with repopulating 
activity [ 52 ]. These results suggest a dose-dependent effect 
of BMP-4 on adult HSCs. Whereas human cord blood and, at 
lower levels, bone marrow HSC candidates express mRNAs 
encoding the BMP receptors Bmpr1a/Alk3 and Bmpr1b/
Alk6 and the downstream signaling molecules Smad1, 4, and 
5 [ 52 ], studies in mice revealed that bone marrow HSCs cells 
do not express BMP receptors [ 22 ]. Thus, BMP-4 may con-
trol HSC activity through direct and indirect mechanisms in 
humans and mice, respectively. 

 The Notch pathway is also a major extrinsic signaling that 
regulates HSCs. In 2003, as already mentioned, it was shown, 
using transgenic mice with constitutive activity for the para-
thyroid hormone receptor, that osteoblasts are critical com-
ponents of HSC niches in the bone marrow and that the 

  Fig. 3    Schematic representation of some of the extrinsic signaling path-
ways occurring in the bone marrow HSC niche and in the AGM hematopoi-
etic microenvironment. ( a ) Bone marrow stromal cells regulate HSCs 
through the production of specifi c cytokines (such as Kitl and BMP-4), 
chemokines and morphogens (Wnt, Notch, and Shh). How an HSC inte-
grates these complex extrinsic signals to proliferate, survive, self-renew, 
or differentiate is a critical issue in the fi eld of stem cell biology and 
 regenerative medicine. ( b ) During ontogeny, the fi rst adult-type HSCs 

autonomously emerge in the AGM region. Hematopoietic intra-aortic clus-
ters (in  gray ) most likely derive from hematogenic endothelial cells (in  yel-
low ) in the ventral side of the aorta. BMP-4, which is expressed in stromal 
cells (in  orange ) underneath the endothelial lining of the aorta, and the 
Notch pathway, activated in aortic endothelial cells and hematopoietic clus-
ters, have been shown to regulate AGM HSCs. IL-3-expressing cells found 
in the circulation (in  beige ) and sometimes closely attached to the endothe-
lium and the Mpl/Tpo pathway participate also in the regulation of HSCs       
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Notch/Jagged1 pathway plays a critical role in the cross talk 
between HSCs and osteoblasts [ 22 ]. A role for Notch as an 
important extrinsic regulator of HSCs came also from ex 
vivo studies. The constitutive activation of Notch1 signaling 
in presumptive HSCs led to the generation of immortalized 
cell lines with the ability to produce myeloid and lymphoid 
cells in vitro and in vivo [ 53 ]. Using transgenic Notch 
reporter line, it has been shown that the Notch pathway, pref-
erentially active in bone marrow HSCs, is down-regulated 
when HSCs differentiate [ 54 ]. Inhibition of Notch signaling 
increases the differentiation of HSCs in vitro and in vivo and 
thus Notch activity is essential to maintain the pool of HSCs. 

 A number of studies in mice and humans revealed that the 
Wnt signaling pathway regulates the activity of HSCs. Wnt 
molecules may be directly produced by stromal cells and 
also by HSCs themselves, suggesting that Wnt proteins 
could play a role on HSCs through either paracrine or 
 autocrine mechanisms. In 2003, in vitro studies elegantly 
demonstrated that the Wnt pathway is critical for regulation 
of bone marrow HSC self-renewal [ 55 ]. Presumptive HSCs 
transduced with a retroviral vector allowing the constitutive 
expression of an activated form of β-catenin (a critical mol-
ecule in the Wnt canonical pathway) were shown to expand 
in vitro while retaining an immature phenotype and to recon-
stitute effi ciently the hematopoietic system of irradiated 
recipients. Thus, activation of the Wnt pathway promotes the 
proliferation of HSCs without inducing their differentiation. 
Using reporter mouse lines, the authors showed also that the 
Wnt signaling pathway is active in HSCs and induces the 
expression of HoxB4 and Notch1, two other important regu-
lators of HSCs. Interestingly, both the Wnt and Notch path-
ways appear to be active simultaneously in the majority of 
HSCs and are integrated at the functional level. When cul-
tured in the presence of Wnt3a and Kitl, HSCs defi cient for 
Notch signaling showed accelerated differentiation as com-
pared to controls [ 54 ]. These results reveal that the Wnt path-
way does not properly control the maintenance of bone 
marrow HSCs in the context of Notch inhibition. 

 As compared to the bone marrow HSC niche, very little is 
known about the molecular identity of the AGM hematopoi-
etic microenvironment. In vertebrate embryos, the hemato-
poietic activity in the AGM is characterized by the emergence 
of hematopoietic clusters closely attached to the ventral part 
of the aortic endothelium. A number of studies have shown 
that hematopoietic stem/progenitor cells most likely derive 
from specialized hematogenic endothelial cells lining the 
aortic fl oor (review in [ 56 ]). In a recent work it has been 
reported that hematopoietic progenitors are present in mouse 
aortic clusters located both in the dorsal and ventral parts of 
the artery, while it is only in the ventral part that HSC activ-
ity is detected [ 57 ]. Altogether, these results reveal the het-
erogeneity of the intra-aortic hematopoietic clusters and the 
role for mesenchymal stromal cells underneath the aorta in 
the emergence and/or regulation of AGM HSCs. Studies in 

the human, mouse, chick, and zebrafi sh embryos have shown 
that BMP-4 is expressed in the underlying mesenchyme of 
the aorta, suggesting that the expression pattern of BMP-4 in 
the AGM is strictly controlled during vertebrate evolution 
(review in [ 58 ]). Functional analysis revealed that loss of 
BMP signaling in the zebrafi sh prevents the emergence of 
HSCs in the aorta and that inhibition of the BMP pathway 
abolishes the activity of AGM HSCs in the mouse [ 59 ,  60 ]. 
Using in vitro long-term cultures, it has been shown that 
BMP-4 also increases the growth/survival of AGM HSCs 
[ 61 ]. Furthermore, bioinformatics and molecular studies 
revealed that the BMP signaling controls the activity of the 
transcription factor Runx1, which is essential for the estab-
lishment of defi nitive hematopoiesis, and together with 
Runx1 is integrated in a specifi c transcriptional network 
[ 62 ]. Interestingly, BMP-4 in combination with Hedgehog 
molecules appears to play a critical role in the dorsal–ventral 
polarization of the AGM hematopoietic activity [ 60 ]. Notch 
is also an important regulator of AGM hematopoiesis since it 
plays a role both in the specifi cation of arterial vessels and in 
the hematopoietic development (review in [ 63 ]). 

 Although hematopoietic cytokines are known to play a 
critical role in the cross talk between HSCs and stromal cells 
in the bone marrow, very few of them have been shown as 
implicated in the AGM hematopoietic microenvironment. 
Using Runx1 +/−  mouse embryos as a model, interleukin-3 
(IL-3) was identifi ed as a strong positive regulator of embry-
onic HSCs. As shown by in vivo transplantation, IL-3, but 
not other hematopoietic cytokines such as Kitl, was able to 
rescue the defective HSC potential of Runx1 +/−  AGM [ 64 ]. 
IL-3, not only plays a role on AGM HSCs but also on placen-
tal HSCs, and increases the number of HSCs with repopulat-
ing activity. Interestingly, transplantation experiments 
indicated a dramatic decrease in the numbers of HSCs in 
IL-3-defi cient AGM and placenta as compared to controls. 
This suggests that the level of IL-3 as found in wild-type 
animals is absolutely required for optimal production of 
HSCs in the embryo. In the embryo, IL-3 expressing cells 
were found in the circulation and in the developing stomach, 
which is close to the AGM region. More recently, the throm-
bopoietin receptor Mpl, a well-known regulator of mega-
karyopoiesis and HSCs in the adult, has been shown to 
regulate HSCs both in the AGM and the fetal liver in the 
mouse [ 65 ]. An elegant strategy based on refi ned HSC local-
ization in the AGM and on comparison of gene expression 
profi les have led to the identifi cation of novel regulators of 
AGM HSCs [ 66 ]. One of them, p57Kip2 (Cdkn1c), expressed 
in HSCs, was also detected in the underlying mesenchyme of 
the dorsal aorta at E11. This result suggests that p57Kip2 
may regulate AGM HSCs through HSC autonomous and/or 
nonautonomous mechanisms. The same study also revealed 
the presence of insulin-like growth factor-2 and its receptors 
in the AGM and a positive role for IGF-2 in the survival/
proliferation of immature AGM hematopoietic progenitors.  
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    Conclusion 

 How an HSC integrates the signals emanating from its 
microenvironment to either differentiate, proliferate, survive, 
or self-renew is still a major issue in the fi eld of stem cell 
biology and regenerative medicine. The present intensive 
investigations on the cellular and molecular characterization 
of HSC niches in the adult and during ontogeny are of con-
siderable interest since they increase our knowledge on the 
molecular mechanisms implicated in the emergence, ampli-
fi cation, and maintenance of HSCs, which should improve 
the ex vivo HSC manipulation for clinical scenarios.     
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           Introduction 

 A gland is an organ    that synthesizes a substance for release; 
examples include prostate fl uid, breast milk, mucus, and hor-
mones, either inside the body or to its outer surface [ 1 ]. 
Glands can be divided into two groups: exocrine glands, 
secreting their products through a duct or directly onto the 
apical surface, and endocrine glands, which are glands that 
secrete their products through the basal lamina and lack a 
duct system. Glandular stem cells (GSCs) are defi ned as mul-
tipotent stem cells including progenitor (adult stem) cells in 
glandular organs. GSCs can be obtained from exocrine 
glands such as pancreas or salivary glands using well- 
established cell culture methods [ 2 – 4 ]. The resulting cell 
populations are characterized by a high proliferative capacity 
and an unusually high plasticity. Cells from pancreas have 
the capacity to differentiate into many lineages including into 
oocyte-like cells [ 3 ]. The preparation methods for GSCs can 
be applied to cells from many vertebrates, including fi shes 
and birds.    Since the cells are excellently cryopreservable, 
this fi nding has been utilized to establish a new stem cell 
bank for preserving living cells of rare and wild animals. 

 Embryonic stem cells (ESC) are totipotent, having the 
plasticity to give rise to all of the cell types required for 
development and adult function. However, in the adult, stem 
cells have a more restricted repertoire with various levels of 
potency. Accepted defi nitions of adult stem cells (ASC) 
include the ability to continue to self-renewal in adulthood 
and multipotentiality (the ability to give rise to daughter cells 
with more than one phenotype). Asymmetric cell division, 
where the stem cell gives rise to a clone of itself as well as a 
daughter cell of a different cell fate, is a defi ning characteris-
tic of stem cells [ 5 ,  6 ]. Stem cells are often described as nor-
mally having low proliferative activity with the ability to 
multiply in response to appropriate stimuli, such as in wound 
healing and infl ammation. This potential to repopulate a tis-
sue was thought to be restricted to the organ in which the 
stem cell resides. However data have accumulated suggesting 
that the plasticity of ASC may be far wider, perhaps encom-
passing the repertoire of an entire embryonic germ layer. 

 Current perceptions of stem cells focus upon the plasticity 
of the differentiated phenotype and on mechanisms which 
might induce changes from different levels of differentiation. 
Traditional models of differentiation suggest that there are 
certain irreversible points of commitment between the toti-
potent ESC and the fully differentiated cells in functional 
adult tissue. In contrast to this idea is the concept of a con-
tinuum of differentiation with cells exhibiting less propen-
sity to exhibit stem cell-like behavior as they express more 
specifi c characteristic markers [ 7 ]. On a molecular basis the 
“developmental commitment” can be considered as being 
encoded in combinations of transcription factors [ 8 ]. This 
represents the resurrection of the idea of combinatorial gene 
control proposed more than 30 years ago [ 9 ]. Commitment 
to a specifi c phenotype is considered reversible allowing the 
possibility that individual cells can revert to a less- committed 
phenotype or alter to a different committed phenotype by 
changing the combination of transcription factors that they 
express. The caveat to this is that as differentiation precedes 
the degree of diffi culty involved in reversing or reprogram-
ming, the process seems to increase. Induced pluripotent 
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stem cells (iPSCs) are adult cells that have been genetically 
reprogrammed to an ESC-like state by being forced to 
express genes and factors important for maintaining the 
defi ning properties of ESC [ 10 – 12 ]. It is not known if iPSCs 
and ESCs differ in clinically signifi cant ways. These cells 
would seem to meet the defi ning criteria for pluripotent stem 
cells; however it is not clear that in the face of continued 
expression of factors involved in promoting “stemness,” 
these cells ever differentiate in a fully normal manner. 

 This chapter will examine the broad topic of ASC in glan-
dular organs rather than the role of stem cells in a particular 
organ. We will address the questions of what GSCs are and 
whether a given organ such as the gland is served by a truly 
organ-specifi c stem cell population. We will focus on GSCs 
in epithelial tissues and will discuss the interactions of these 
cells with their local microenvironment. We will also discuss 
the phenomena of metaplasia and transdifferentiation as they 
apply to our comprehension of stem cell biology.  

    Models of Glandular Stem Cell Biology 

 Stem cell-based models of development and proliferation/
differentiation have been proposed in a number of organs. 
These have generally suggested the presence of a stem cell 
compartment with the potential to undergo many rounds of 
division. Divisions of stem cells are proposed to give rise to 
daughter cells which are either stem cells or which join a 
population of transient-amplifying cells capable of undergo-
ing clonal expansion fi nally giving rise to a cell population 
which is fully differentiated but has limited potential for pro-
liferative activity [ 13 ,  14 ]. Such a    stem cell and transit- 
amplifying cell model was proposed for the prostate by 
Isaacs [ 15 ]. The prostate is potentially a good model in 
which to study stem cell biology as it is dependent upon 
androgenic stimulation for its development and for mainte-
nance of its glandular structure in adulthood. If androgens 
are removed, the prostate will regress; if they are reintro-
duced, it will regrow. The    stem cell and transit-amplifying 
cell models provide a simple basis from which to determine 
how the growth and maintenance of organs could come about 
(summarized in Fig.  1 ). However these models do not address 
the question of where stem cells are located, how this loca-
tion affects glandular structures, and what the phenotypic 
characteristics of stem cells might be.

   An in vivo translational tissue recombination- xenografting 
mouse model has been used to functionally remodel human 
prostatic glandular tissues. Adult tissue regeneration or 
remodeling is believed to initiate from multipotent stem and 
progenitor cells. Two human adult nontumorigenic prostatic 
epithelial cell lines NHPrE1 and BHPrE1 were established in 
our laboratory [ 16 ]. NHPrE1 cells were designated as puta-
tive progenitor cells, showing high expression levels of stem 
cell-associated proteins CD133, CD44, OCT4, and PTEN as 

detected by immunofl uorescence staining and Western blot-
ting. BHPrE1 were defi ned as intermediate or transit-amplify-
ing (TA) cells that expressed cell cycle regulation- related 
biomarkers p63, p53, p21/WAF1, and Rb. A tissue recombi-
nation-xenografting mouse model was utilized to functionally 
compare regeneration of human prostatic glandular tissues in 
vivo. In a tissue recombination model utilizing urogenital 
sinus mesenchyme (UGM) as a glandular inducer, both 
NHPrE1 and BHPrE1 cells were able to regenerate human-
pattern benign secretory ductal-acinar architecture in vivo, 
containing intact basal and luminal epithelial layers with neu-
roendocrine cells. Appropriate cytokeratin profi les were seen 
in the epithelial tissue layers. Prostate differentiation-associ-
ated proteins, such as androgen receptor (AR), prostate-spe-
cifi c antigen (PSA), NKX3.1, and 15-lipoxygenase-2 
(15-LOX-2), were appropriately expressed in the remodeled 
epithelia. This remodeling was found to be more effi cient 
when initiated from putative progenitor (NHPrE1) rather than 
intermediate (BHPrE1) cells. Both NHPrE1 and BHPrE1 cell 
lines provide important data on progenitor and intermediate 
cell phenotypes and represent signifi cant new tools for eluci-
dation of molecular mechanisms of signal transduction in 

  Fig. 1    A regeneration model representing possible cell lineage differ-
entiation in the prostate, as an example of glandular organ development. 
This fi gure illustrates a lineage model of human prostatic glandular 
regeneration such as might occur within a tissue recombinant. In this 
model androgen-independent glandular stem cells (SC), including stem 
and/or progenitor cells, are able to initiate the growth of prostate tissue 
and retain glandular rudiments following castration which can then 
undergo expansion to repopulate the gland in response to androgenic 
stimulation. Stem/progenitor cells can potentially rise to either basal 
cells (BC) (indicated by  a ) which can subsequently differentiate into 
luminal cells (LC) (indicated by  b ). Alternatively SC may give rise to 
an intermediate cell phenotype (IC) as indicated by  c . In case of the 
prostate, an androgen-dependent gland, androgen-independent and 
androgen-dependent populations seem to exist. Following androgen 
depletion it is possible that either the intermediate cells or the stem cells 
may be preserved to support the regrowth of the glandular epithelium 
following the reintroduction of androgens.  LC  luminal cell,  BC  basal 
cell,  SC  stem cell, and  BM  basal membrane       
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human prostatic regeneration, pathogenesis, and carcinogen-
esis (the cell origin of cancer). These cell lines are useful 
models for investigating molecular and cell biological mecha-
nisms related to the genesis of benign and malignant human 
prostate diseases and their relations to metabolic syndromes, 
infl ammation, and interactions between epithelium and 
stroma (microenvironment). 

 The location of stem cell populations in glandular tissues 
has been most closely studied in the gastrointestinal (GI) 
tract. Stem cells of the gut epithelium give rise, via asym-
metric cell mitosis, to daughter cells with more than one phe-
notype. These phenotypes include a range of distinctive cell 
types, including the Paneth, goblet, and endocrine cells. The 
perpetually self-renewing gut tissue consisting of proliferat-
ing, differentiating, migrating, and dying cells is not directly 
the progeny of the stem cells but rather of stem cell daugh-
ters. The stem cell daughters retain proliferative potential 
giving rise to a clonally expanding population; however the 
proliferative potential of each daughter is fi nite unlike the 
potential of the stem cell. Commitment of daughter cells to a 
specifi c secretory cell-type fate in the small intestine appar-
ently occurs in a cell-type determined manner at different 
points between a stem and a differentiated cell. For example, 
cells become committed to the endocrine lineage at an early 
point, but do not commit to one of the nine or so different 
endocrine cell types until a later point [ 17 ]. 

 Gut stem cells all reside within the epithelial units that are 
known in the stomach as glands and in the intestine as crypts. 
Both of these units consist of areas in which the stem cells 
and their proliferating daughters reside: migratory zones in 
which cells are both migrating and differentiating and a fully 
differentiated zone in which mature and dying cells are 
located. Work by Nomura and coworkers has identifi ed the 
existence of at least three to four stem cells located within the 
isthmus region of the developing/maturing stomach glands 
and maintenance of one or more stem cells in the mature 
units [ 18 ]. This elegant study examined cell lineage by use of 
a lacZ-carrying X chromosome. Chimeric (mixed blue and 
white) glands were observed at early time points indicating 
the presence of more than one progenitor cell. Two progeni-
tor cells would produce 50 % mixed 25 % homochromatic 
ratios. The ratios noted by Nomura were however closer to 
75 % indicating that at least three stem cells are involved. 
Glands are therefore initially seeded by more than one stem 
cell [ 18 ], but mature glands generally are derived from only 
one stem cell [ 18 ,  19 ], possibly as a result of stem cell com-
petition in which a stem cell must compete for a favored 
position within the gland [ 20 ] or due to symmetrical/asym-
metrical cell divisions removing stem cells from the popula-
tion. As compared to the stomach, the intestinal crypts 
progress to monoclonality in a similar but accelerated fash-
ion [ 21 – 27 ]. While crypts are generally accepted to be mono-
clonal, it is thought that there are four to six functional stem 
cells per crypt [ 28 ].    This apparent discrepancy arises in part 

because if the stem cells present within the gland are them-
selves clonal (i.e., are daughters of a single stem cell pro-
duced by symmetrical division). Such cells cannot be 
differentiated using the present techniques of following 
X-chromosome inactivation patterns, chimeric lineage anal-
ysis, or retroviral integration. 

 Repopulation experiments have failed to answer the ques-
tion of “how many stem cells are present?” as immature fi rst-
to- third-generation stem cell daughters (which are of course 
themselves monoclonal) may be able to repopulate the entire 
crypt in times of crisis by reprogramming back into stem 
cells [ 29 – 32 ]. Targeted ablation studies using transgenic 
mice carrying reporter genes have confi rmed that certain cell 
lineages of the gut epithelium share a multipotent progenitor- 
intermediate [ 17 ]. However, Bjerknes has found that 
80–90 % of the long-lived clones in the small intestine are 
unipotent with the remainder being multipotent [ 28 ]. This 
fi nding does not undermine the existence of true stem cells 
but does indicate the problems that arise when the stem cells 
and the long-lived but fi nite fi rst-to-third-generation daugh-
ters cannot be readily distinguished from each other. 

 Multiple stem cells are also found within a single niche in 
the tracheal epithelium and submucosal glands [ 33 ]. Lineage 
analysis using recombinant retroviruses has demonstrated 
the existence of both unipotent and multipotent progenitors 
in submucosal glands [ 33 ]. Borthwick and coworkers have 
further localized the stem cells to specifi c regions of the 
glands and trachea [ 34 ]. 

 Studies in the urogenital tract using chimeric BALB/c/
C3H    mice indicate that glandular organs such as the prostate 
and seminal vesicles, as well as nonglandular structures such 
as the epididymis, bladder, ureters, and kidney, were not 
clonal [ 35 ]. This fi nding suggests that these structures were 
derived from more than one progenitor cell. In contrast, in 
the same study, uterine glands were never found to be chime-
ric. The authors suggest that this indicates a monoclonal ori-
gin for uterine glands. However it is entirely possible that 
these glands are in fact originally polyclonal but undergo 
sorting procedures similar to the stem cell selection described 
for intestinal crypts. 

 The submandibular salivary gland is generated from a 
diverse array of progenitor cells that contribute to the func-
tional and architectural complexity. It has been implied in 
many reports in the literature ([ 36 ] and references within) 
that small cell undifferentiated carcinomas of the salivary 
gland arise from a ductal stem cell with a multidirectional 
capacity. This putative stem cell is thought to reside within 
the intercalated ducts. 

 Stem cells can be isolated and identifi ed based on a dis-
tinctive profi ling of cell-surface biomarkers, transcription 
factors, and enzymes including ABCG2, ALDH1, CD44, 
FOXA2, and SOX2 [ 37 ]. There has been a long search for 
specifi c cellular markers which will identify stem cells within 
a tissue. Cytoskeletal proteins such as cytokeratins have been 
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utilized in an attempt to identify specifi c cell  phenotypes and 
lineages in proliferative and nonproliferative compartments 
in glands such as the breast and prostate [ 38 – 44 ]. These stud-
ies suggest that there may be specifi c profi les of cellular 
marker expression which defi ne the position of a cell within 
the differentiation process and suggesting that expression of 
certain combinations of markers is restricted to early or stem 
cell populations. Other studies suggest that putative stem 
cells can be identifi ed either by the absence of a specifi c 
marker    (e.g., p27 Kip1  in the prostate [ 45 ,  46 ]) or the overex-
pression of certain specifi c markers    (e.g., pp32 in the intes-
tine and prostate [ 47 ,  48 ]). Such markers of stem cell 
phenotypes are covered more fully in other chapters. 

 Although the concept that cancers arise from “stem cells” 
or “germ cells” was fi rst proposed about 150 years ago, there 
is a concept in the fi eld of cancer research that rare cancer 
stem cells (CSCs) or tumor-initiating cells (TICs) exhibit 
some common characteristics of normal stem cells [ 49 ]. A 
CSC is defi ned as a cell that has the ability to self-renew and 
to differentiate into all subpopulations of cells that compose 
a tumor, maintain tumor homeostasis, and mediate tumor 
metastasis [ 50 ,  51 ]. CSCs also have the ability to give rise to 
tumor recurrences if they survive treatment [ 52 ].  

    Interactions Between Epithelium and Stroma 
in Glandular Organs 

 Glandular organs are generally composed of an epithelial 
parenchyma surrounded by stroma. For a long time the 
stroma was considered to be a supporting matrix which aided 
in organ function. For example, the fi bromuscular prostatic 
stroma provides the force needed for ejaculation, while 
smooth muscle in the gut provides the peristaltic action 
needed to move food. It is now clear that the stroma plays an 
active role in both development, where mesenchyme directs 
epithelial differentiation and, in the adult, where the differ-
entiated state of the epithelial cells is maintained by continu-
ous interactions with the adjacent stromal cells [ 53 ]. This 
continuous crosstalk between tissues in an organ also regu-
lates functions such as proliferation and apoptosis [ 54 – 57 ]. 

 Following gastrulation the mammalian embryo is com-
posed of cells representing the three germ layers which will 
give rise to all of the tissues of the body. In a simplistic rep-
resentation the external surface is covered with a layer of 
ectoderm which will give rise to the skin, as well as the 
sweat, mammary, and preputial glands. The endoderm will 
give rise to the gastrointestinal tract and those structures, 
such as the liver, pancreas, prostate, and bladder, which are 
derived from it. The mesodermal layer, which occupies the 
space between these surfaces, will give rise to all of the mes-
enchymal tissues, including the muscles and connective tis-
sues. As a result of mesenchymal to epithelial transitions, 
mesoderm also gives rise to epithelial structures including 

the urogenital tract derivatives of the Wolffi an and Müllerian 
ducts (the ureters, epididymis, ductus deferens and seminal 
vesicles, and the Fallopian tubes and uterus, respectively). 

 A series of tissue recombination experiments have estab-
lished that epithelial tissues from a range of sources can 
respond to inductive mesenchyma by changing their pattern 
of differentiation. These experiments involve the separation 
of epithelial and mesenchymal cells from different organs 
and their heterotypic recombination, as shown schematically 
in Fig.  2 . Recombined tissues are then grown as sub-renal 
capsule implants in either syngeneic or immunodefi cient 
rodent hosts, or alternatively in the case of embryonic birds 
grafted in ovo, and subsequently examined to determine the 
nature of the resulting recombinant tissue.

   Two classes of mesenchymal and stromal interaction with 
epithelium have been recognized. These are permissive 
effects and instructive effects [ 58 ]. A  permissive  effect sup-
ports a previously determined developmental program 
already specifi ed by the epithelium, for example, supporting 
differentiation of an adult tissue. An  instructive  effect elicits 
a new program of markers in the epithelium specifi ed by the 
mesenchyme, as found in the process of organogenesis. The 
fi rst effect can be illustrated in heterospecifi c but homotypic 
intestinal recombination experiments, as summarized in 
Table  1 . In these experiments 14-day fetal rat intestinal mes-
enchyme and endoderm were recombined with endoderm 
and mesenchyme from fi ve-and-a-half-day-old embryonic 
chick intestines. The resultant recombinants were developed 
as intracoelomic grafts in ovo and examined in terms of 
endodermal expression of brush border enzymes. 
Recombinants of rat mesenchyme with chick endoderm 
expressed sucrase but not lactase while the opposite recom-
bination produced the opposite enzyme patterns. This pattern 
of expression would be expected of the source endoderm 
since at this stage of development chick intestine expresses 
sucrase but not lactase while rats have the opposite expres-
sion [ 59 ]. Thus the mesenchyme in these experiments sup-
ports the differentiation of the gut endoderm and allows the 
expression of markers characteristic of the species from 
which the epithelial tissue was derived.

   Instructive interactions of mesenchyme with the epithe-
lium have been demonstrated in the development of the gut, 
using the chicken and the Japanese quail as model systems as 
summarized in Table  2 . Mesenchyma from the stomach and 
small intestine of these birds exert instructive infl uences 
on the morphogenesis of both allantoic epithelium and on 
epithelium from various levels of the digestive tract [ 60 ]. 
So when stomach mesenchyme is recombined with allantoic 
epithelium, the morphology and expression of markers by 
the epithelium changes to that of stomach epithelium. Similar 
experiments have demonstrated glandular induction in ecto-
derm. For example, embryonic mammary mesenchyme can 
induce mammary gland differentiation from skin [ 61 ], and 
rabbit corneal epithelium likewise has been demonstrated to 
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produce sweat glands or pilosebaceous units when combined 
with embryonic dermis [ 62 ].

   Experiments performed with epithelial and mesenchymal 
tissues from the endodermal hindgut and Wolffi an gut deriva-
tives have shed more light on the role of the germ layer of origin 
in determining epithelial cell fate. UGM will produce prostatic 
morphogenesis in the epithelium of the urogenital sinus, vagina, 
adult prostate, and the embryonic urinary bladder [ 63 – 67 ]. 
Stromal-epithelial interactions were once thought to irreversibly 
determine the developmental fate of the epithelium. However, 
recombinations of adult bladder epithelium with UGM demon-
strated that adult tissue could, in some instances, be made to 
redifferentiate along another pathway [ 68 ,  69 ]. The adult blad-
der epithelium gives rise to secretory prostatic structure as a 

result of proliferation and reorganization of the adult bladder 
basal cells. This process resembles closely the sequence occur-
ring in normal prostatic development. The ductal-acinar struc-
tures formed in this experiment resemble prostatic epithelium in 
terms of histology, histochemistry, expression of androgen 
receptors, androgen dependency for DNA synthesis, and pro-
duction of PSAs [ 68 ,  69 ]. More recent studies have confi rmed 
that the adult human bladder urothelium can also be induced to 
generate prostatic structures by rat UGM [ 70 ]. In similar experi-
ments it was demonstrated that bladder epithelium can also 
respond to rectal mesenchyme giving rise to glandular struc-
tures with characteristic intestinal histology and secretions [ 71 ]. 
This study also documents that a subpopulation of epithelial 
cells take on a glandular appearance. As in recombinants involv-
ing UGM, signifi cant areas of transitional differentiation were 
still seen in recombinants composed of bladder epithelium and 
rectal mesenchyme. 

 Instructive interactions have also been demonstrated 
using tissue recombinants to foster the development of tis-
sues from embryonic stem (ES) cells. Risbridger’s group 
was able to show the development of prostatic tissue using 
human ES cells [ 72 ]. Similar studies using mouse ES cells 

  Fig. 2    Schematic representation of tissue recombination. Stromal and 
epithelial tissues are separated from each other and isolated. The tissues 
are then recombined in either homotypic (stromal and epithelial cells 

from the same organ) or heterotypic (stromal and epithelial cells from 
different organs) combinations       

   Table 1    Illustration of a permissive mesenchymal effect on epithelium in a heterospecifi c but homo-
typic recombination experiment   

 Epithelium source  Mesenchyme source  Marker expression pattern 

 Fetal rat intestine  Embryonic chick intestine  Lactase (rat-specifi c marker) 
 Embryonic chick intestine  Fetal rat intestine  Sucrase (chick-specifi c marker) 

  The mesenchyme supports expression of a set of markers already specifi ed by the epithelium (Data 
from Kedinger et al. [ 59 ])  

   Table 2    Illustration of an instructive mesenchymal effect on epithe-
lium in a heterospecifi c and heterotypic recombination experiment   

 Source mesenchyme  Source epithelium  Resultant epithelium 

 Chick stomach  Quail allantois  Quail stomach 
 Quail intestine  Chick allantois  Chick intestine 

  The mesenchyme changes the expression of the markers expressed by 
the epithelium to those of the epithelial type which would be associated 
with the mesenchyme (Data from Haffen et al. [ 58 ])  
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demonstrated the ability of bladder mesenchyme to specifi -
cally induce bladder differentiation [ 73 ,  74 ]. 

 Descriptions of bladder epithelium + UGM and bladder 
epithelium + rectal mesenchyme recombinants strongly sug-
gest that the process which is occurring is not one of 
 transdifferentiation (the change of mature adult cells from 
one phenotype to another) but rather one of induction of a 
new phenotype. Thus the bladder epithelium does not uni-
formly respond to the inductive effects of the mesenchyme by 
changing its pattern of differentiation, but rather a subpopula-
tion of cells within the urothelial layer responds to the induc-
tive mesenchyme and gives rise to new prostatic or intestinal 
glandular structures. However studies using CMFDA cell 
tracking have suggested that direct transdifferentiation of 
urothelial cells into prostatic epithelium under the infl uence 
of UGM can occur [ 75 ]. These two mechanisms, transdiffer-
entiation and induction, of stem cell populations are (at least 
conceptually) not mutually exclusive, and the contribution of 
each phenomenon to the historic observations is presently 
unclear. In both the bladder and the prostate proliferative 
rates are naturally normally extremely low. In contrast the 
rectum which is a part of the gastrointestinal tract has a much 
higher rate of cell turnover. Thus stem cell populations must 
have a capacity to engage in a wide range of proliferative 
activity with that activity being dependent upon the organ in 
which the cell is fi nally located. Regulation of stem cell pro-
liferation in this context is thus likely to be controlled by 
interactions with the local stromal microenvironment. 

 Like UGM the mesenchyme of the newborn rat’s seminal 
vesicle (SVM)    is a powerful inducer of glandular differentia-
tion. In tissue recombination experiments, SVM induces 
seminal vesicle differentiation in the epithelial tissues 
derived from the seminal vesicle, ureter, and ductus deferens 
[ 76 – 78 ]. Like the seminal vesicle, ureter and ductus deferens 
are both derived from the Wolffi an duct, which is, in turn, a 
mesodermally derived epithelial tissue. 

 Thus epithelial tissues from all three germ layers can be 
induced to give rise to new glandular tissues by exposure to 
appropriate mesenchyma. All of the experiments described 
above demonstrate the ability of mesenchymal cells to induce 

gland formation within a germ layer of origin. A further 
series of experiments in the urogenital tract examined the 
ability of mesenchymal cells to induce changes across germ 
layer boundaries. Tissue recombinants prepared using UGM 
with mesodermally derived epithelium gave rise to glandular 
structures with seminal vesicle morphology and secretions 
[ 79 ,  80 ]. In contrast SVM recombined with endodermally 
derived epithelium gave rise to glandular tissues with pros-
tatic phenotype and secretory activity [ 81 ]. This series of 
experiments is summarized in Table  3 . The epithelial tissues 
of the bladder, urethra, and ureter all have the same transi-
tional phenotype in vivo and are essentially indistinguishable 
in terms of appearance and expression of differentiated 
markers. Yet, in these experiments they give rise to tissues 
refl ecting their embryonic germ layer of origin. The induc-
tion of glandular morphology by UGM in human ES cells 
gave rise specifi cally to a prostatic and not to seminal vesicle 
phenotype [ 72 ]. This might suggest that the differentiation 
pathway followed that seen in normal development with 
endodermal structures (of which the prostatic epithelium is 
one) likely becoming fi xed and not undergoing the epithelial 
to mesenchymal transformation required to generate a tri-
laminar embryo, and subsequent mesenchymal to epithelial 
transformation needed to generate a mesodermal epithelium 
such as that of the seminal vesicle.

   Tissue recombination experiments suggest that there is a 
subpopulation of cells within embryonic and adult epithelial 
tissues which can respond to inductive mesenchyma by giv-
ing rise to new tissue types. These experiments thus demon-
strate either that putative stem cells have the potential to 
produce a wider variety of daughter cells than are found in 
their tissue of origin or, alternatively, that tissues contain stem 
cells for more than one tissue type. On the basis of the experi-
ments described above, this second option would suggest that 
the bladder, for example, contains a range of stem cell types 
including prostatic and rectal stem cells, in addition to its 
native “bladder stem cell” population. Such an explanation is 
unappealing both intellectually and biologically. In particular 
fi ndings described in the introduction to this chapter would 
suggest that developmental plasticity of stem cell populations 

   Table 3    Role of glandular epithelial germ layer in response to inductive mesenchyme   

 Epithelium  Germ layer origin  Mesenchyme  Resultant tissue 

 Ductus deferens  Mesoderm  Urogenital sinus mesenchyme 
or seminal vesicle mesenchyme 

 Seminal vesicle 
 Ureter 
 Seminal vesicle 
 Bladder  Endoderm  Prostate 
 Prostate 
 Urethra 

  The response of adult urogenital tract epithelia to inductive mesenchyme is limited by the germ layer of origin of the 
epithelium. Mesodermally derived epithelia give rise to seminal vesicle in response to either urogenital sinus or seminal 
vesicle mesenchyme. In contrast endodermally derived epithelia respond to the same inductive infl uences by generating 
prostatic tissue  
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is a reasonable explanation of this ability to repopulate mul-
tiple organs. These tissue recombination data would further 
suggest that changes in stromal environment are suffi cient to 
change the developmental program executed by stem cells 
within the confi nes of their germ layer of origin.  

    Metaplasia and Transdifferentiation 

 Metaplastic changes, where cells of one tissue type take on 
characteristics of another, have been recognized by patholo-
gists for many years [ 82 ]. Metaplasia demonstrates that adult 
epithelia retain an ability to take on a new differentiated 
 phenotype. This may be due to true transdifferentiation (the 
conversion of one differentiated cell type to another) or may 
represent a proliferative response of stem cells implying that 
stem cells have wider specifi city than the cells of the organs 
from which they are derived [ 8 ,  83 ]. Although these phe-
nomena might be rare in nature, we can imagine the possibil-
ity of deliberately reprogramming cells from one tissue type 
to another by manipulating the expression of transcription 
factors, which could generate new therapies in organogene-
sis and regenerative medicine [ 84 ,  85 ]. 

 The phenomena of metaplasia and transdifferentiation 
represent changes in the differentiation of epithelial tissues. 
Metaplasia represents the presence in a tissue of an epithelial 
cell phenotype not normally found in the location being 
examined. Many examples of metaplasia are recognized by 
pathologists. In many cases these are protective responses. 
For example, many epithelial tissues will take on a squamous 
phenotype following injury or persistent insult, covering and 
sealing the wounded surface. In other cases metaplasia may 
result from a chemical or hormonal insult. In the prostate, 
estrogen exposure results in the formation of squamous 
metaplasia [ 57 ,  86 – 89 ]. In human prostate cancer patients, 
treatment with synthetic estrogens gives rise to squamous 
metaplasia, a phenomenon now rarely seen in countries 
where this treatment regimen has been discontinued. In utero 
exposure to female sex hormones, notable diethylstilbestrol, 
also results in squamous differentiation [ 90 ]. Metaplasia can 
be a benign protective response to a particular insult. 
However metaplasia is often seen as a premalignant condi-
tion because the insult which gave rise to a metaplastic 
response can persist and induce malignant transformation. 
Thus, for example, cigarette smoke induces stratifi ed squa-
mous metaplasia in the trachea and bronchi. Continued 
smoking leads to malignant transformation to squamous car-
cinoma in the respiratory tract. It is noteworthy that all of the 
clinically observed metaplastic changes are apparently 
restricted to the repertoire of the germ layer from which the 
epithelium is originally derived. 

 Metaplasia can be a result of proliferation of a stem cell 
population to give rise to daughter cells with an inappropri-

ate or abnormal phenotype. Metaplasia includes the more 
restrictive class of cellular changes known as transdifferen-
tiation. Unlike other forms of metaplasia, in which tissues 
can result from proliferation of stem or transitional/amplify-
ing cell populations, transdifferentiation is defi ned as “an 
irreversible switch of one type of already differentiated cell 
to another type of normal differentiated cell” [ 8 ,  91 ]. It 
should be noted that many papers use the word transdifferen-
tiation without due regard for its strictly defi ned meaning. 
While there are limited documented examples, transdifferen-
tiation occurs during development [ 92 ] and in some special-
ized laboratory situations such as in cell culture [ 93 ]. 
However in normal and benign adult disease, transdifferen-
tiation is not common. In malignant disease epithelial to 
mesenchymal transitions (EMTs) are well documented. 
However it can be argued that these fall outside of the defi ni-
tion of transdifferentiation because they do not result in the 
formation of a normal differentiated cell. In the context of 
the present communication, transdifferentiation is appar-
ently not relevant to stem cell biology since, in contrast to 
other forms of metaplasia, it involves only previously dif-
ferentiated adult cells.  

    Conclusions 

 In this brief overview we have attempted to highlight some 
of the available data suggesting a high degree of plasticity in 
adult glandular epithelial stem and progenitor cell popula-
tions with the interaction of surrounding stromal microenvi-
ronment. We note that glandular epithelial tissues are capable 
of changing their pattern of differentiation under both natu-
rally occurring and experimental conditions. These data sug-
gest that the glandular epithelial tissues contain a cell 
population, GSC, which is capable of generating epithelial 
tissue characteristic of multiple organs. Thus we would sup-
port the contention that the idea of organ-specifi c stem cells 
may no longer be viable. Rather available data suggest that 
GSCs are capable of repopulating many of the organs of their 
germ layer of origin with relative ease. It is certainly clear 
that signals from inductive mesenchyma can elicit this 
response although at present specifi c molecular pathways 
that result in the induction of any given gland are unknown. 

 Recent data would also suggest a cellular plasticity that 
allows cells to repopulate tissues even beyond their germ 
layer of origin. However the mechanism by which this phe-
nomenon may occur is presently unclear. Current models of 
differentiation suggest that fully differentiated and fully 
plastic states are defi ned by expression of specifi c transcrip-
tion factors by cells [ 7 ,  83 ]. Such models predict that cells 
have a capacity to move between these states. It is further 
suggested that the degree of diffi culty involved in moving 
between differentiated and plastic states is a function of the 
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distance moved (see Fig.  3 ). Data from tissue recombination 
experiments suggest that exposure to inductive mesenchyma 
is insuffi cient to force transdifferentiation of committed epi-
thelial cells but is suffi cient to stimulate a stem cell popula-
tion to generate daughter populations different from the 
tissue of origin. The process of transdifferentiation, while it 
is well documented, is apparently not common supporting 
the idea that moving from one differentiated state to another, 
while possible, is diffi cult. Data from tissue recombinants 
and from naturally occurring metaplastic responses further 
suggest that crossing the germ layer boundary is a signifi -
cantly more diffi cult step than moving differentiation pat-

terns within a germ layer. Thus the mechanisms required 
to shift between germ layers are apparently different and 
 perhaps more fundamental than reprogramming within a 
layer. Thus the germ layer might represent a “pinch points” 
in the continuum from totipotent to committed cells.

   Thus we return to the question “what is a glandular stem 
cell?” The data presented would suggest that GSCs occur-
ring in adult glandular organs are simply the least differenti-
ated and most plastic epithelial cell type found in adult 
glands, suggestive of progenitor cell properties. Adult glan-
dular epithelial stem and progenitor cells exist towards one 
end of a continuum between totipotent ESC and differenti-

  Fig. 3    Concepts of the propensity of cells to migrate between totipotent 
and committed cell types. Traditional views of cell maturation suggest 
that at some point on the differentiation pathway, cells undergo an irre-
versible switch and are no longer able to dedifferentiate. More contem-
porary views suggest that there is a gradation between totipotent 
embryonic stem cells and fully differentiated adult cells which can be 
traversed in either direction. Increased commitment is associated with 
expression of tissue-specifi c transcription factors. The energetic and 

biological costs associated with transformations from differentiated 
to totipotent cell types apparently make this sort of event unlikely. 
We propose that this graded propensity model contains discreet 
pinch point(s). Movement from below the pinch point to above is 
more restricted than other forms of change from a committed to 
stem cell phenotype. An example of such a pinch point might be a 
change across a germ layer boundary (Redrawn and modifi ed from 
Blau et al. [ 7 ])       
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ated adult epithelium. They can easily repopulate a range of 
glandular organs within the confi nes of a given germ layer.     
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     Abbreviations 

   ALDH    Aldehyde dehydrogenase   
  α-SMA    Alpha smooth muscle actin   
  CALLA    Common acute lymphoblastic leukemia antigen   
  CK    Cytokeratin   
  EGF    Epidermal growth factor   
  EMA    Epithelial membrane antigen   
  EpCAM    Epithelial cell adhesion molecule   
  ER    Estrogen receptor   
  ESA    Epithelial-specifi c antigen   
  HIM    Human-in-mouse   
  HMEC    Human mammary epithelial cell   
  MaSC    Mammary stem cell   
  ME    Myoepithelial   
  MRUs    Mammary repopulating units   
  MUC1    Mucin-1   
  PR    Progesterone receptor   
  TDLU    Terminal ductal lobular unit   
  TEB    Terminal end bud   
  vHMEC    Variant human mammary epithelial cell   

          Human Mammary Development 
and Architecture 

 The human breast epithelium is organized into 5–10 lobes 
that radiate outward from the nipple. Each lobe contains a 
branching epithelial network of ducts leading to the func-
tional structures of the breast, the terminal ductal lobular 
units (TDLUs), which are comprised of numerous alveolar 
sac-like structures. The bilayered epithelium consists of two 
main lineages: luminal and basal/myoepithelial (ME) cells. 
The luminal lineage contains polarized cells that line the 
lumens of the ducts and alveolar luminal cells that comprise 
the inner layer of the lobular component of the tissue and 
perform the secretory functions of the gland during lactation. 
Cells within the basal/ME lineage are basally positioned in 
the tissue, between the luminal epithelial layer and the base-
ment membrane that separates the epithelium from the stro-
mal compartment. In response to hormonal cues, fully 
differentiated myoepithelial cells have contractile functions 
that serve to squeeze secretions from the alveolar cells and 
move them along the ductal tree to the nipple. 

 During prenatal development  in both mouse and human 
tissues, the mammary epithelium develops from the surface 
ectoderm when cues derived from the underlying primordial 
mesenchyme specify the formation of a mammary bud-like 
structure that subsequently invades into the mesenchymal tis-
sue [ 1 ]. In humans, both male and female fetuses sprout rudi-
mentary ducts from the primary mammary bud that further 
develop into a variety of structures, ranging from simple 
blunt-ended ducts to well-developed lobular structures that 
refl ect the infl uence of maternal hormones in the perinatal 
period [ 2 ]. Following birth and the loss of circulating mater-
nal hormones, the tissue involutes to simple ductal structures 
that remain until puberty in both males and females in humans. 
In females, the hormones produced during puberty allow for 
further development of the tissue, signaling for ducts to elon-
gate and branch and TDLUs to form [ 1 ,  3 ]. The TDLUs con-
tinue to develop and mature through each successive menstrual 
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cycle, and full differentiation of the epithelium occurs during 
pregnancy and lactation as the TDLUs expand and dilate to 
support the production of milk [ 1 ,  3 ]. 

 The mouse is the primary model system for the study of 
stem/progenitor cell activity during mammary development, 
adult homeostasis, and the proliferation and differentiation 
needed during pregnancy and lactation. While there is much 
similarity in the general features of the mouse and human 
epithelium (both are bilayered branching ductal/alveolar 
structures), there are also key differences that may point to 
altered stem/progenitor cell activity and regulation [ 4 ]. In 
contrast to the radial arrangement of multiple lobes of 
branched epithelium in humans, the mouse mammary gland 
is composed of a single, simple ductal tree that lacks TDLUs 
(Fig.  1a ). In the absence of pregnancy, only strain-specifi c 
rudimentary alveolar budding occurs; pregnancy is required 
for full lobular-alveolar development in mice [ 4 ]. The stro-
mal support network for the epithelial tissue is also quite 
 distinct in mice and humans (Fig.  1b ). In contrast to the 

 adipose-rich stromal compartment of the mouse mammary 
gland, the human breast epithelium is embedded in a 
collagen- rich stroma, where two fi broblastic compartments 
can be observed: the intralobular stroma immediately sur-
rounding individual lobules and the denser interlobular 
stroma found between lobules. Additional cell types such as 
adipocytes, endothelial cells, and hematopoietic cells also 
provide support to the epithelium [ 1 ,  5 ].

   There are also likely differences between mice and 
humans in the hormonal regulation  of stem and progenitor 
activity. The breast epithelium is regulated by the actions of 
estrogen, progesterone, and prolactin, which oscillate 
throughout the menstrual cycle and play important roles dur-
ing pregnancy and lactation. During mammary development 
in the mouse, estrogen and progesterone primarily regulate 
ductal elongation and branching while prolactin plays an 
essential role in alveolar development during pregnancy; 
these hormones may play analogous roles in human breast 
tissue, but it is much more diffi cult to study and has not been 

  Fig. 1    Distinctions between mouse and human mammary tissue. ( a ) 
Schematic representations of mouse and human mammary architecture. 
( b ) Hematoxylin- and eosin-stained sections of mouse (inset) and 
human breast tissue, illustrating the differences between the adipose-
rich mouse and the collagen-/fi broblast-rich human stromal compart-
ments (bar = 200 μm). ( c ) Whole mounts of tissue from nonpregnant 
mouse and human mammary glands stained with carmine alum dye. 

Lobules are much more complex and varied in human mammary tis-
sue (bar = 200 μm). ( d ) Lobular and ductal structures in human mam-
mary tissue show much more heterogeneity in expression of 
lineage-specifi c keratins than the mouse. Some regions show little 
expression of CK14 (1), are double positive for CKs 14 and 8/18 (2), 
or show restricted expression of basal/ME CK14 and luminal CK8/18 
(3; bar = 100 μm)       
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well elaborated [ 3 ]. For tissue homeostasis, the estrous cycle 
of the mouse differs signifi cantly from the menstrual cycle in 
humans. Estrogen levels are highest during the estrus phase 
in the mouse, which corresponds to peak proliferation within 
the mammary gland. In contrast, peak proliferation within 
the human mammary gland correlates with the luteal phase 
of the menstrual cycle, in which progesterone and estrogen 
are both active [ 3 ]. Unlike mice, human prolactin acts at both 
the endocrine and autocrine/paracrine levels, as human 
mammary epithelial cells (HMECs) produce prolactin 
endogenously, although the regulation of this secretion is not 
well understood [ 6 ]. The proliferative cells within mouse and 
human mammary tissue, as well as potential stem/progenitor 
cells identifi ed in mouse tissue, are hormone receptor nega-
tive [ 3 ,  7 ], thus pointing to the importance of both paracrine 
signaling within the gland and the differences in hormonal 
regulation of mammary proliferation in mouse and human 
tissue for stem/progenitor cell regulation. 

 Lastly, the lobule architecture  of human breast tissues is 
much more complex, is highly variable from woman to 
woman, and refl ects factors such as pregnancy (parity status). 
Four major types of lobules, proposed to represent a develop-
mental continuum, have been described from whole mount 
analysis of human breast tissues from parous and nulliparous 
women (Fig.  1c ). Type I lobules are thought to be the least 
differentiated and consist of an average of 11 immature alve-
olar buds. These structures are then thought to further develop 
with each successive menstrual cycle and pregnancy into 
larger and more mature lobules, Types II and III, consisting 
of an average of 47 and 80 alveolar ductules, respectively. 
Type IV lobules would represent the fully differentiated lac-
tating lobule [ 8 ,  9 ]. Nulliparous women, where the overall 
breast tissue is less differentiated, harbor primarily the least 
mature lobules (Type I) in contrast to parous women, whose 
breast tissue contained a higher proportion of well-developed 
Type III lobules [ 8 ,  9 ]. Comparison of noncancer- associated 
breast reduction mammoplasty specimens to tissues from 
women prone to hereditary breast cancers (carriers of BRCA1 
mutations), as well as tissues from women with a diagnosed 
breast cancer, indicated that there was an enrichment of Type 
I lobules in the cancer-associated or BRCA1  carrier tissues 
[ 9 ]. Given that Type I lobules are thought to be the least dif-
ferentiated, this supports the idea that stem/progenitor cells, 
presumed to be enriched in Type I lobules, may be the likely 
targets for breast cancer development. 

 Factors that affect TDLU biology, such as parity, lifetime 
exposure to hormones, and changes in the stromal microen-
vironment in human breast tissues, are known etiological 
factors associated with increased risk of breast cancer devel-
opment. TDLUs have been proposed to serve as the anatomi-
cal origin for the majority of human breast cancers [ 10 ]; 
thus, it is important to understand how the differences in hor-
monal cycling, stromal microenvironment, and anatomical 
development between mice and humans contribute to regula-

tion of stem/progenitor activity in TDLUs in human tissue 
and how this becomes disrupted under pathological 
conditions.     

    Mammary Lineage Markers  

 Immunohistochemical studies of prenatal, pubertal, and both 
normal and cancerous adult tissues have been instructive for 
identifying markers of the luminal and basal/ME lineages in 
the breast. Keratins are some of the most common markers 
used to distinguish the lineages; in general, luminal lineage  
cells are characterized by expression of simple cytokeratins 
(CKs) 7, 8, 18, and 19, while basal/ME lineage  cells are char-
acterized by expression of stratifi ed epithelial CKs 5, 14, and 
17 [ 11 ,  12 ]. During human mammary development  the pri-
mary mammary bud is initially CK14 and CK19 negative, 
but during the secondary bud stage, cells show reactivity to 
both CK14 and CK19 as well as other basal/ME lineage 
markers such as p63, α-6-integrin (CD49f), CK17, and α-1- 
integrin (CD29) [ 13 ]. Nearer to birth, CK14 and CK19 
expression becomes more lineage restricted, and the basal/
ME layer begins to show expression of terminal differentia-
tion markers such as α-smooth muscle actin (α-SMA) [ 12 ]. 
Hormone receptors for estrogen (ER) and progesterone (PR) 
are important markers of the luminal lineage in the adult tis-
sue, but their expression in the developing breast has not 
been extensively studied. From the small number of samples 
examined, expression appears to be low until puberty; in gen-
eral, in adult tissues PR expression seems to be higher than 
ER [ 14 ]. Other markers that have been used to characterize 
the luminal lineage include epithelial cell adhesion molecule 
(EpCAM, also known as epithelial-specifi c antigen, ESA), 
CD24, and mucin-1 (MUC1, also known as epithelial mem-
brane antigen, EMA). Common acute lymphoblastic leuke-
mia antigen (CALLA, also known as CD10) and THY1 are 
used to characterize the basal/ME lineage. 

 While in general, the lineage markers  are expressed simi-
larly in mouse and human tissues, there are some critical dif-
ferences. CD24, which marks luminal lineage cells 
exclusively in humans, is more of a pan-epithelial marker in 
the mouse tissue [ 15 ]. In addition, CK8/18/19 and CK5/14 
have strict lineage restrictions in the mouse tissue to luminal 
and basal/ME cells, respectively. However, in human TDLUs 
and ducts, there is much more variability, with expression of 
CK14 seen in luminally positioned cells, variable expression 
of CK14 in basal/ME cells in lobules versus ducts, and lumi-
nal epithelial cells that are CK19 negative, suggesting there 
is potentially more complexity to the cell types contained 
within the two lineages in human tissue [ 16 ,  17 ] (Fig.  1d ). 
Further supporting this complexity, there is also evidence 
that there are specifi c markers that can potentially differenti-
ate luminal and basal/ME cells in the different structural 
regions of the breast tissue (i.e., in ducts and lobules), such 
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as CK6a and CK17 showing preferential expression in 
luminal and basal/ME cells of ducts and BCA-225 and WT1 
marking the same lineages in lobules [ 16 ].  

    Defi ning the Mammary Hierarchy 

 Mammary stem and progenitor cells clearly play roles in 
both the prenatal and postnatal development and mainte-
nance of the human breast, as well as in the regeneration of 
the tissue through repeated pregnancies. The simplest form 
of the epithelial hierarchy of the mammary gland is proposed 
to consist of a stem cell at its apex that gives rise to a bi- 
potent progenitor cell  that then in turn gives rise to luminal 
and basal/ME lineage-committed progenitors that differenti-
ate to form the functional cells of the luminal epithelial and 
myoepithelial bilayer (Fig.  2a ). In the mouse, alveolar pro-
genitors, which are induced during pregnancy, have also 
been described to maintain alveolar development during suc-
cessive cycles of pregnancy and lactation [ 18 ]. Whether such 
cells exist in human tissues during pregnancy or whether 
these cells exist in nonpregnant human tissue is unclear. 
However, since TDLUs undergo maturation and develop-
ment throughout the life of women, it is likely that there is a 
role for alveolar progenitor cells in regulating this process.

   For mouse epithelium, the presence and functional activ-
ity of potential stem and progenitor cells has been elucidated 
through the use of two methods: (1) the mammary fat pad 
transplantation  assay, pioneered by DeOme et al. [ 19 ], where 
tissue fragments or dissociated cells can be implanted in a 
secondary host to regenerate a mammary tree, and (2) 
lineage- tracing   experiments with genetically engineered 
mouse strains where markers such as green fl uorescent pro-
tein or LacZ are expressed from lineage-specifi ed promoters 
[ 18 ,  20 ]. In addition, mammary tissue can be readily obtained 
from multiple embryonic and postnatal developmental stages 
for study. During embryonic development , mouse mammary 
multipotent stem cells are enriched within the mammary bud 
and expand dramatically between embryonic days 13.5 and 
18.5 to participate in the establishment of luminal and basal/
ME lineages [ 21 ]. Following birth, postnatal multipotent or 
bi-potent mammary stem cells (MaSCs) were proposed to be 
localized within the specialized terminal end bud (TEB) 
structures that mediate ductal elongation through the fat pad 
[ 15 ]. However, recent evidence from lineage-tracing experi-
ments indicates that bi-potent progenitor  cells do not contrib-
ute to the maintenance of the gland after the initial postnatal 
period; instead, lineage-restricted progenitor cells are 
responsible for the bulk of adult tissue homeostasis [ 20 ]. 
This suggests that bi-potent progenitor activity ascribed to 

  Fig. 2    Human mammary 
epithelial hierarchy. 
( a ) The mammary epithelium has 
developmental origins in surface 
ectoderm and epidermal tissue 
and, in its simplest expression, is 
thought to be maintained by an 
epithelial hierarchy whereby a 
bi-potent progenitor cell gives 
rise to luminal and basal/
myoepithelial lineage-committed 
progenitors to maintain the 
differentiated cells in the adult 
breast tissue. ( b ) The complete 
human mammary epithelial 
hierarchy has not been fully 
defi ned, but likely contains 
additional levels of complexity, 
such as structurally oriented 
progenitors (lobular and ductal) 
and additional intermediates that 
have yet to be identifi ed       
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adult-derived tissues may be a result of transplantation 
challenge or in vitro culture. Despite their potentially limited 
relevance to adult homeostasis in situ, transplantation assays 
have indeed indicated the presence of adult tissue-derived 
multipotent and bi-potent progenitor cells that can generate 
mammary outgrowths from a single cell in the mouse [ 22 –
 24 ]. Bi-potent progenitors have also been identifi ed that 
specify morphological differentiation in the mouse, i.e., 
alveolar-limited and duct-limited bi-potent progenitors, sug-
gesting that the mammary epithelial hierarchy should also 
encompass structural differentiation capacity in addition to 
luminal and basal/ME differentiation [ 25 ] (Fig.  2b ). 

 In contrast to the wealth of tools to study the contribution 
of stem/progenitor cells in mouse mammary development, 
for early human mammary development, researchers are 
restricted to drawing inferences from whole mount or immu-
nohistochemical staining of archival tissue, of which there is 
limited material. In adult tissue, X-linked marker inactiva-
tion patterns have suggested the presence of multiple stem 
cells contributing to lobule formation throughout the human 
breast [ 26 ], but to demonstrate stem/progenitor activity 
involved in adult tissue homeostasis in humans, in situ 
lineage- tracing and orthotopic transplantation experiments 
are not feasible. Thus, studies of stem/progenitor activity 
 have been based on analysis of sorted populations of cells to 
identify in vitro bi-potent progenitor activity through colony 
formation assays in 2D and 3D culture and, in limited uses, 
modifi ed in vivo transplantation assays  such as the human-
in- mouse (HIM) orthotopic transplantation model and kid-
ney capsule implantation, both of which rely on human 
mammary fi broblasts to provide engraftment support [ 27 , 
 28 ]. The starting material for all of these studies is tissue 
derived from breast reduction mammoplasty surgery, where 
epithelial cells can be isolated from either organoids (small 
clusters of epithelial tissue) or single-cell suspensions 
through serial digestion steps with the enzymes collagenase, 
hyaluronidase, and trypsin; single-cell suspensions can be 
further separated into enriched populations of cells through 
either immunomagnetic bead or fl uorescence-activated cell 
sorting (FACS) techniques. The major caveat  for human 
tissue- based studies is that, aside from than ages of the 
patients from which they are derived (so that experiments 
can be conducted with largely premenopausal tissue, <50 
years old), there is often little other information known about 
the tissue. Thus, experiments cannot be controlled for parity 
status, menstrual cycle phase, or hormonal birth control 
use—factors known to contribute to changes in the behavior 
and state of the tissue. In contrast to inbred mouse strains, 
there is also tremendous genetic heterogeneity between 
patient samples, leading to considerable patient-to-patient 
variability in the behavior of cells that can complicate inter-
pretations of results.  

    Stem/Progenitor Populations: Bi-potent 
Differentiation 

 With the gold-standard technique of mammary fat pad trans-
plantation  and the use of limiting dilution analysis coupled 
with multi-protein fl ow cytometry to sort freshly dissociated 
tissue, populations of mouse mammary cells can be assessed 
for their ability to reconstitute a functional mammary tree. 
Sorted populations that form extensive outgrowths from low 
numbers of injected cells are described as containing mam-
mary repopulating units  (MRUs) or MaSCs. In the mouse, 
MaSCs  are contained within populations defi ned by the 
expression profi les  of Lin − Sca1 lo CD24 med CD49f high  or 
Lin − CD29 hi CD24 + ; the marker profi les of these populations 
are consistent with them being associated more closely with 
basal/ME differentiation states [ 23 ,  24 ] (Fig.  3a ). For human 
epithelial outgrowths, given the limitations described above, 
stem/progenitor activity has most often been assessed in 
vitro as “bi-potent progenitor  activity,” the ability to differ-
entiate into cells of both lineages, most frequently defi ned by 
expression of the luminal (CK8/18/19) and basal/ME 
(CK5/14) keratins (Fig.  3b ). Through these types of analy-
ses, populations of cells that contain differentiated luminal, 
luminal progenitor, and MaSC-like cells have been prospec-
tively identifi ed from human tissues; a recent comparison of 
these populations to those established from the mouse indi-
cates signifi cant transcriptomal overlap between these popu-
lations in both species [ 29 ].

   Several groups have used immunomagnetic beads or 
FACS to isolate human epithelial populations to assess bi- 
potent progenitor activity. The most commonly used markers 
are the luminal markers  EpCAM or EMA/MUC1 and the 
basal markers CD10, THY1, and CD49f [ 16 ,  28 ,  30 – 35 ]. 
Bi-potent differentiation  has been defi ned most often as (1) 
the ability to form colonies showing luminal and basal dif-
ferentiation in 2D culture conditions, usually on collagen- 
coated plates in serum-free growth conditions, and (2) the 
ability to form branched TDLU-like structures in Matrigel 
outgrowth assays (Fig.  3b ). A few groups have also tried to 
assess bi-potent differentiation in vivo through use of a 
humanized mouse model system or kidney capsule implanta-
tion [ 28 ,  35 – 37 ]. Colonies formed in 2D with bi-potent dif-
ferentiation primarily have two morphologies: either a ring 
of “myoepithelial”-like cells (staining positively for myoepi-
thelial markers such as CK14) surrounding a core of luminal 
cells (staining positively for luminal markers such as CK18) 
or a colony with a mixed population of cells that show single- 
positive and double-positive staining for both lineage mark-
ers (Fig.  3b ). In addition to fl ow cytometry for surface 
markers, alternative methods of assessing stemlike behavior 
such as the ability to grow in nonadherent mammosphere  
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culture, Hoechst dye-effl uxing side-population cells, long- term 
lipophilic dye-retaining cells, or the expression of aldehyde 
dehydrogenase (ALDH1), a marker associated with stem 
cells in hematopoietic and neural stem cell populations, have 
also enriched for cells with bi-potent progenitor activity [ 33 , 
 36 – 38 ], though it is still somewhat controversial as to which 
types of cells are being marked with these methods. 

 In general, populations containing cells with bi-potent pro-
genitor  activity have been described as having marker profi les 
 that suggest basal/ME differentiation (EpCAM lo CD49f + , 
EpCAM + MUC − , EpCAM − CD49f + , EpCAM + CD10 +/− MUC − , 
and EpCAM + CD49f + CD10 + THY1 + ), consistent with the 
mouse mammary literature. However, other groups have 
found that cells within populations that can be described as 

  Fig. 3    Identifying progenitor activity in human breast epithelial cells. ( a ) 
Flow cytometry is the most common technique used to isolate different 
populations of mammary epithelial cells. For both mouse and human cells, 
MaSC/bi-potent progenitor activity has been demonstrated most frequently 
from the basal/myoepithelial population: CD24 + CD49f hi  (mouse) or 
EpCAM lo/− CD49f +  (human). ( b ) For HMECs, bi-potent progenitor activity 
has been ascribed to cells that can generate mammospheres in nonadherent 

culture conditions ( top ,  left ), branching and budding structures in Matrigel 
3D colony formation assays ( top ,  right ), and/or differentiate into cells 
expressing markers of both lineages in 2D culture ( bottom ,  right,  and  left ). 
Colonies demonstrating bi-potent differentiation (BP) have two character-
istic morphologies ( bottom ,  left ), presenting either with a mixed population 
of CK14 + , CK8/18 +  ,  and double-positive cells or with a core of CK8/18 +  
cells ringed by CK14 +  cells (bar = 100 μm)       
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having a luminal progenitor phenotype  (EpCAM hi CD49f + ) 
can also have bi-potent progenitor activity [ 16 ], consistent 
with early reports that had suggested that cells with a luminal 
differentiation state can differentiate into myoepithelial-like 
cells in culture [ 39 ,  40 ]. Additionally, at non-limiting dilution 
conditions, populations of cells that have both luminal 
(EpCAM + CD10 − ) and basal/ME traits (CD10 + ) were both 
shown to have bi-potent differentiation capacity in vivo in a 
humanized mouse model, suggesting that cells within both 
lineages could have bi- potent differentiation capacity [ 41 ]. 
The confusion in the fi eld likely stems from both an overly 
simplistic view of the mammary hierarchy and differences in 
experimental conditions. As the two most commonly used 
markers, EpCAM and CD49f, are also used to identify popu-
lations of mature luminal and basal/ME cells; no unique set of 
cell surface markers can currently discriminate progenitor 
cells from more differentiated cells contained within sorted 
populations. Thus, it is unclear which cells are actually being 
assessed with current sorting strategies. 

 Genetic manipulation of mice has allowed for much 
investigation into pathways involved in mammary develop-
ment [ 15 ]. Given the limited tools available, there has been 
much less investigation into the signaling pathways that may 
be involved in differentiation  state transitions within the 
human mammary hierarchy. One approach has been to use 
the mammosphere assay , concurrent with ALDH1 expres-
sion, as a readout of MaSC maintenance and expansion in the 
presence of signaling pathway modulation. Through the use 
of this approach, it has been shown that a hedgehog-Gli1- 
Bmi1 signaling axis, HER2 overexpression, and an Akt/Wnt 
signaling axis (mediated by knockdown of PTEN) can pro-
mote expansion of both primary and serially passaged mam-
mospheres, as well as ALDH1 +  cells [ 42 – 44 ]. BRCA1  has 
also been implicated in progenitor cell maintenance. 
Knockdown of BRCA1 in primary breast epithelial cells led 
to an expansion of undifferentiated and ALDH1 +  cells, and 
studies of prophylactic mastectomy tissues from BRCA1 
mutation carriers indicate increased basal differentiation in 
luminal cells both in vitro and in vivo, suggesting BRCA1 
may regulate differentiation of luminal progenitor cells [ 45 , 
 46 ]. This regulation may occur in part through inhibiting the 
expression of SLUG, knockdown of which has been shown 
to increase luminal differentiation in primary breast epithe-
lial cells and cultures [ 46 ]. Notch proteins have also been 
implicated in regulating the bi-potent progenitor to luminal 
progenitor transition through analysis of cultured cells 
derived from primary tissues. Cells from the EpCAM lo CD49f +  
(THY1 + CD10 + ) bi-potent progenitor population could be 
induced to form colonies with reduced luminal differentia-
tion and increased basal/ME differentiation in the presence 
of downregulated Notch3 signaling [ 34 ]. Similarly, it was 
shown that in CD10 +  populations, Notch can downregulate 
ÄNp63, which was shown to be critical to maintain basal/

ME identity and promote luminal differentiation, further 
implicating Notch signaling in control of luminal differentia-
tion state [ 47 ]. Lastly, organoid cultures indicate that HER1/
epidermal growth factor (EGF) receptor ligands differen-
tially regulate differentiation. Amphiregulin, along with 
fi broblast growth factor receptor ligands, contributes to nor-
mal maintenance of ductal structures, but EGF specifi cally 
expands cells with basal/ME differentiation, potentially by 
expanding cells with bi-potent differentiation and then direct-
ing them to differentiate along the basal/ME lineage [ 48 ]. 
While our understanding of pathways controlling the human 
mammary hierarchy is still incomplete, these results, along 
with transcriptomal comparisons of isolated mouse and 
human progenitor populations, suggest that there is consider-
able overlap between the two species .    

    Cultured Cell Lines and Their Relationship to 
the Mammary Hierarchy 

 It has long been evident that cultured HMECs of the luminal 
and basal/ME lineages have differing requirements in vitro. 
Cells expressing luminal keratins show limited growth 
capacity in culture in general but tend to be supported for a 
few passages in media containing serum [ 39 ,  49 ,  50 ]. In con-
trast to the limited growth of luminal lineage epithelial cells 
in culture, much greater expansion can be seen for basal/ME 
lineage cells, which are the predominant cells that grow out 
in the most commonly used serum-free defi ned media for-
mulations [ 51 ]. Given the limited growth of luminal epithe-
lial cells in culture, there still does not exist a robust manner 
in which to study luminally differentiated cells in vitro.  This 
may have severe limitations on our understanding of the 
potential bi-potent differentiation capacity of cells within 
this lineage, since the majority of bi-potent progenitor activ-
ity for human cells is assessed in vitro using culture media 
that supports basal/ME cell expansion. 

 HMECs cultured for an extended period in vitro under 
serum-free conditions undergo a characteristic growth curve 
where, after a period of proliferative growth for several pas-
sages, cells enter a stasis period for about 2 weeks, which 
then leads to the formation and expansion of colonies of 
small refractile cells termed variant HMECs (vHMECs)  
[ 52 ]. These cells show expression of markers consistent with 
a relatively undifferentiated basal-like cell, in that they highly 
express basal CK14 but show limited expression of luminal 
keratins such as CK8/CK18 and show no expression of more 
differentiated markers of basal/ME or luminal differentiation 
such as α-SMA, CK19, or ER [ 49 ,  51 ]. vHMECs exhibit sig-
nifi cant differences in gene expression profi les, lineage 
markers, and chromatin methylation states compared to pri-
mary HMECs and are characterized by methylation of p16 
[ 52 – 54 ]. It has been proposed that vHMECs may represent 
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MaSCs  [ 51 ], and indeed, cells that go on to become vHMECs 
appear to be contained within the population that has been 
characterized as containing MaSC [ 41 ]. In addition, vHMECs 
were demonstrated to have metaplastic abilities when cul-
tured in an in vitro epidermal differentiation assay, in that 
they were able to form stratifi ed epidermal-like tissues, sug-
gesting that the epigenetic changes that accompany the for-
mation of vHMECs leads to a partial loss of mammary 
specifi cation and a gain of the ability to access more primi-
tive differentiation states, such as those of the epidermal pre-
cursors to mammary tissues during development [ 41 ]. 
Additional studies are necessary to determine whether epi-
dermal progenitor cells exist in an uncommitted state within 
adult human breast tissues or whether the acquisition of epi-
dermal progenitor-like features may be due to genetic and/or 
epigenetic events that take place during formation of 
vHMECs in long-term culture.   

    The Mammary Hierarchy and Breast Cancer 
Heterogeneity 

 The defi nition of the mammary hierarchy in human breast 
tissue, while incomplete, provides a framework for under-
standing human breast tumor heterogeneity. Ductal carcino-
mas are broadly categorized into two types, ER+ and 
ER− tumors, but can be further subdivided molecularly and 
histologically into subtypes with different prognostic out-
comes and therapeutic sensitivities [ 11 ,  55 ]. Molecular clas-
sifi cation  of tumors has shown that ER+ and ER− tumors 
generally retain expression of markers of the two major dif-
ferentiation states of normal human breast tissue: ER+ 
tumors , which encompass the molecular subtypes luminal A 
and B, express hormone receptors and genes characteristic of 
luminal epithelial cells (e.g., CK8/18, CK19, CD24, MUC1, 
GATA3, EpCAM); in contrast, ER− tumors , which encom-
pass the molecular subtype basal-like, retain characteristics 
of epithelial cells that lack estrogen-responsive genes and 
express markers characteristic of basal/ME cells (e.g., SMA, 
CD49f, p63, CK14, EGFR, CD44). ER− status is also found 
in rarer types of cancers, such as medullary, adenoid cystic, 
metaplastic carcinomas, and the recently described molecu-
lar classifi cation of claudin-low type tumors, where the 
tumor cells not only lack ER-responsive and luminal genes 
but also exhibit features of alternate cell types not found in 
normal breast epithelium [ 56 ,  57 ]. 

 Given the refl ection of the normal breast lineages in tumor 
subtypes, two main hypotheses have been put forward to 
explain breast tumor heterogeneity : (1) that ER+ and ER− 
tumors arise from transformation of different lineage- 
committed progenitors (namely, luminal and basal/ME 
progenitors) or (2) that specifi c genetic and epigenetic events 
arising in a common cell of origin drive tumor differentiation 

to generate tumor subtypes [ 58 ]. Though it is likely that spe-
cifi c genetic mutations and epigenetic changes also play a 
role in tumor differentiation, recent evidence suggests that 
different cells of origin also likely contribute to the forma-
tion of tumor subtypes. Molecular gene expression profi ling 
of isolated human breast populations (EpCAM + CD49f −  dif-
ferentiated luminal, EpCAM + CD49f +  luminal progenitor, 
and EpCAM −/lo CD49f +  basal/myoepithelial/MaSC) and 
comparison of this data to the gene expression profi les  of the 
intrinsic breast cancer subtypes indicate that, as expected, 
differentiated luminal cells match most closely with the most 
differentiated tumor types, luminal A and B [ 35 ]. In contrast 
to the hypothesis that basal progenitors would give rise to 
basal-like breast cancers, it was the luminal progenitor  gene 
expression signature that was most enriched in expression 
data from basal-like breast cancers [ 35 ]. This may be refl ec-
tive of the fact that tumors with basal differentiation (expres-
sion of CK5/6 and 14) for the most part do still show 
expression of luminal epithelial keratins such as CK8/18, 
and the vast majority of human breast tumors express the dif-
ferentiated luminal keratin CK19 [ 11 ,  17 ]. 

 The luminal progenitor  origin of basal-like breast cancers  
is also supported by recent data from mouse and human 
experimental systems that suggests that the cells of origin in 
BRCA1-associated breast cancer , known to be associated 
with basal-like breast tumors, are luminal progenitor cells 
and that these cells may have impaired differentiation due to 
the loss of BRCA1 [ 35 ,  46 ,  59 ]. Adding to this, for nonmu-
tant BRCA1 tissue, transformation of EpCAM + CD10 −  lumi-
nal epithelial cells gave rise to both ER+ and ER− tumors 
that had characteristics of both luminal and basal-like dif-
ferentiation, and ER− tumors were enriched from trans-
formed cells derived from the luminal progenitor 
EpCAM + CD10 − CD49f +  population [ 41 ]. In contrast, trans-
formation of the CD10 +  basal/myoepithelial population gave 
rise to tumors that were ER− and had squamous differentia-
tion as well as decreased CK19 expression; molecular profi l-
ing of these tumors indicated that their gene expression 
profi le matched most closely with rare subsets of ER− 
tumors, such as claudin-low and metaplastic breast cancers 
[ 41 ]. Given that CD10+ cells are enriched in the population 
proposed to contain the human MaSC (EpCAM −/lo CD49f + ), 
this suggests that rare subsets of human breast cancers may 
emerge from transformation of potential MaSCs. In contrast, 
mounting evidence indicates that the vast majority of human 
breast cancers of luminal and basal-like molecular subtypes 
arise from transformation of cells within the luminal lineage. 
A deeper understanding of the regulation of the mammary 
epithelial hierarchy and the relationship of cells within the 
hierarchy to the cells of origin for tumors will generate new 
avenues of investigation to develop improved diagnostic and 
treatment options for patients, especially for basal-like breast 
cancers that typically have an aggressive clinical course.      

P.J. Keller et al.



243

  Acknowledgments   We apologize to the authors whose work we could 
not cite due to space limitations. This work was supported by grants 
from the ACS-New England Division-Broadway on Beachside 
Postdoctoral Fellowship (PK), the Raymond and Beverly Sackler 
Foundation (PK and CK), the Breast Cancer Research Foundation 
(CK), the DOD Breast Cancer Research Program (PK, CK), the NIH/
NCI (CK, LA), the National Center for Research Resources (LA), and 
the Breast Cancer Alliance (LA).  

   References 

       1.    Howard BA, Gusterson BA. Human breast development. 
J Mammary Gland Biol Neoplasia. 2000;5(2):119–37.  

    2.    Anbazhagan R, Bartek J, Monaghan P, Gusterson BA. Growth and 
development of the human infant breast. Am J Anat. 
1991;192(4):407–17.  

        3.    Hovey RC, Trott JF, Vonderhaar BK. Establishing a framework for 
the functional mammary gland: from endocrinology to morphol-
ogy. J Mammary Gland Biol Neoplasia. 2002;7(1):17–38.  

     4.    Cardiff RD, Wellings SR. The comparative pathology of human 
and mouse mammary glands. J Mammary Gland Biol Neoplasia. 
1999;4(1):105–22.  

    5.    Atherton AJ, Monaghan P, Warburton MJ, Robertson D, Kenny AJ, 
Gusterson BA. Dipeptidyl peptidase IV expression identifi es a 
functional sub-population of breast fi broblasts. Int J Cancer. 
1992;50(1):15–9.  

    6.    Clevenger CV, Furth PA, Hankinson SE, Schuler LA. The role of 
prolactin in mammary carcinoma. Endocr Rev. 2003;24(1):1–27.  

    7.    Sleeman KE, Kendrick H, Robertson D, Isacke CM, Ashworth A, 
Smalley MJ. Dissociation of estrogen receptor expression and in 
vivo stem cell activity in the mammary gland. J Cell Biol. 
2007;176(1):19–26. doi:  jcb.200604065 [pii]10.1083/jcb.200604065    .  

     8.    Russo J, Rivera R, Russo IH. Infl uence of age and parity on the 
development of the human breast. Breast Cancer Res Treat. 
1992;23(3):211–8.  

      9.    Russo J, Lynch H, Russo IH. Mammary gland architecture as a 
determining factor in the susceptibility of the human breast to can-
cer. Breast J. 2001;7(5):278–91.  

    10.    Wellings SR, Jensen HM, Marcum RG. An atlas of subgross pathol-
ogy of the human breast with special reference to possible precan-
cerous lesions. J Natl Cancer Inst. 1975;55(2):231–73.  

      11.    Dairkee SH, Puett L, Hackett AJ. Expression of basal and luminal 
epithelium-specifi c keratins in normal, benign, and malignant 
breast tissue. J Natl Cancer Inst. 1988;80(9):691–5.  

     12.    Petersen OW, Polyak K. Stem cells in the human breast. Cold 
Spring Harb Perspect Biol. 2010;2(5):a003160.  

    13.    Jolicoeur F, Gaboury LA, Oligny LL. Basal cells of second trimes-
ter fetal breasts: immunohistochemical study of myoepithelial pre-
cursors. Pediatr Dev Pathol. 2003;6(5):398–413.  

    14.    Bartow SA. Use of the autopsy to study ontogeny and expression of 
the estrogen receptor gene in human breast. J Mammary Gland Biol 
Neoplasia. 1998;3(1):37–48.  

      15.    Visvader JE. Keeping abreast of the mammary epithelial hierarchy 
and breast tumorigenesis. Genes Dev. 2009;23(22):2563–77.  

       16.    Villadsen R, Fridriksdottir AJ, Ronnov-Jessen L, Gudjonsson T, 
Rank F, LaBarge MA, Bissell MJ, Petersen OW. Evidence for a 
stem cell hierarchy in the adult human breast. J Cell Biol. 
2007;177(1):87–101.  

     17.    Bartek J, Taylor-Papadimitriou J, Miller N, Millis R. Patterns of 
expression of keratin 19 as detected with monoclonal antibodies in 
human breast tissues and tumours. Int J Cancer. 1985;36(3): 
299–306.  

     18.    Wagner KU, Boulanger CA, Henry MD, Sgagias M, Hennighausen 
L, Smith GH. An adjunct mammary epithelial cell population in 

parous females: its role in functional adaptation and tissue renewal. 
Development. 2002;129(6):1377–86.  

    19.    Deome KB, Faulkin Jr LJ, Bern HA, Blair PB. Development of 
mammary tumors from hyperplastic alveolar nodules transplanted 
into gland-free mammary fat pads of female C3H mice. Cancer 
Res. 1959;19(5):515–20.  

     20.    Van Keymeulen A, Rocha AS, Ousset M, Beck B, Bouvencourt G, 
Rock J, Sharma N, Dekoninck S, Blanpain C. Distinct stem cells 
contribute to mammary gland development and maintenance. 
Nature. 2011;479(7372):189–93.  

    21.    Spike BT, Engle DD, Lin JC, Cheung SK, La J, Wahl GM. A mam-
mary stem cell population identifi ed and characterized in late 
embryogenesis reveals similarities to human breast cancer. Cell 
Stem Cell. 2012;10(2):183–97. doi:  S1934-5909(12)00002-1 [pii] 
10.1016/j.stem.2011.12.018    .  

    22.    Kordon EC, Smith GH. An entire functional mammary gland may 
comprise the progeny from a single cell. Development. 
1998;125(10):1921–30.  

    23.    Stingl J, Eirew P, Ricketson I, Shackleton M, Vaillant F, Choi D, Li 
HI, Eaves CJ. Purifi cation and unique properties of mammary epi-
thelial stem cells. Nature. 2006;439(7079):993–7.  

     24.    Shackleton M, Vaillant F, Simpson KJ, Stingl J, Smyth GK, 
Asselin-Labat ML, Wu L, Lindeman GJ, Visvader JE. Generation 
of a functional mammary gland from a single stem cell. Nature. 
2006;439(7072):84–8.  

    25.    Smith GH. Experimental mammary epithelial morphogenesis in an 
in vivo model: evidence for distinct cellular progenitors of the ductal 
and lobular phenotype. Breast Cancer Res Treat. 1996;39(1):21–31.  

    26.    Tsai YC, Lu Y, Nichols PW, Zlotnikov G, Jones PA, Smith HS. 
Contiguous patches of normal human mammary epithelium derived 
from a single stem cell: implications for breast carcinogenesis. 
Cancer Res. 1996;56(2):402–4.  

    27.    Kuperwasser C, Chavarria T, Wu M, Magrane G, Gray JW, Carey 
L, Richardson A, Weinberg RA. Reconstruction of functionally 
normal and malignant human breast tissues in mice. Proc Natl Acad 
Sci U S A. 2004;101(14):4966–71.  

      28.    Eirew P, Stingl J, Raouf A, Turashvili G, Aparicio S, Emerman JT, 
Eaves CJ. A method for quantifying normal human mammary epi-
thelial stem cells with in vivo regenerative ability. Nat Med. 
2008;14(12):1384–9.  

    29.    Lim E, Wu D, Pal B, Bouras T, Asselin-Labat ML, Vaillant F, 
Yagita H, Lindeman GJ, Smyth GK, Visvader JE. Transcriptome 
analyses of mouse and human mammary cell subpopulations reveal 
multiple conserved genes and pathways. Breast Cancer Res. 
2010;12(2):R21.  

    30.    Stingl J, Eaves CJ, Kuusk U, Emerman JT. Phenotypic and func-
tional characterization in vitro of a multipotent epithelial cell pres-
ent in the normal adult human breast. Differentiation. 1998;63(4): 
201–13.  

   31.    Stingl J, Eaves CJ, Zandieh I, Emerman JT. Characterization of 
bipotent mammary epithelial progenitor cells in normal adult 
human breast tissue. Breast Cancer Res Treat. 2001;67(2):93–109.  

   32.    Gudjonsson T, Villadsen R, Nielsen HL, Ronnov-Jessen L, Bissell 
MJ, Petersen OW. Isolation, immortalization, and characterization 
of a human breast epithelial cell line with stem cell properties. 
Genes Dev. 2002;16(6):693–706.  

    33.    Clayton H, Titley I, Vivanco M. Growth and differentiation of pro-
genitor/stem cells derived from the human mammary gland. Exp 
Cell Res. 2004;297(2):444–60.  

    34.    Raouf A, Zhao Y, To K, Stingl J, Delaney A, Barbara M, Iscove N, 
Jones S, McKinney S, Emerman J, Aparicio S, Marra M, Eaves C. 
Transcriptome analysis of the normal human mammary cell com-
mitment and differentiation process. Cell Stem Cell. 2008;3(1): 
109–18.  

        35.    Lim E, Vaillant F, Wu D, Forrest NC, Pal B, Hart AH, Asselin- 
Labat ML, Gyorki DE, Ward T, Partanen A, Feleppa F, Huschtscha 
LI, Thorne HJ, Fox SB, Yan M, French JD, Brown MA, Smyth GK, 

Human Mammary Epithelial Stem/Progenitor Cells

http://dx.doi.org/jcb.200604065%20%5Bpii%5D10.1083/jcb.200604065
http://dx.doi.org/S1934-5909(12)00002-1%20%5Bpii%5D%2010.1016/j.stem.2011.12.018
http://dx.doi.org/S1934-5909(12)00002-1%20%5Bpii%5D%2010.1016/j.stem.2011.12.018


244

Visvader JE, Lindeman GJ. Aberrant luminal progenitors as the 
candidate target population for basal tumor development in BRCA1 
mutation carriers. Nat Med. 2009;15(8):907–13.  

    36.    Ginestier C, Hur MH, Charafe-Jauffret E, Monville F, Dutcher J, 
Brown M, Jacquemier J, Viens P, Kleer CG, Liu S, Schott A, 
Hayes D, Birnbaum D, Wicha MS, Dontu G. ALDH1 is a marker 
of normal and malignant human mammary stem cells and a 
predictor of poor clinical outcome. Cell Stem Cell. 2007;1(5): 
555–67.  

    37.    Pece S, Tosoni D, Confalonieri S, Mazzarol G, Vecchi M, Ronzoni 
S, Bernard L, Viale G, Pelicci PG, Di Fiore PP. Biological and 
molecular heterogeneity of breast cancers correlates with their can-
cer stem cell content. Cell. 2010;140(1):62–73.  

    38.    Dontu G, Abdallah WM, Foley JM, Jackson KW, Clarke MF, 
Kawamura MJ, Wicha MS. In vitro propagation and transcriptional 
profi ling of human mammary stem/progenitor cells. Genes Dev. 
2003;17(10):1253–70.  

     39.    Kao CY, Nomata K, Oakley CS, Welsch CW, Chang CC. Two types 
of normal human breast epithelial cells derived from reduction 
mammoplasty: phenotypic characterization and response to SV40 
transfection. Carcinogenesis. 1995;16(3):531–8.  

    40.    Pechoux C, Gudjonsson T, Ronnov-Jessen L, Bissell MJ, Petersen 
OW. Human mammary luminal epithelial cells contain progenitors 
to myoepithelial cells. Dev Biol. 1999;206(1):88–99.  

        41.    Keller PJ, Arendt LM, Skibinski A, Logvinenko T, Klebba I, Dong 
S, Smith AE, Prat A, Perou CM, Gilmore H, Schnitt S, Naber SP, 
Garlick JA, Kuperwasser C. Defi ning the cellular precursors to 
human breast cancer. Proc Natl Acad Sci U S A. 2011;109(8): 
2772–7.  

    42.    Liu S, Dontu G, Mantle ID, Patel S, Ahn NS, Jackson KW, Suri P, 
Wicha MS. Hedgehog signaling and Bmi-1 regulate self-renewal of 
normal and malignant human mammary stem cells. Cancer Res. 
2006;66(12):6063–71.  

   43.    Korkaya H, Paulson A, Charafe-Jauffret E, Ginestier C, Brown M, 
Dutcher J, Clouthier SG, Wicha MS. Regulation of mammary stem/
progenitor cells by PTEN/Akt/beta-catenin signaling. PLoS Biol. 
2009;7(6):e1000121.  

    44.    Korkaya H, Paulson A, Iovino F, Wicha MS. HER2 regulates the 
mammary stem/progenitor cell population driving tumorigenesis 
and invasion. Oncogene. 2008;27(47):6120–30.  

    45.    Liu S, Ginestier C, Charafe-Jauffret E, Foco H, Kleer CG, Merajver 
SD, Dontu G, Wicha MS. BRCA1 regulates human mammary 
stem/progenitor cell fate. Proc Natl Acad Sci U S A. 
2008;105(5):1680–5.  

      46.    Proia TA, Keller PJ, Gupta PB, Klebba I, Jones AD, Sedic M, 
Gilmore H, Tung N, Naber SP, Schnitt S, Lander ES, Kuperwasser 
C. Genetic predisposition directs breast cancer phenotype by dictat-
ing progenitor cell fate. Cell Stem Cell. 2011;8(2):149–63.  

    47.    Yalcin-Ozuysal O, Fiche M, Guitierrez M, Wagner KU, Raffoul W, 
Brisken C. Antagonistic roles of Notch and p63 in controlling 

mammary epithelial cell fates. Cell Death Differ. 2010;17(10): 
1600–12.  

    48.    Pasic L, Eisinger-Mathason TS, Velayudhan BT, Moskaluk CA, 
Brenin DR, Macara IG, Lannigan DA. Sustained activation of the 
HER1-ERK1/2-RSK signaling pathway controls myoepithelial cell 
fate in human mammary tissue. Genes Dev. 2011;25(15):1641–53.  

     49.    Taylor-Papadimitriou J, Stampfer M, Bartek J, Lewis A, Boshell M, 
Lane EB, Leigh IM. Keratin expression in human mammary epithe-
lial cells cultured from normal and malignant tissue: relation to in 
vivo phenotypes and infl uence of medium. J Cell Sci. 1989;94(Pt 
3):403–13.  

    50.    Ethier SP, Mahacek ML, Gullick WJ, Frank TS, Weber BL. 
Differential isolation of normal luminal mammary epithelial cells 
and breast cancer cells from primary and metastatic sites using 
selective media. Cancer Res. 1993;53(3):627–35.  

      51.    Hammond SL, Ham RG, Stampfer MR. Serum-free growth of 
human mammary epithelial cells: rapid clonal growth in defi ned 
medium and extended serial passage with pituitary extract. Proc 
Natl Acad Sci U S A. 1984;81(17):5435–9.  

     52.    Romanov SR, Kozakiewicz BK, Holst CR, Stampfer MR, Haupt 
LM, Tlsty TD. Normal human mammary epithelial cells spontane-
ously escape senescence and acquire genomic changes. Nature. 
2001;409(6820):633–7.  

   53.    Huschtscha LI, Noble JR, Neumann AA, Moy EL, Barry P, Melki 
JR, Clark SJ, Reddel RR. Loss of p16INK4 expression by methyla-
tion is associated with lifespan extension of human mammary epi-
thelial cells. Cancer Res. 1998;58(16):3508–12.  

    54.    Novak P, Jensen TJ, Garbe JC, Stampfer MR, Futscher BW. 
Stepwise DNA methylation changes are linked to escape from 
defi ned proliferation barriers and mammary epithelial cell immor-
talization. Cancer Res. 2009;69(12):5251–8.  

    55.    Sorlie T, Perou CM, Tibshirani R, Aas T, Geisler S, Johnsen H, 
Hastie T, Eisen MB, van de Rijn M, Jeffrey SS, Thorsen T, Quist H, 
Matese JC, Brown PO, Botstein D, Lonning PE, Borresen-Dale AL. 
Gene expression patterns of breast carcinomas distinguish tumor 
subclasses with clinical implications. Proc Natl Acad Sci U S A. 
2001;98(19):10869–74.  

    56.    Rakha EA, Ellis IO. Triple-negative/basal-like breast cancer: 
review. Pathology. 2009;41(1):40–7.  

    57.    Prat A, Parker JS, Karginova O, Fan C, Livasy C, Herschkowitz JI, 
He X, Perou CM. Phenotypic and molecular characterization of the 
claudin-low intrinsic subtype of breast cancer. Breast Cancer Res. 
2010;12(5):R68.  

    58.    Polyak K. Breast cancer: origins and evolution. J Clin Invest. 
2007;117(11):3155–63.  

    59.    Molyneux G, Geyer FC, Magnay FA, McCarthy A, Kendrick H, 
Natrajan R, Mackay A, Grigoriadis A, Tutt A, Ashworth A, Reis- 
Filho JS, Smalley MJ. BRCA1 basal-like breast cancers originate 
from luminal epithelial progenitors and not from basal stem cells. 
Cell Stem Cell. 2010;7(3):403–17.    

P.J. Keller et al.



245S. Sell (ed.), Stem Cells Handbook, DOI 10.1007/978-1-4614-7696-2_18,
© Springer Science+Business Media New York 2013

     Abbreviations 

   AR    Amphiregulin   
  DLLC    Differentiating large light cells   
  ER    Estrogen receptor   
  MMTV    Mouse mammary tumor virus promoter   
  MRU    Mammary repopulating unit   
  PI-MEC    Parity-identifi ed mammary epithelial cells   
  PR    Progesterone receptor   
  SLC    Small light cells   
  TDLU    Terminal ductal lobule unit   
  ULLC    Undifferentiated large light cells   
  WAP    Whey acidic protein promoter   

          Experimental Evidence Supporting 
the Existence of Mammary Stem/
Progenitor Cells 

 The experiments that originally demonstrated the existence of 
stem cells in the mammary gland were based on the pioneer-
ing studies of DeOme and his students, Les Faulkin and 
Charles Daniel. They developed and optimized serial trans-
plantation of normal mammary gland into the cleared mam-
mary fat pad of syngeneic mice [ 1 ,  2 ]. They demonstrated that 

the normal mammary gland contains cells that will grow and 
fi ll the fat pad with a normal ductal mammary tree and respond 
to hormones with a normal differentiation program [ 3 ]. The 
progeny of the transplanted cells could be serially transplanted 
into the appropriate recipients for multiple times; however, 
unlike preneoplastic or neoplastic cells, the normal cells 
always senesced after multiple serial transplants, generally 
5–8 transplant generations [ 3 ]. This was interpreted as indi-
cating mammary stem cells possessed a fi nite proliferative 
activity (i.e., life span). This fi nite life span is a fundamental 
difference between normal and preneoplastic/neoplastic 
mammary cells. Cells with an indefi nite in vivo life span (i.e., 
immortalized) have been identifi ed in numerous mammary 
model systems, including MMTV- induced alveolar hyperpla-
sias [ 4 ], chemical carcinogen- induced ductal and alveolar 
hyperplasias [ 5 ,  6 ], hormonally induced alveolar hyperplasia, 
spontaneously immortalized ductal hyperplasias [ 7 ,  8 ], and 
cells containing specifi c genetic alterations (i.e., p53 deletion, 
polyoma mT antigen) [ 9 ,  10 ]. These immortalized popula-
tions can be non-tumorigenic, weakly tumorigenic, or highly 
tumorigenic [ 10 – 12 ]. One might speculate that the ability to 
proliferate over 8–12 serial transplant generations before 
exhibiting a decrease and loss of proliferation activity would 
indicate an increase of stem cell number or activity as a con-
sequence of some treatment. As of the end of 2011, this assay 
has not yet been applied in any stem cell study. 

 Subsequent studies demonstrated that stem cells were 
located along the entire mammary ductal tree and represented 
in all the different developmental states of the mammary 
gland. Host age and reproductive history had little infl uence 
on the frequency of stem cells as measured by percent suc-
cessful takes and life span assay [ 13 ,  14 ]. Mammary cells 
taken from 26-month-old virgin mice had the same transplant 
potential as cells taken from 3-week-old mice. Both cell pop-
ulations senesced after fi ve transplant generations. Similarly, 
mammary cells in 12-month-old multiparous mice had the 
same serial transplant potential as cells from 3-week-old vir-
gin mice [ 13 ]. Finally, continuous hormone stimulation did 
not induce additional loss of ductal growth potential. These 
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results have important implications for understanding the 
role of mammary stem cells in normal mammary develop-
ment because they emphasize that the mammary stem cell is 
a relatively quiescent cell that is only activated under condi-
tions of gland repopulation (i.e., fetal growth stage, pubertal 
growth phase). Under other conditions, such as pregnancy, it 
is likely that ductal and alveolar progenitor cells form the 
bulk of the increased mammary epithelial cell population 
[ 15 ] (see discussion in next section). 

 These early studies emphasized that stem cell life span is 
intricately linked to proliferation activity. For example, life 
span was correlated with the interval of serial transplantation. 
Thus, transplanting at 12-month intervals instead of 3-month 
intervals prolonged the ultimate life span of normal cells [ 13 , 
 16 ]. Similarly, transplanting from the periphery of the ductal 
outgrowth (i.e., such cells would have undergone more cell 
divisions) resulted in earlier senescence than transplanting 
cells from the center (i.e., the original transplant site) of the 
outgrowth. In summary, these early studies suggested the 
presence of a mammary cell that could repopulate the mam-
mary gland and undergo a normal and complete morphoge-
netic program (i.e., a stem cell). Such cells are spaced 
throughout the mammary tree, are quiescent, and have a fi nite 
life span. A commonly stated assumption that normal mam-
mary stem cells are an ideal target for oncogenic transforma-
tion because they, like cancer cells, share a long life span (i.e., 
replicative potential) is not supported by the transplantation 
results. At least for the mammary gland, the evidence to date 
suggests that mammary stem cells have a fi nite life span.  

    Morphologic Evidence of Stem Cells Among 
Mammary Epithelium 

 Distinguishing mammary cells was fi rst based on their ultra-
structural appearance [ 14 ]. Undifferentiated (pale) cells were 
found which exhibited the expected behavior of stem cells in 
mammary explants induced in vitro to differentiate toward 
secretory cell fates. It was discovered that mouse mammary 
explants, like mammary epithelium in situ, contained pale- 
or light-staining cells and that it was only these cells that 
entered mitosis when mammary explants were cultured. 

 Light cells were analyzed in mouse and rat mammary 
glands in the electron microscope utilizing their ultrastruc-
tural features to distinguish them from other mammary epi-
thelial cells (Fig.  1 ) [ 17 ]. Both    small light cells (SLC) and 
undifferentiated large light cells (ULLC) (Fig.  1 ) were 
observed with condensed mitotic chromosomes indicative of 
their replicative competence in mouse mammary explants, 
pregnant and lactating mouse mammary glands, and rat 
mammary gland from 17 stages of development beginning 
with nulliparity through pregnancy, lactation, and involution 
[ 17 – 20 ]. Partially differentiated ULLC or differentiating 
large light cells (DLLC) were observed in rapidly proliferat-
ing mammary epithelium during pregnancy and probably 
represent transient-amplifying epithelial cells committed to a 
secretory fate. Using all of the above features, a more detailed 
description of the epithelial subtypes that comprise the mam-
mary epithelium was established.

  Fig. 1    Electron micrographs taken of a secretory acinus in a fully lac-
tating female mouse showing ( a ) large (ULLC) light cell juxtaposed 
(but undifferentiated) to differentiated secretory dark epithelial cells 
and ( b ) a small light (SLC) cell depicted in a secretory acinus. SLC are 

found exclusively located near the basement membrane and never are 
found in contact with the lumen (shown here at the  bottom  of the fi gure 
characterized by the presence of microvilli on the surface of the secre-
tory cells and the presence of dark casein micelles)       
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   Evaluation of the 17 stages of mammary gland develop-
ment showed that the population density (number of cells/
mm 2 ) of SLC among mammary epithelium did not change 
from puberty through post-lactation involution. The propor-
tion of SLC in the epithelial population remained unchanged. 
This means that although the number of mammary epithelial 
cells increased by 27-fold during pregnancy in the mouse, 
the percent of SLC in the population did not change [ 21 ,  22 ]. 
Therefore SLC increase and decrease in absolute number at 
the same relative rate as the expanding epithelial cell popula-
tion, suggesting that they have a capacity for self-renewal. In 
contrast, ULLC numbers were much more variable, perhaps 
indicative of their transitional nature.  

    Absence of SLC and ULLC in Growth 
Senescent Mammary Tissues 

 Mammary epithelial cells bearing the morphological charac-
teristics of undifferentiated stem cells (i.e., SLC and ULLC) 
likewise disappear from senescent populations simultaneous 
with growth cessation [ 23 ]. In premalignant mammary epi-
thelial populations, which exhibit indefi nitely prolonged 
growth potential, both of these cell types (SLC and ULLC) 
are maintained. 

 A study of human breast epithelium demonstrated the 
presence of mammary epithelial cells possessing the ability 
to regenerate elaborate branching structures resembling 
mammary terminal ductal lobular units both by morphology 
and marker expression, in vivo and in vitro [ 24 ]. The experi-
mental approach was based upon ultrastructural studies in 
the mouse mammary gland, which described SLC and ULLC 
as putative epithelial stem cells. SLC and ULLC do not com-
monly contact the duct or lobule lumen [ 25 ]. Indeed supra-
basal breast epithelial cells were found with these properties 
and demonstrated that these cells possessed stem cell proper-
ties. This discovery lends strong experimental support for the 
conclusion that the undifferentiated SLC and ULLC repre-
sent a multipotent epithelial cell population in the mouse and 
that a similar epithelial subset exists in the human breast.  

    Mammary Stem/Progenitor Cell Hierarchy 

 Evidence for lobule-limited and duct-limited pluripotent 
mammary epithelial cell activities has been established for 
both rats and mice by transplantation of limiting dilutions 
of dispersed mammary epithelial cells into hosts that were 
subsequently impregnated and/or treated with hormone com-
binations to produce alveologenesis [ 15 ,  22 ,  26 ,  27 ]. Studies 
with retroviral-marked clonal mammary populations demon-
strated that both of these lineage-limited activities were 
 present within clonal populations through repeated trans-
plant generations indicating their derivation from a single 

pluripotent antecedent [ 22 ,  28 ]. In addition, serial passage of 
the retroviral-marked mammary epithelial clones in pregnant 
hosts showed that the capacity of individual outgrowths to 
produce lobulogenesis or ductal elongation was indepen-
dently lost during the acquisition of growth senescence 
among individual transplants [ 28 ]. With the development of 
the WAP-Cre model used in combination with the 
Rosa26LacZ reporter mice (R26R), evidence for a LacZ- 
marked lobule-limited    progenitor observable in parous 
mouse mammary epithelium surfaced [ 29 ]. These LacZ- 
positive, parity-identifi ed mammary cells (PI-MEC) were 
found to be pluripotent, self-renewing, and capable of main-
taining their lobule-limited progenitor activities following 
serial transplantation in epithelium-free mammary fat pads 
when the hosts were subsequently impregnated (Fig.  2 ) [ 30 ]. 
During pregnancy in these hosts, the PI-MEC proliferated 
and gave rise to luminal progeny that were PR- or ERα- 
positive and luminal progeny that were bereft of these steroid 
receptors. Further, in the developing secretory acini, they 
contributed not only secretory progeny but also myoepithe-
lial cells. Further study indicated that these cells were pres-
ent in the mammary tissue of nulliparous females and that 
they could be detected in explant cultures after treatment of 
the fragments with growth factors that do not induce lacto-
genic differentiation [ 31 ]. Additional    evidence demonstrates 
that PI-MEC are found to be virtually 100 % present in the 
CD49f hi  population [ 32 ]. This population was shown earlier 
to possess essentially all of the mammary repopulating activ-
ity [ 33 ]. Subsequent transplantation of CD49f hi -positive 
PI-MEC and the CD49f lo  epithelial cells into epithelium- 
divested mammary fat pads indicated that all the repopulat-
ing activity was associated with the PI-MEC fraction [ 32 ].

       Functional Assays for Monitoring Mammary 
Stem and Progenitor Cells (Limitations) 

 The accepted standard of functional mammary stem cell 
assays remains the repopulation of a cleared mammary fat 
pad and subsequent secondary transplantation of any ensu-
ing mammary outgrowth fi rst reported in 1959 [ 1 ]. The main 
deterrent to these experiments is that they are expensive, 
time-consuming, and not amenable to high-throughput 
assays. While these assays work well for the detection of 
murine stem cells and other rodent sources, no equivalent 
model has yet been established for the study of human mam-
mary stem cells. Human tissue nonresponsiveness and the 
murine host mammary stroma are the main causes for 
 experimental failure [ 34 – 37 ]. 

 One alternative method for testing engraftment capacity 
of human mammary stem/progenitor cells involves the injec-
tion of human mammary fi broblasts into the cleared murine 
fat pad prior to the transplantation of the human mammary 
epithelial cells [ 38 ,  39 ]. This assay allows for the establishment 
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of human mammary stroma or “humanization” creating a 
basement structure allowing for the engraftment and expan-
sion of the human mammary epithelial cells. In this system 
the epithelial cells are able to expand and differentiate into 
histologically normal-appearing human mammary structures 
comprised of luminal and myoepithelial cells. 

 A second human into mouse implantation model has been 
investigated. In this model human mammary epithelial cells 
are mixed with irradiated fi broblast, embedded within colla-
gen gels, and implanted into highly vascularized areas such 
as underneath the kidney capsule [ 40 ]. After 4 weeks the his-
tologically sectioned tissue resembles normal human breast 
tissue with both luminal and myoepithelial cells. These out-
growths have fully differentiated luminal cells that express 
ER and PR and form functional secretory epithelial cells that 
synthesize milk proteins if the host becomes pregnant.  

    Phenotypic Analysis of Mammary Stem and 
Progenitor Cells 

 The most common technique used to identify and isolate 
mammary stem and progenitor cells is based on cell surface 
markers using magnetic and/or fl uorescent sorting methods. 
By sorting for combinations of cell surface markers, 
researchers have been able to establish a rough idea of what 
markers are expressed by different classes of mammary 
 progenitor cells. 

    Mouse 

 The cell surface markers used currently to establish mam-
mary progenitor populations include CD14, CD24 (a pan- 
epithelial marker used to discriminate against stromal cells), 
β1-integrin (CD29), α6-integrin (CD49f), β3-integrin 
(CD61), and Sca-1. Cells bearing these markers can be sorted 
based on the intensity of the fl uorescent activity that corre-
lates to the expression levels of each of the markers. The 
populations are sorted into high, med, and low populations 
(e.g., CD24 med Sca-1 low CD29 high CD49f high ). A CD24 med Sca- 
1 low CD29 high CD49f high    cell is referred to as a mammary 
repopulating unit (MRU). It is estimated that 1 MRU can be 
isolated from every 60–90 mammary epithelial cells [ 33 , 
 41 ]. The MRU designation is based on its ability to form a 
mammary colony in vitro; its in vivo regenerative capacity is 
yet to be determined. Based on the expression levels of 
CD24, CD29, and CD49f, it is believed that MRUs occupy 
basal positions in the mammary epithelium. These cells 
express basal keratin 5 further evidence of the basal position 
in situ [ 42 ]. 

 These markers have been useful but only to a limited 
extent. Recently the Cre-Lox recombination system was used 
in the mouse, and the results indicate that many mammary 
cell types, as characterized by keratin expression, contribute 
progeny to outgrowths generated by injection of dispersed 
cells [ 43 ]. In addition, it has been shown in human breast 
cancer cell lines that the markers for tumor-initiating cells 

  Fig. 2    ( a – d ) Parity-identifi ed multipotent mammary epithelial cells 
(PI-MEC) marked by lacZ expression ( blue ) are capable of producing 
both myoepithelial ( a ) progeny characterized by the simultaneous 
expression of lacZ and smooth muscle actin ( brown ) and luminal epi-
thelial progeny during lobulogenesis ( b – d ). Luminal epithelial progeny 

may be positive for progesterone receptor ( brown  nuclear stain in  b  and 
 c ) or estrogen receptor ( brown  nuclear stain in  d ) or luminal progeny 
negative for either progesterone or estrogen receptor. This evidence 
indicates that PI-MEC represent the lobule-limited multipotent epithe-
lial progenitor cells in the mouse. Scale bars = 15 mm       
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and for luminal non-tumor-initiating cells do not indicate the 
exclusivity of these markers to tumorigenesis per se [ 44 ]. 

 There are confl icting reports regarding the importance of 
these surface markers and their relevance to the prospective 
isolation of populations of epithelial cells enriched for their 
ability to produce competent mammary epithelial reconstitu-
tion in transplanted mammary fat pads. Two groups have 
claimed that CD49f hi /CD24 pos  or CD29 hi /CD24 pos  cells consti-
tute populations highly enriched for mammary stem cell activ-
ities competent for regeneration of a complete and functional 
mammary gland and capable of self-renewal [ 33 ,  41 ]. Reports 
from another group indicate that the bulk of in vivo reconsti-
tuting activity resides in the CD24 lo  population, and practi-
cally none is associated with CD24 hi  in cells isolated from 
mammary tissue using this single-cell surface marker [ 45 ]. 
Removal of CD24 from the genome has little to no effect on 
mammary gland development or function in the mouse [ 46 ].  

    Human 

 In vitro and in situ studies indicate that the mammary stem 
cells reside in the intralobular ducts of the human mammary 
gland and not the terminal ductal lobule units (TDLUs) [ 47 ]. 
The markers used to isolate human mammary stem cells 
include epithelial cell adhesion molecule (EpCAM; also 
known as epithelial cell antigen (ESA) and CD326), CD49f, 
and luminal-specifi c glyco-mucin protein MUC1 [ 40 ,  47 – 50 ]. 
CD49f is expressed at higher levels on basal epithelial cells 
and lower levels on luminal cells, while EpCAM is expressed 
at higher levels on luminal cells and lower levels on basal 
cells. Human MRUs have an EpCAM lo CD49f high MUC1 
phenotype indicating a basal position similar to those of the 
mouse [ 48 ,  51 ]. 

 The lack of a species specifi c in vivo model has hampered 
the characterization of the human mammary stem cells as all 
of these results are based on in vitro experiment or transplan-
tation studies utilizing immune-defi cient mice.   

    Functional Assays for Monitoring Mammary 
Stem and Progenitor Cells (Limitations) 

 The early serial transplantation studies did not provide precise 
data on stem cell frequency as the experiments utilized frag-
ments of mammary cells instead of cell suspensions. One 
study provided an upper estimate of stem cell frequency in 
different portions of the mammary fat pad [ 14 ]. This study 
calculated the total number of mammary epithelial cells in a 
mammary fat pad and then divided the fat pad into 80–100 
fragments for transplantation. Using this approach, the authors 
calculated the upper frequency of stem cells in virgin duct and 
end buds from 6-week-old virgin mice as 1/7,200 and 1/2,200, 
respectively. Studies done with semi-purifi ed cell suspensions 

prepared by enzymatic digestion and using a limiting dilution 
approach provided more defi nite results, although the fre-
quency was very dependent upon the procedure used for prep-
aration of the cells. For example, using cells prepared from 
10- to 12-week-old virgin BALB/c female mice a 3-h diges-
tion with collagenase-hyaluronidase yielded a repopulating 
frequency of 1/2,200 when cells were injected in PBS solu-
tion. However, when cells were digested overnight and fol-
lowed by a short exposure to trypsin and implanted with 
Matrigel (in a 1:1 volume ratio), the repopulating frequency 
was 1/250. These results were evaluated using Poisson distri-
bution statistics, which required fi ve dilutions, thus imposing 
very stringent criteria. Using other less demanding approaches 
can only provide estimates, which are less reliable. The 
improved protocol was developed by Moraes et al .  [ 52 ]. In 
their study, they provided estimates of repopulating frequency 
of 1:100 for cells taken from FVB strain normal adult virgin 
mammary gland. These studies have implications for any 
study on mammary stem cells [ 53 ]. Recent approaches using 
sorted cell populations estimate stem cell frequency at least an 
order of magnitude greater than the above studies. One has to 
consider the factors that might contribute to the underestimate 
of stem cell frequency in studies using fl ow-cytometry-guided 
cell sorting. What is the impact of cell damage and cell loss on 
the interpretation of the results? 

 Is there a fundamental difference between implanting a 
cell suspension and a fragment of mammary cells? 
Surprisingly, this question has not been addressed in any 
recent study that focuses on the identifi cation of mammary 
stem cells. In the older published literature, there is limited 
data and discussion of the events occurring within 72 h after 
implantation of a mammary fragment. An early study demon-
strated that transplanted fragments of normal ductal tissue 
dissociate into small aggregates within 24 h after transplanta-
tion [ 54 ]. By 72 h, ductal tubular organization is established 
with an intact basement membrane and signifi cant mitotic 
activity. A similar pattern of histogenesis is observed upon 
the transplantation of hyperplastic alveolar nodules [ 55 ]. It is 
unknown (although highly likely) if this initial cell dispersion 
and reaggregation represents the interaction of different sub-
sets of mammary cells. If this early histogenic activity is criti-
cal for subsequent cell proliferation, how does one interpret 
the results where cell suspensions of sorted populations rep-
resenting one subset of mammary cells are cited as evidence 
for the existence of the “stem” cell? The current assays do not 
distinguish between engraftment capability and stemness.  

    Dispersed Cell Implantation Compared 
to Fragment: Clonal or Combinatorial 

 It has been shown, both directly by retroviral-tagging in seri-
ally transplanted MMTV-infected mammary outgrowths and 
more recently by implantation of “visually confi rmed” single 
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cells, that an entire functional mammary gland may be devel-
oped from the progeny of a single cell [ 22 ]. On the other 
hand, considerable evidence exists that transplantation of 
dispersed mammary epithelial cells comprised of unsorted 
heterogeneously marked epithelial cells produces complete 
outgrowths that are frequently (in some cases invariably) 
mixtures of the progeny derived from the variously marked 
donor cells [ 28 ,  30 ,  32 ,  56 ,  57 ]. In the absence of ERα 
expression, duct elongation and development fails both in 
pubertal and in parous females [ 56 ]. The amphiregulin null 
(AR null ) mouse mammary gland phenocopies this defi ciency 
indicating that AR is a major duct-specifi c growth signal 
mediated through ERα-positive mammary epithelial cells, 
Despite this, both ERα null  and AR null  mammary epithelial cells 
are capable of contributing progeny to all mammary epithe-
lial subtypes when dispersed and mixed with wild-type 
mammary epithelium before injection into cleared mammary 
fat pads [ 56 ,  57 ]. The evidence from progesterone receptor 
(PR) null models reveals that alveologenesis cannot proceed 
in the absence of paracrine signals from PR +  epithelial cells 
[ 58 ]; nevertheless dispersed PR null  cells marked by LacZ 
expression contribute alveolar progeny when mixed together 
with wild-type epithelial cells in pregnant hosts. This clearly 
demonstrates that a complete mammary epithelial outgrowth 
cannot be formed without ERα +  and PR +  epithelial cell sub-
types. These fi ndings argue that a single mammary cell 
injected into an empty mammary fat pad must at a minimum 
divide asymmetrically (and remain a stem/progenitor cell) to 
produce an ERα +  daughter and later again to produce cap cell 
progeny in order to begin ductal growth and still later to pro-
duce a PR +  cell to support side branching and, subsequently, 
alveologenesis. The clear existence of lineage-limited, plu-
ripotent duct and lobule progenitors within the nulliparous 
mouse’s mammary epithelium raises the strong probability 
that these cells might combine to produce mammary out-
growths comprising both ductal and lobular development 
when inoculated in dispersed cell populations. PI-MEC (i.e., 
lobule-limited stem/progenitor cells) produce PR +  and ERα +  
as well as progeny negative for these receptors when contrib-
uting to mammary outgrowths in pregnant host [ 30 ]. Similar 
fi ndings were obtained when duct-limited outgrowths were 
tested for the presence of these steroid nuclear receptors. 
These results indicate that each of these lineage-limited 
stem/progenitors is capable of producing cell progeny shown 
above to be indispensable for complete mammary develop-
ment. Thus the lines between the primary antecedent and the 
downstream stem/progenitors become blurred regarding 
their relative importance in producing complete mammary 
outgrowths in transplanted fat pads. Serial transplantation of 
clonal populations by fragment implantation into subse-
quently impregnated hosts showed that the capacity of any 
given fragment to produce alveologenesis and/or duct elon-
gation was lost independently during the onset of growth 

senescence [ 28 ]. Earlier, serially transplanted growth senes-
cent duct fragments were shown to be able to generate 
lobulo- alveolar growth upon impregnation of the transplant 
host [ 59 ]. More recently, it has been shown that fragment 
versus dispersed cell implantation demonstrates that no 
change in the ability to produce regenerated glandular struc-
tures (hence no change in stem cell function) results from 
either age or reproductive longevity [ 60 ]. The conclusion 
drawn from these observations postulates that either each 
lineage-limited stem/progenitor activity decays indepen-
dently from the other during outgrowth development or that 
the primary mammary stem cell loses the capacity to pro-
duce one or the other lineage-limited downstream stem/pro-
genitor during its own self-renewal during its expansion in 
the previous generation. 

 To summarize, both dispersed cell and fragment implan-
tation led to mammary epithelial outgrowths comprised of 
progeny produced by independently self-renewing stem/pro-
genitor populations. These facts do not in any way dispute 
the existence of a primary mammary stem cell antecedent. 
However, they do indicate the persistence of multiple plu-
ripotent stem/progenitor cell activities within the mammary 
epithelial population that is capable of independently con-
tributing diverse epithelial progeny during mammary gland 
growth and regeneration. The current understanding of the 
mouse mammary stem/progenitor cell hierarchy is summa-
rized in Fig.  3 .

       Infl uence of the Mammary 
Microenvironment over Stem Cells 

 To highlight the infl uence of diverse mammary epithelial cell 
types in bringing about the successful regeneration, near- 
limiting dilutions of dispersed mammary epithelial cells 
were comingled with testicular cells isolated from adult 
WAP-Cre/Rosa26R mice [ 61 ]. The resulting mixtures were 
inoculated into cleared fat pads, and mammary ductal mor-
phogenesis was allowed to proceed. Subsequently, a fraction 
of the transplant hosts were maintained as virgins, and the 
rest were mated and permitted to complete a full pregnancy, 
lactation, and involution cycle. Only male cells possess the 
WAP-Cre and Rosa26 LacZ reporter gene. Thus, LacZ- 
positive cells among the regenerated mammary epithelium 
indicate the presence of testicular cell progeny. The mam-
mary nature of these LacZ-positive cells was confi rmed by 
staining for mammary-specifi c markers for milk protein syn-
thesis, cytokeratins K5/K14, and smooth muscle actin. FISH 
analysis confi rmed that these cells were male and indicated 
the absence of fusion between male and female cells. LacZ- 
positive cells were found in all second-generation transplants 
from the male/female chimeric outgrowths, indicating their 
capacity for self-renewal. These experiments demonstrate 
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the overarching importance of the signals provided by 
 mammary epithelial cells for the development of 
microenvironment(s) capable of sustaining stem cell activity 
and differentiation. Experiments have also demonstrated that 
neural stem cells and lineage-negative bone marrow cells 
isolated from WAP-Cre/Rosa26 LacZ reporter mice 
responded in the same manner as the testicular cells in this 
mammary niche assay (Fig.  4 ) [ 62 ,  63 ]. Not only is the nor-
mal mammary microenvironment able to direct stem cells 
derived from non-mammary tissues but also directs tumor- 
derived cells, mouse mammary tumor, or human testicular 
carcinoma to adopt a normal mammary phenotype [ 64 ,  65 ]. 

In both cases differentiation of the tumor-derived cells 
required the presence of ERα +  and PR +  cells in the surround-
ing environment. Without the cues provided by these cells, 
tumors formed.

   In the human breast, little transplantation biology is avail-
able due to technical diffi culties in establishing mammary 
outgrowths in vivo. Recently, progress has been made in this 
area through humanization of the mouse mammary fat pad 
with human-derived stromal cells [ 38 ]. The results of suc-
cessful implantations of normal human organoids indicate 
that independent ductal, lobular and acinar structures may be 
generated within humanized mouse mammary fat pads by 

  Fig. 3    Schematic illustration 
depicting classical hierarchy of 
mammary stem and progenitor 
cells where one stem cell results 
in two lineage-restricted 
progenitors ( upper panel ). The 
current understanding of the 
mouse mammary stem cell 
hierarchy where bi-potent 
progenitors participate in 
embryonic development or 
during regeneration following 
transplantation of basal 
progenitors while unipotent 
progenitors maintain luminal and 
basal lineages in adult mice       
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human mammary epithelial cells. This result and those 
 demonstrating the association of bi-potency with individual 
mammary epithelial cells (of the mouse mammary fat pad 
with human-derived stromal cells suggests that a similar 
stem/progenitor cell hierarchy exists in human breast epithe-
lium) [ 38 ,  39 ].  

    Future Directions and Challenges for 
Mammary Stem Cell Biology 

 The foregoing discussion supports the concept that the tissue 
microenvironment can affect the cellular repertoire of an 
adult stem cell. This infl uence in the murine mammary gland 
appears to be manifest in signals emanating from the epithe-
lial cells as well as the stromal elements of the mammary fat 
pad. Several questions remain to be answered. For example, 
what is the role if any of mammary stem/progenitor cells in 
this process? Does the mammary fat pad selectively support 
the reprogramming in conjunction with the mammary epi-
thelial cells or can any fat pad in the female mouse demon-
strate this activity? Both testes and neural tissues develop 
from ectodermal precursors, will cells developing from 
mesoderm or endoderm precursors respond similarly when 
mixed with mammary epithelial cells in the context of the 
mammary fat pad? In fact cells derived from mesoderm tis-
sue demonstrate this capacity [ 63 ]. Finally, what are the cel-
lular, genetic and molecular components that defi ne the 
mammary epithelial-specifi c stem cell niche and how can 
these factors be utilized for developing new paradigms for 
stem cell control and cancer therapy? 

 Preliminary experiments have shed a small amount of 
light on the questions mentioned above. First, enriching or 
depleting the mammary epithelial cells for cells expressing 
the currently accepted cell surface markers for mammary 

stem/progenitor cells (CD49f, CD29, or CD24) did not affect 
the effi ciency of reprogramming non-mammary cells [ 33 , 
 41 ,  45 ]. Testing mammary epithelial cell populations from 
various gene knockout models has thus far not revealed any 
particular gene product that is essential for reprogramming. 
However recent fi ndings have delineated at least one essen-
tial epithelial cell characteristic necessary for the process of 
reprogramming. 

 Serial transplantation of the mammary epithelium inevi-
tably leads to growth senescence, which has clearly been 
linked to the number of mitotic events required for stem cell 
activity to reach the outermost periphery of the regenerated 
gland. Studies designed to determine whether growth senes-
cent mammary epithelial cell populations that are unable to 
support in vivo mammary epithelial regeneration by them-
selves may be able to reprogram non-mammary stem/pro-
genitor cells have begun. Thus far, those growth-defi cient 
mammary populations that have been tested were able to 
reprogram non-mammary stem cells and in the process were 
able to generate full mammary outgrowths in cleared mam-
mary fat pads. These fi ndings have strong implications for 
recruitment of transformed cells to growth-defi cient niches 
and neoplasia. In addition, these studies have led to the 
examination of the response of cancer cells in this experi-
mental model, as cancer cells show considerable plasticity 
when placed in developing tissue environments [ 66 ,  67 ]. 
Present work demonstrates that signals from the mammary 
microenvironment in the context of the regenerating gland 
are capable of redirecting the repertoire of adult somatic 
stem cells from at least three non-mammary tissues. Further 
efforts to extend these initial fi ndings will elucidate at least 
some of the mechanisms involved. 

 Although untested, another possibility for the appearance 
of growth senescence might be due to failure of the microen-
vironment (niche) to provide the signals appropriate for stem 

  Fig. 4    A neural stem cell/
mammary epithelial cell chimeric 
outgrowth from a lactating host is 
shown. Casein protein expression 
is indicated by the red 
fl uorescence and beta-
galactosidase by the green 
fl uorescence,  Yellow  indicates the 
overlapping of the two stains. In 
the  inset , an electron micrograph 
of a lactating acinus is depicted. 
The  arrows  indicate the presence 
of casein micelles in the 
secretory cells at their luminal 
surface. The  black arrows  in the 
fl uorograph show that casein and 
beta-galactosidase staining is 
present ( yellow ) at the luminal 
surface of the beta-galactosidase-
positive (neural-derived) cells       
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cell self-renewal. This defi ciency would by necessity involve 
the epithelial cell population surrounding the stem cell 
proper since transplantation always occurs into young mam-
mary fat pad stroma. This possibility is easily tested in cur-
rent model systems where mammary cells carry the β-gal 
marker. A corollary to this possibility would be that signals 
emanating from the transformed progeny surrounding the 
self-renewing premalignant/tumorigenic cell rather than a 
property intrinsic to the premalignant/tumorigenic cell are 
responsible for the infi nite replicative lifetime of an immor-
talized mammary population. This latter situation would 
require that asymmetric divisions from the self-renewing 
tumorigenic cell generate these supporting “niche” cells. 

 Our challenge is not to sort out from this mixture the pri-
mal mammary stem cell but instead to comprehend the inter-
action among these components that allows the long-term 
maintenance of mammary stem cell activity. We want to 
emphasize that focusing our primary deliberations upon the 
primordial mammary stem cell defl ects our attention from 
the important issue of extending our understanding of how 
stem/progenitor cells and their progeny interact to maintain 
mammary homeostasis and how this may be disturbed dur-
ing neoplastic transformation.     

  Acknowledgment   Figure  3  was illustrated by Eve E. Kingsley Booth.  
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           Introduction 

 The glandular epithelium of the stomach has unique mor-
phological, physiological, and molecular properties which 
have attracted many research interests. Over the years, much 
information has been discovered regarding the role of this 
epithelium in the production of mucins, pepsinogens, and 
hydrochloric acid which are involved in the pathogenesis/
therapy of peptic ulcer disease [ 1 – 3 ]. There has also been an 
increasing interest in the perpetual renewal of this epithelium 
which implies the presence of stem cells [ 4 ]. 

 The gastric epithelial stem cells produce different cell lin-
eages secreting the various components of the gastric juice in 
addition to different hormones. Pioneering experiments 
using DNA labeling by radioactive nucleotides and the 
radioautography technique demonstrated that these stem 
cells are characterized by a high proliferative capability and 
are anchored in a specifi c location along the epithelium [ 5 ]. 
During the last few decades, our understanding of these pro-
liferative “stem” cells and the interrelationships of their cel-
lular hierarchies has been gradually increasing especially 
with the development of genetically manipulated animal 
models and the technology of genetic lineage tracing (the 
values of these techniques are reviewed in Robinson et al. 
[ 6 ]; Kawaguchi et al. [ 7 ]). Thus, the renewal concepts of the 
gastric epithelium have become fundamental to understand-
ing its structure and function in health and disease. 

 During development, the gastric epithelium starts as a single 
layer of proliferative endodermal stem cells which gradually 
undergoes gene expression modifi cations associated with 

massive morphological changes due to regional specifi cations 
[ 8 ]. Eventually, enlargement and compartmentalization of the 
primitive stomach become associated with a remarkable 
increase in the epithelial surface area, proliferation/differen-
tiation of endodermal stem cells leading to production of vari-
ous cell lineages. It is generally believed that some of these 
endodermal stem cells are maintained throughout life to 
ensure the perpetual renewal of the gastric epithelium. This 
chapter starts with an update on the gastric stem cells and a 
summary of the main morpho-dynamic features of the vari-
ous cell lineages along the body (corpus) and pyloric antral 
regions of the stomach. Then, based on studies conducted in 
mice and humans, evidence in support of a role for stem/pro-
genitor cells in the origin of gastric cancer will be presented.  

    Structural Organization of the Gastric 
Epithelium 

 For many years, it has been recognized that the mammalian 
gastric epithelium is organized to form numerous glandular 
structures comprising two main types: mucus-producing 
glands in the pyloric region and acid-producing glands in the 
corpus region [ 9 ]. These glands open into the luminal surface 
via foveolae (pits) which are shorter in the corpus than in the 
antrum (Figs.  1  and  2 ). The pit-gland units of the corpus are 
called “zymogenic units,” and those of the pylorus are called 
“mucous units” [ 10 ].

    The zymogenic units consist of a structurally and func-
tionally heterogeneous population of cells that include sev-
eral major cell types (Fig.  1 ) [ 11 ]. (1) The mucus-secreting 
 pit cells , or surface mucous cells, are found in the pit region 
and on the luminal surface which are characterized by a 
group of dense mucous granules packed in an organelle-free 
apical area called ectoplasm. (2) The acid-secreting  parietal 
cells  are scattered throughout the pit-gland units and  are 
characterized by an intracellular canalicular system, cyto-
plasmic tubulovesicular elements, long numerous microvilli 
lining canalicular/apical membranes, and large numerous 
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mitochondria. (3) The mucus-secreting  neck cells  are inter-
spersed between parietal cells in the neck region and are 
characterized by numerous cored secretory granules through-
out the cytoplasm. (4) The pepsinogen-secreting  zymogenic 
cells  are located in the base region of the glands and are char-
acterized by a basal stack of rough ER cisternae and apical 
zymogen granules with a homogeneously pale content. (5) 
 Pre-zymogenic cells  are located in the upper segment of the 
base region between neck and zymogenic cells and are char-
acterized by Golgi apparatus producing prosecretory vesi-
cles and secretory granules whose contents appear to be 
intermediate between those of neck cells and zymogenic 
cells. (6) The peptide-secreting  enteroendocrine cells  are 
scattered throughout the pit-gland units and include several 
subtypes based on the shape/size of their secretory granules 
and their peptide content. (7) The villin-rich  caveolated cells  

are also scattered throughout the pit-gland units and are 
characterized by a microvillus tuft protruding into the glandu-
lar lumen and long narrow spiral    caveolae that open between 
the microvilli. 

 In the pyloric antrum, the mucous pit-gland units (Fig.  2 ) 
consist of a monolayer of cells which are less heterogeneous 
than those of the zymogenic units (Fig.  1 ). In addition to 
various enteroendocrine cells and a few caveolated cells, 
these mucous units include two major mucus-secreting cell 
types (Fig.  2 ) [ 10 ]. (1) The  pit cells , or surface mucous cells, 
are found in the pit region and on the luminal surface. They 
are characterized by a group of dense mucous granules. (2) 
The  gland cells , or gland mucous cells, are found in the neck 
and base regions of the pyloric antral glands. These cells are 
characterized by numerous cored granules which appear 
similar to those of mucous neck cells of the zymogenic units.  

  Fig. 1    The corpus region of the mouse stomach seen on the  left  is pre-
sented in a paraffi n tissue section probed with two lectins:  Ulex euro-
paeus  1 agglutinin and  Grifforia simplifolica  II specifi c for 
mucus-secreting pit cells ( red ) and neck cells ( green ). Note the area in 
between pit and neck cells which shows little or no fl uorescence label-
ing. This area represents the isthmus. The diagram on the  right  demon-
strates an epithelial zymogenic unit as it appears in the corpus region of 
the mouse stomach. The unit is made of four regions: pit, isthmus, neck, 

and base. Pit cells are found in the pit, neck cells in the neck, and zymo-
genic cells in the base. Parietal cells are scattered in the four unit 
regions. The isthmus is characterized by small cells that include the 
undifferentiated (granule-free) stem cells and their descendant partially 
committed progenitor cells (pre-pit, pre- neck, and preparietal cells) 
which give rise to the three main cell lineages secreting mucus, acid, 
and pepsinogen. Members of the enteroendocrine and caveolated (tuft) 
cell lineages are not presented in this diagram       
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    Identifi cation of Gastric Stem Cells 

 In the zymogenic unit, while the cellular components of the 
pit, neck, and base regions are well characterized, the cells 
found in the narrow isthmus region appear to be small and 
devoid of prominent signs of differentiation. In 1953, Stevens 
and Leblond    [ 12 ] were the fi rst to provide a clue regarding 
these isthmal cells which were capable of incorporating 
radioactive nucleotides soon after injection into mice. It was 
therefore concluded that these are the mitotic cells of the epi-
thelium and proposed to be the source of dying mucous cells 
seen at the luminal surface of the stomach. This continuous 
process of cell production, migration, and death was consid-
ered to be the normal physiological cell renewal. 

 The presence of these frequently dividing cells was con-
fi rmed in high-resolution radioautographs and electron 
micrographs. These dividing cells were found to be undif-
ferentiated and exhibit embryonic cell-like features: high 

nucleus-to-cytoplasm ratio, a nucleus with much diffuse 
chromatin and large reticulated nucleoli, and cytoplasm con-
taining a few small organelles but many free ribosomes [ 11 , 
 13 ]. In a time course 3H-thymidine labeling experiment, 
these cells were labeled during their mitosis and followed 
afterwards during their differentiation-associated bidirec-
tional migration toward the luminal surface and the base 
region of the zymogenic unit [ 14 ]. Therefore, the gastric stem 
cells were initially defi ned by two major criteria. First, mor-
phologically, they are undifferentiated with embryonic cell-
like features. Second, functionally, they have a high capacity 
to proliferate so as to ensure their own renewal while produc-
ing lineage precursors which differentiate while migrating to 
form transit cells committed to become mature cells. 

 The presence of few “undifferentiated” cells among the 
isthmal cells has been reported not only in the stomach of the 
mouse [ 15 ] but also in rats [ 13 ] and rabbits [ 16 ]. In humans, 
when normal mucosal biopsies of the body region of the stom-
ach were examined systematically with electron microscopy, 

  Fig. 2    The pyloric antral region of the mouse stomach seen on the  left  
is processed for immunohistochemistry using an antibody specifi c for 
bromodeoxyuridine (BrdU). The mouse was injected with BrdU 1 h 
before sacrifi ce. The tissue section is counter stained with period acid 
Schiff (PAS). Note the area (isthmus) where brown nuclei (BrdU-
positive) are located. They are closer to the bottom of epithelial units 
than the luminal surface. Note also that pit cells in the area above the 
level of BrdU-labeled cells are PAS positive. Some of the dividing 
BrdU-positive cells of the isthmus contain little PAS staining due to 
presence of mucous granules (pre-pit cells). The diagram on the  right  

demonstrates an epithelial mucous unit as it appears in the pyloric 
region of the mouse stomach. The unit is made of four regions: pit, 
isthmus, neck, and base. Pit cells are found in the pit and gland cells in 
the neck/base. The isthmus is characterized by small cells that include 
the undifferentiated (granule-free) stem cells and their descendants 
which are partially committed progenitor cells (pre-pit and pre-gland 
cells). They give rise to the two main mucous cell lineages populating 
the unit. For simplicity, members of the enteroendocrine and caveolated 
(tuft) cell lineages as well as the recently discovered villin-rich and 
Lgr5-positive cell types are not presented in this diagram       
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such undifferentiated granule-free cells were not identifi ed 
[ 17 ]. Therefore, it seems that the common granule-free stem 
cell of the mouse stomach had no counterpart in humans. The 
least differentiated cells encountered in the body region of the 
human stomach carried a few small (210 nm) secretory gran-
ules and were referred to as “mini- granule cell.” The available 
evidence suggested that either these rare poorly differentiated 
cells or one of the other  partially committed progenitors act as 
the stem cells of the human epithelial unit [ 17 ]. 

 In the pyloric antrum, while the pit-gland units were 
smaller and less heterogeneous than those of the body region, 
the renewal process appears to be more complicated.  First , 
using 3H-thymidine radioautography combined with elec-
tron microscopic analysis, undifferentiated granule-free cells 
with embryonic cell-like features were identifi ed in the pit- 
gland junction (isthmus region). Because these cells are also 
highly proliferative and capable of bidirectional migration as 
demonstrated by pulse-chase experiment, it was concluded 
that they were the stem cells of the pyloric antral units [ 18 ]. 
 Second , using the powerful tool of genetic lineage tracing, 
Samuelson and coworkers identifi ed a rare cell type express-
ing villin, which could be found in the isthmus and base 
regions of some epithelial units of the mouse pyloric antrum 
[ 19 ]. These rare villin-positive cells were quiescent or post-
mitotic. However, their division could be stimulated by treat-
ment with interferon gamma, and within a few weeks, they 
became capable of populating some epithelial units in the 
pyloric antrum. The villin-positive subpopulation of progen-
itor cells was identifi ed in epithelial units mainly close to the 
lesser curvature next to the nonglandular epithelium of the 
stomach fundus. Since this junctional epithelium is known to 
be a common site for cancer, it was proposed that these 
villin- expressing cells not only act as stem cells but might 
also play a role in gastric carcinogenesis [ 19 ]. 

  Third , more recently and also by using the in vivo lineage- 
tracing technique, Hans Clevers and coworkers were able to 
identify another stem cell population located at the bottom of 
the gastric units (not in the isthmus) of the pyloric antrum. 
They were characterized by the expression of a Wnt target 
gene referred to as leucine-rich G protein-coupled receptor 
or Lgr5 [ 20 ]. These cells were not quiescent, but capable of 
mitosis as demonstrated by 3H-thymidine incorporation and 
expression of markers of proliferating cells. Lineage tracing 
showed that Lgr5-positive cells were capable of generating 
the whole epithelial lining of the units. However, the mor-
phological features of these cells were not like the undiffer-
entiated granule-free cells. Electron micrographs of 
Lgr5-positive cells showed a considerable amount of rough 
endoplasmic reticulum in the basal cytoplasm which indi-
cates their involvement in protein synthesis. Indeed, the 
Golgi apparatus of these cells appeared active and associated 
with some secretory granules. These features question the 
necessity of the undifferentiation nature of adult stem cell 

populations. So, in the pyloric antrum, some stem cells may 
not have to be undifferentiated. 

 When the pyloric antral Lgr5-positive stem cells and their 
immediate daughter cells were isolated by fl uorescence- 
activated cell sorter and processed for a microarray analysis, 
they appeared to express some other Wnt target genes, such 
as Cd44, Sox9, Sord, Prss23, Cldn2, and Sp5. Therefore, in 
the pyloric antral glands, it seems that the canonical Wnt sig-
naling pathway plays a very important role in control of stem 
cell dynamics. Furthermore, some of the Lgr5-positive cells 
(designated as Lgr5 “low” cells and considered as immediate 
descendants of Lgr5-positive cells) highly expressed 
enteroendocrine- specifi c cell markers such as chromogranin, 
somatostatin, and gastrin [ 20 ]. This fi nding may be taken as 
evidence to place pre-enteroendocrine cells before other pro-
genitors (pre-pit and pre-gland cells) in the differentiation 
hierarchy of gastric stem cell in the pyloric antrum.  

    Immediate Descendants of Gastric 
Stem Cells 

 In mice, the presence of undifferentiated granule-free cells 
was confi rmed in serial sections of the isthmus region of the 
zymogenic units. In addition, these serial sections revealed 
the presence of seven other types of cells with different signs 
of early commitment [ 11 ,  14 ]. All seven cell types cited 
below have embryonic cell-like features similar to those of 
the granule-free cells, but in addition each cell type has a 
feature indicating early commitment. (1)  Pre - pit cell precur-
sors  are characterized by Golgi apparatus producing prose-
cretory vesicles similar to those of the pit cells, but no 
secretory granules. (2)  Pre - neck cell precursors  have Golgi 
apparatus producing prosecretory vesicles similar to those of 
the neck cells, but no secretory granules. (3)  Pre - pit cells  are 
characterized by a Golgi apparatus producing prosecretory 
vesicles similar to those of pre-pit cell precursors and pit 
cells. They also have dense secretory granules similar to 
those of pit cells but are fewer and smaller. (4)  Pre - neck cells  
are characterized by a Golgi apparatus producing prosecre-
tory vesicles similar to those of pre-neck cell precursors and 
neck cells. They also have cored secretory granules similar to 
those of neck cells but are fewer and smaller. (5)  Preparietal 
cells  are characterized by parietal cell-like features, i.e., long 
apical microvilli and an incipient intracellular canaliculus; 
they include three subtypes: one carrying a few secretory 
granules similar to those of pre-pit cells, the second with 
cored granules similar to those of pre-neck cells, and the 
third devoid of any granules. (6)  Pre - enteroendocrine cells  
are characterized by a few endocrine-type secretory granules 
similar to but smaller and fewer than those of enteroendo-
crine cells. (7)  Pre - caveolated cells  are characterized by few 
caveolae and microvilli similar to those of caveolated cells. 
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 In the pyloric antrum, the isthmus region of the mucous 
pit-gland units includes proliferative granule-free cells with 
morphological features similar to those of the zymogenic 
units. Descendants of these undifferentiated cells include six 
different types of progenitors.  Mottled - granule cells  are 
uncommitted precursors which are characterized by 
 embryonic cell-like features like those of the granule-free 
cells, but in addition they carry a few small mottled granules 
in their apical cytoplasm [ 18 ].  Mixed - granule cells  are descen-
dants of the mottled granules and are characterized by a mix-
ture of small dense granules and large cored granules. When 
mixed- granule cells divide, they give rise to (3)  pre - pit cells  
characterized by a few dense mucous granules and (4)  pre -
 gland cells  carrying a few cored mucous granules. In addition, 
 pre - enteroendocrine   cells  and  pre - caveolated cells  originate 
directly from the undifferentiated granule-free cells [ 18 ].  

    Dynamic Features of Gastric Stem Cells 

 In both the corpus and pyloric antral regions, 3H-thymidine 
radioautography has been utilized to study the dynamism of 
the proliferating cells of the pit-gland units and to follow their 
differentiation/migration pathways with time. Thus, radioau-
tographs represent the source of valuable data on the labeling 
indices of various cell types at different time intervals. 

 In the corpus region of the mouse stomach, mitotic cells 
are found in the isthmus region of the zymogenic units where 
granule-free cells are the most proliferative. Pre-pit and pre- 
neck cells and their precursors are mitotic, whereas prepari-
etal cells do not divide. In 3H-thymidine pulse-chase 
experiments, the shift in radiolabeling that occurs with time 
from pre-pit to pit cells has explained the similarities in their 
morphological features and indicated that they both consti-
tute a continuum or one cell lineage that migrates upwards to 
the free surface [ 21 ]. The shift in the labeling from pre-neck 
to neck cells has also confi rmed the morphological similari-
ties in their features and indicated that they belong to one cell 
lineage. Because of the morphological features of pre- 
zymogenic cells and the fact that they acquire 3H-thymidine 
labeling after neck cells and before the zymogenic cells, it 
appears that these pre-zymogenic cells represent a transition 
during the transformation of neck cells into zymogenic cells 
[ 22 ]. Thus, pre-neck, neck, pre-zymogenic, and zymogenic 
cells all constitute one lineage that migrates toward the bot-
tom of the zymogenic unit (Fig.  1 ). Also, the shift in labeling 
from preparietal to parietal cells indicates that they constitute 
a third cell lineage but with a bipolar mode of migration 
toward either the pit orifi ce or gland bottom [ 17 ]. 

 Similar to parietal cells, the enteroendocrine and caveo-
lated cells develop in the isthmus and undergo bipolar migra-
tion [ 23 ]. The turnover time of the different gastric epithelial 
cell types is determined by continuous infusion of a low dose 

of tritiated thymidine into mice, which are then sacrifi ced at 
different time intervals. From the cumulative increase in the 
labeling indices of each cell type, the rate of cellular turnover 
and the turnover time was estimated. 

 In the pyloric antrum, of the mouse stomach, cell prolif-
eration occurs in the isthmus region of the mucous units 
where granule-free cells divide and give rise to mottled- 
granule cells. The turnover time of granule-free cells is about 
1 day [ 18 ]. The uncommitted mottled-granule cells are rela-
tively numerous and represent 39 % of the isthmal cells. 
Mottled-granule cells act like transit cells which undergo 
clonal expansion and divide 4 times before giving rise to the 
mixed-granule cells which are also proliferative. They give 
rise to pre-pit cells and pre-gland cells. The turnover time for 
each of the mottled- and mixed-granule cells is about 1 day 
[ 18 ]. Pre-pit and pre-gland cells are also proliferative. 
Following 3H-thymidine pulse-chase experiments, the shift 
in radiolabeling that occurs with time from pre-pit to pit cells 
has confi rmed the similarities in their morphological features 
and indicated that they both constitute a continuum or one 
lineage that migrates upwards to the free surface [ 10 ]. The 
shift in the labeling from pre-gland to gland mucous cells has 
also confi rmed the morphological similarities in their fea-
tures and indicated that they belong to one lineage [ 24 ]. 

 The powerful technology of mouse aggregation chimeras 
and transgene expression have provided new insights regard-
ing the clonality and number of the multipotent stem cells in 
each epithelial unit and their capacity to encode spatial mem-
ory or retain a positional address along the cephalocaudal axis 
of the gut (reviewed in Gordon et al. [ 25 ]). In the stomach, the 
stem cell hierarchy is established during development of the 
pit-gland units. This process involves a selection among sev-
eral multipotential stem cells so that ultimately only one sur-
vives to supply descendants to the fully formed units. Using 
genetic mosaic analysis, and based on the expression pattern 
of an X-linked  LacZ  transgene that female mice inactivate ran-
domly during development, the clonality of zymogenic and 
mucous pit-gland units appear to be different. Most of the 
mucous pit-gland units of the pyloric antrum appear to be 
monoclonal [ 26 ]. However, in the human stomach, histochem-
ical mutation analysis clearly showed that the zymogenic pit-
gland unit contains multiple stem cells [ 27 ]. In another study, 
using chemical mutagenesis, Bjerknes and Cheng provided 
additional evidence supporting the view that most zymogenic 
pit-gland units arise from a single multipotent stem cell. 
However, some gastric epithelial units carried mutant cells of 
only one cell lineage. Hence, some units might not contain a 
multipotential stem cell, but maintain a long-lived committed 
progenitor that replenishes a single cell lineage [ 28 ]. 

 In humans, while the organization of the gastric epithelial 
pit-gland units and the allocation/features of different mature 
cell types are more-or-less similar to those in mice, the situ-
ation is a bit different in the stem/progenitor cell zone. It was 
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not possible to fi nd in humans an undifferentiated cell simi-
lar to those of granule-free cells of the mouse zymogenic 
pit-gland units [ 17 ]. However, McDonald et al. [ 27 ] followed 
spontaneous mutations in the mitochondrial cytochrome c 
oxidase gene and demonstrated its propagation in all cell lin-
eages. Hence, they are derived from multipotent stem cells, 
probably the mini-granule poorly differentiated cells which 
are identifi ed by electron microscopy [ 17 ].  

    Cell Lineages in the Gastric Epithelium 

 Serial sections of the zymogenic pit-gland unit reveal that it 
is made of a monolayer of about 200 cells [ 11 ]. Whereas the 
pyloric antral pit-gland unit is lined by a monolayer of about 
250 cells [ 12 ]. The cells populating these two different types 
of epithelial units are involved in the production of mucins, 
acid, pepsinogen, hormones. These cells originate from mul-
tipotent stem cells which give rise to seven different cell lin-
eages (Figs.  1  and  2 ). 

    Corpus Pit Cell Lineage 

 Members of this cell lineage are known for their secretion of 
mucus and involvement in gastric mucosal protection [ 29 ]. 
They are also capable of adapting to injury by forming cyto-
plasmic extensions to cover denuded basal lamina, a phe-
nomenon called restitution [ 30 ]. 

  Pre - pit Cell Precursors . In the isthmus, about 67 % of the 
progeny of the stem cells produced daily become pre-pit cell 
precursors. They are characterized by a small Golgi appara-
tus that produces prosecretory vesicles at the trans-face. 
These vesicles vary in density but contain uniformly fi ne par-
ticulate material. These cells are partially committed and 
have two different progenies. The majority (99 %) become 
pre-pit cells and only 1 % become preparietal cells with pre- 
pit cell-like secretory granules. The development of a pre-pit 
cell precursor into a pre-pit cell is manifested by the matura-
tion of the trans-Golgi vesicles into dense secretory granules. 
In the case of the preparietal cell, there is also an elongation 
of the apical microvilli [ 14 ]. 

  Pre - pit Cells .  Pre-pit cells are located in the upper portion 
of the isthmus and are characterized by a few 200-nm-wide, 
dense secretory granules. An average of 10 pre-pit cells are 
present in each isthmus. Radioautography has revealed that 
they have two sources of origin. About 57 % come from the 
differentiation of pre-pit cell precursors, the remaining 43 % 
from their own mitosis. After a pulse of 3H-thymidine, 25 % 
of pre-pit cells become labeled. With time, label increases to 
reach 33 % at 6 h, then gradually decreases to 1 % at 4 days, 

and completely disappears thereafter. In continuous 
3H-thymidine labeling experiments, almost all pre-pit cells 
become labeled by 2 days. Both single injection and con-
tinuous labeling experiments confi rm the short turnover time 
of pre-pit cells (2.5 days). The fate of pre-pit cells is to 
become pit cells. This occurs as the activity of the cell 
increases, and an increasing number of larger and larger 
secretory granules are produced and accumulate at the apex 
before exocytosis [ 14 ]. 

  Pit Cells .  These cells are located in the pit region and are 
characterized by a dense apical group of mucous granules. In 
the mouse, there are 37 pit cells per unit; their Golgi appara-
tus produces mucus in the form of a uniformly fi ne electron 
dense particulate content packed in prosecretory vesicles 
which eventually form secretory granules. The granule con-
tents are homogeneously dense except on the free surface 
where they may acquire a core [ 11 ,  14 ]. Two lectins,  Ulex 
europaeus  type 1 agglutinin and cholera toxin B subunit, can 
be used as markers for pit cells in adult and developing mice 
[ 31 ,  32 ]. The pit cells migrate outward along the pit wall to 
reach the gastric luminal surface in a few days [ 21 ]. During 
pit cell migration, the apical group of granules enlarges due 
to increase in number and size of newly produced secretory 
granules, from 250 to 400 nm. In addition, cells gradually 
elongate with tapering of their basal cytoplasm, nucleoli 
become condensed, the amount of ribosomes diminishes, and 
the mitochondria decrease in size. Pit cells close to the pit-
isthmus border retain some ability to divide. Thus, pit cells 
are not only developed from maturation of pre-pit cells, but 
some are also produced by their own mitosis. Even though a 
pit region may include a few large parietal cells, the migra-
tion of pit cells along the pit wall occurs in a fairly regular 
pipeline manner. It takes about 60 h for a pit cell to reach the 
surface. At the luminal surface, the transit time is only 12 h. 
The overall turnover time of pit cells averages 3 days [ 21 ]. 

 Cells of the pit lineage express some member of the tre-
foil family of peptides (TFFs) which are implicated in vari-
ous biological processes: protection, restitution, repair, and 
cell proliferation/differentiation program [ 33 ]. In the zymo-
genic unit, TFF1 is synthesized and packaged with mucus 
within the same secretory granules of pit cells and their com-
mitted/uncommitted progenitors [ 34 ,  35 ]. Since TFF1 
knockout mice exhibit a reduction in the number of parietal 
cells at the expense of pit cells, it has been proposed that 
TFF1 plays an important role in the commitment program of 
the progenitors of pit cell lineage [ 34 ]. Sonic and Indian 
hedgehog expression analyses, respectively, show decreas-
ing and increasing gradients from the corpus region of the 
stomach toward the pyloric antrum [ 36 ]. This differential 
expression pattern of hedgehog may explain some of the 
morpho-dynamic differences between mucus-secreting pit 
cell lineages in the corpus vs. antrum [ 10 ,  21 ].  
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    Zymogenic Cell Lineage 

  Pre - neck Cell Precursors .  About 24 % of the stem cells pro-
duced daily become pre-neck cell precursors. These precur-
sors are characterized by prosecretory vesicles at the 
trans-face of their Golgi apparatus containing dense irregular 
material with light periphery. They are partially committed 
precursors and the fate of 98 % of them is to become pre- neck 
cells; the remaining 2 % become preparietal cells with cored 
secretory granules similar to those of pre-neck cells [ 14 ]. 

  Pre - neck Cells .  Pre-neck cells are located in the lower por-
tion of the isthmus; they average 1.8 cells per isthmus. They 
are characterized by a few 400-nm-wide secretory granules 
which appear dense with a light core. They are mitotically 
active (11 % become labeled after a radio- thymidine pulse) 
and their division yields new pre-neck cells and cells com-
mitted to develop into neck cells. The turnover time of pre-
neck cells is about 3 days [ 14 ]. 

  Neck Cells .  These cells, also called “mucous neck cells,” are 
located in the neck region and are characterized by their 
Golgi apparatus producing dense irregular material packed 
in the center of prosecretory vesicles and light material 
packed at the periphery of the same vesicles. These vesicles 
develop to form numerous dense mucous granules which 
usually contain a light core made of pepsinogen [ 37 ]. These 
cored granules are scattered throughout the cytoplasm in 
comparison to the apical granules of pit cells. The  Griffonia 
simplicifolica  II lectin can be used as a marker for neck cells 
[ 31 ,  32 ] in both adult and developing mice. These mucus/
pepsinogen-secreting neck cells have been well character-
ized as an entity separate from zymogenic and pit cells by 
Wattel and Geuze [ 38 ]. The mouse stomach contains 13 neck 
cells per gland. Neck cells close to the isthmus have fewer 
and smaller granules (430 nm wide) than those close to the 
base (700 nm). After their production in the isthmus from 
transformation of pre-neck cells or in the high neck segment 
from their own mitosis, neck cells migrate inward while 
completing their differentiation toward the mucous pheno-
type. Neck cells are not end cells, i.e., their fate is not to 
degenerate and die. They spend from 7 to 14 days in the neck 
region. Then, at the neck-base border, their phenotype gradu-
ally changes from mucous to serous [ 22 ]. 

  Pre - zymogenic Cells .  In the upper segment of the base 
region of the pit-gland unit of the mouse, there is a group of 
cells producing secretory granules which are intermediate 
between those of neck cells and those of zymogenic cells. 
These granules contain two different components: electron 
dense mucus and light pepsinogen. Cells with similar criteria 
are also described in guinea pigs [ 37 ], rats [ 39 ], and humans 
[ 17 ]. In the mouse stomach, there are 5 pre-zymogenic cells 

per unit. These cells can be identifi ed by neck cell-specifi c 
lectins and pepsinogen-specifi c antibodies, markers for both 
neck and zymogenic cells [ 32 ,  40 ]. In the mouse, these cells 
are classifi ed into subtypes I, II, and III, according to whether 
the dense mucous component is, respectively, more abundant 
than, about equal to, or less abundant than the light pepsino-
genic component. Moreover, prosecretory vesicles at the 
Golgi trans-face of each of these subtypes exhibit differences 
parallel to those occurring in the granules. The size of the 
secretory granules showed an increase from 760 to 830 to 
930 nm, respectively, in subtypes I, II, and III. In the basal 
cytoplasm, rough ER cisternae are more abundant in subtype 
III than in subtypes I and II. The existence of further interme-
diates between these subtypes indicates that they transform 
into one another (I → II → III) and thus gradually change 
their phenotype to become more and more pepsinogenic. The 
gradual decrease in their mucus production has led to the 
production of granules which are entirely pepsinogenic [ 22 ]. 

  Zymogenic Cells .  These pepsinogen-secreting cells are 
characterized by spherical zymogen granules with homoge-
neously light pepsinogenic content. These cells have been 
extensively studied by Samloff [ 41 ] and Hersey [ 42 ]. The 
mouse stomach contains 67 zymogenic cells per unit; they 
are typical serous cells characterized by a basal stack of 
rough ER cisternae and apical zymogen granules [ 11 ]. 
Antibodies against pepsinogen and intrinsic factor are uti-
lized as markers specifi c for mouse zymogenic cells [ 32 ,  40 , 
 43 ]. As zymogenic cells migrate inward, their phenotype 
specifi city increases, as suggested by the measurement of 
zymogen granules, 780-nm-wide in the high base vs. 
1,070-nm-wide in the low base. The production of larger and 
larger granules is in line with the increase in the amount of 
rough ER cisternae and also with the enlargement of the 
nucleolus. Zymogenic cells are end cells which eventually 
acquire signs of degeneration and fi nally die at the gland bot-
tom after a long turnover time of ~194 days [ 22 ]. 

 Differentiation of the zymogenic cell lineage is associated 
with the expression of the transcription factor Mist1 [ 44 ] and 
regulated by mesenchymal connective tissue cells via bone 
morphogenic protein 4 [ 45 ] and members of the parietal cell 
lineage probably via Sonic hedgehog [ 46 ].  

    Parietal Cell Lineage 

 This cell lineage is responsible for acid secretion and hence 
has attracted many scientists and pharmaceutical companies 
interested in defi ning the molecular events and mechanisms 
involved in this secretory process. 

  Preparietal Cell Precursors .  Little is known about these 
 precursors (P2 in Fig.  2 ). They are defi ned in developing 
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transgenic animal model in which the precursors of acid- 
secreting cell lineage have been amplifi ed. They are charac-
terized by embryonic cell-like features, in addition to having 
numerous apical microvilli with little glycocalyx [ 32 ,  40 ]. 

  Preparietal Cells .  Preparietal cells are characterized by 
having long apical microvilli and incipient canaliculi. 
Preparietal cells do not undergo mitosis at any stage of their 
development [ 4 ]. Based on the presence or absence of some 
secretory granules, preparietal cells are divided into three 
variants: (1) preparietal cells with no secretory granules 
which directly develop from preparietal cell precursors, (2) 
preparietal cells with a few small dense granules similar to 
the granules of pre-pit cells which develop from pre-pit cell 
precursors, and (3) preparietal cells carrying a few cored 
granules similar to those in pre-neck cells which develop 
from pre-neck cell precursors. Development of preparietal 
cells into parietal cells occurs in three stages.  First , an 
increase in the surface area of the apical plasma membrane 
forms long numerous microvilli.  Second , a few small H,K-
ATPase- containing tubules and vesicles appear in the cyto-
plasm, and the apical membrane invaginates to form an 
incipient canaliculus at one side of the nucleus.  Third , an 
additional canaliculus appears on the other side of the 
nucleus, and the number and size of mitochondria gradually 
increase. Finally, expansion of the canaliculi and overall 
increase in cell size leads to formation of a fully mature pari-
etal cell [ 4 ,  16 ,  47 ]. The formation of a preparietal cell takes 
about 1 day, and their maturation into a parietal cell requires 
at least two more days [ 4 ]. 

  Parietal Cells .  These cells have been extensively investigated 
due to their role in pathogenesis and therapy of acid- related 
diseases [ 3 ,  48 ]. In the mouse, there are 26 parietal cells per 
unit; they are scattered throughout the pit-gland units and are 
characterized by an intracellular canalicular system, cytoplas-
mic tubulovesicular elements, long numerous microvilli lining 
canalicular/apical membranes, and large numerous mitochon-
dria. Antibodies against the alpha- and beta-subunits of the 
H,K-ATPase [ 16 ,  49 ,  50 ], the cytoskeletal protein ezrin [ 51 ], 
and the Lewis x blood group antigen, Galb1,4(Fuca1,3)
GlcNacb1 [ 32 ,  52 ], as well as the lectin     Dolichos bifl orus  
agglutinin [ 31 ,  32 ], are all molecular markers for parietal cells 
in developing and adult mice. Parietal cells are produced in the 
isthmus and migrate bidirectionally along the pit-gland axis. 
This migration pathway has been visualized by radioautogra-
phy. Radiolabeled cells are fi rst seen in the isthmus. With time, 
they appear in the pit in an outward direction and also in the 
neck in an inward direction until they reach the blind end of 
the unit. In situ hybridization studies and biochemical analysis 
have demonstrated that the synthetic/secretory activity of pari-
etal cells vary along the pit-gland axis [ 47 ]. Young parietal 
cells in the isthmus and neck are more active than old parietal 
cells in the pit and base regions. The estimated turnover time 

of parietal cells is about 54 days [ 4 ]. Ablation of parietal cells 
in genetically manipulated animal models [ 32 ,  40 ,  53 – 56 ] has 
been associated with a block in the terminal differentiation of 
zymogenic cells. Thus, in addition to the fact that parietal and 
zymogenic cell lineages have a common source of origin, it 
seems that the former produces some regulatory factors neces-
sary for the terminal differentiation of the latter. DNA profi l-
ing of isolated parietal cells revealed the identity of various 
genes that could be responsible for this regulatory function of 
parietal cells [ 57 ]. 

 Several factors are involved in the regulation of parietal 
cell dynamism.  Gastrin  is a peptide hormone secreted by the 
pyloric antral G cells and is a well-known acid secretagogue 
[ 58 ]. It also plays an important role in the homeostasis of the 
gastric epithelium and parietal cell lineage. Gastrin knockout 
mice are not only achlorhydric but also defi cient in parietal 
cells [ 59 ,  60 ]. Gastrin also stimulates the expression of some 
genes involved in the regulation of parietal cell dynamism: 
 Sonic hedgehog  and the epidermal growth factor receptor 
ligands  amphiregulin  and  heparin - binding epidermal growth 
factor - like growth factor  [ 61 ]. Sonic hedgehog is associated 
with the tubulovesicles and the proton pump of gastric pari-
etal cells and secreted with histamine stimulation [ 62 ]. 
However, when acid secretion is inhibited by omeprazole 
and hypergastrinemia develops, Sonic hedgehog is upregu-
lated in parietal cells [ 63 ]. In addition, knockout mice defi -
cient in Sonic hedgehog of parietal cells develop pit cell 
hyperplasia, hypochlorhydria, and hypergastrinemia [ 64 ]. 
 Bone morphogenic proteins 2 and 4  are also involved in the 
regulation of parietal cell renewal. Blocking of these parietal 
cells’ bone morphogenic proteins in noggin transgenic mice 
induces a reduction in the number of parietal cells and altera-
tion in the zymogenic cell lineage [ 45 ].  

    Pyloric Pit Cell Lineage 

  Pyloric Pre - pit Cells .  Pre-pit cells of the pyloric epithelial 
units represent about 17 % of all isthmal cells and are usually 
located near the pit border. Both the morphological features 
and dynamic behavior of these cells are quite similar to those 
of the pre-pit cells in the isthmus region of the oxyntic pit- 
gland units [ 10 ,  14 ]. 

  Pyloric Pit Cells .  These cells are located in the pit region 
and represent about 180 cells per pit-gland unit. The mode of 
migration and structural features of these cells are similar to 
those in the oxyntic epithelium [ 14 ]. They are also fast 
migrants and have a turnover time of about 3 days [ 10 ]. 

 In addition to TFF1 which is biosynthesized and secreted 
by pre-pit and pit cells in the pyloric antrum, TFF3 is 
expressed in a subpopulation of pit cells near the isthmus 
region of mucous units, suggesting an important role in the 
differentiation/migration program of this cell lineage [ 65 ].  
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    Pyloric Gland Cell Lineage 

  Pyloric Pre - gland Cells .  These poorly differentiated cells 
are characterized by having a few small (280 nm) cored 
granules. The pre-gland cells represent about 28 % of the 
isthmal cells and predominate near the neck border. These 
cells duplicate before their differentiation-associated migra-
tion to cross the neck border and become gland cells [ 24 ]. 

  Pyloric Gland Cells .  These mucus-secreting gland cells are 
located in the neck and base regions of the mucous pit- gland 
unit and represent about 37 cells per unit. Along the neck-
base axis, gland cells exhibit more and larger cored granules 
toward the base. The granule size varies from 380 nm in the 
neck to 580 nm in the base. In addition, with the inward 
migration of gland cells, the amount of ribosomes dimin-
ishes, the rough ER cisternae become numerous, and the 
Golgi apparatus increases in size [ 24 ]. The isthmus of each 
mucous unit produces about 12 gland cells per day by dif-
ferentiation of pre-gland cells. Gland cells also retain some 
mitotic activity which gradually diminishes toward the gland 
bottom. Thus, a total of 29 gland cells are added daily to the 
gland cell population. Gland cells migrate inward to the 
gland bottom in a gradually decreasing rate. The average 
time spent by a gland cell in the neck region is about 10 h and 
in the base region, about 200 h. This pattern of gland cell 
renewal is known as “cascade” pattern of cell renewal. 
Therefore, the overall turnover time of gland cells is highly 
variable, from 1 to 60 days [ 24 ].  

    Enteroendocrine Cell Lineages 

 The peptide- or polypeptide-secreting enteroendocrine cell 
lineages are scattered throughout the gastrointestinal epithe-
lium. The enteroendocrine cells have been characterized 
and extensively studied [ 66 ]. These cells include several 
subtypes which vary based on the shape/size of their secre-
tory granules and their peptide content. In the mouse, quan-
tifi cation shows that there are 13 enteroendocrine cells per 
zymogenic unit comprising several types. The identifi cation 
of enteroendocrine cell types depends on the size, shape, 
electron density, and immunocytochemical specifi city of 
their secretory granules [ 67 ]. They are named by different 
letters: D, EC, ECL, G, P, PP, and X/A-like cells, respec-
tively, secreting somatostatin, serotonin, histamine, gastrin, 
bombsin- like peptide, pancreatic polypeptide, and ghrelin. 
Gastric enteroendocrine cells are scattered along the four 
unit regions but are mainly found in the base [ 11 ]. In mice, 
they represent about 7 % of all cells in the corpus pit-gland 
unit [ 11 ] and 3 % in the pyloric antral unit [ 10 ]. Interestingly, 
the percentage of enteroendocrine cells keeps decreasing 
toward the small intestine (0.5 %; [ 68 ]) and the colon 
(0.4 %; [ 69 ]). 

 After a long debate about the neuronal vs. epithelial ori-
gin of these cells, it has been established that enteroendo-
crine cells share a common stem cell with other epithelial 
cell lineages [ 23 ,  68 ,  70 ,  71 ]. Thus, enteroendocrine cells 
represent several cell lineages which originate from the com-
mon epithelial stem cells. 

  Pre - enteroendocrine Cells .  These are immature cells pro-
ducing a few small endocrine-like secretory granules. They 
have been described in the isthmus region of the oxyntic 
glands of the stomach [ 23 ], in the crypt base of the small 
intestinal epithelium [ 68 ], and in the crypt base of the 
descending colon [ 69 ]. Pre-enteroendocrine cells are occa-
sionally seen undergoing mitosis in the stomach [ 23 ] and 
intestine [ 68 ]. Thus, they originate mainly by differentiation 
of the stem cells as well as by their own mitoses. 
Radioautographic labeling of these immature forms of 
enteroendocrine cells has revealed that in the stomach body, 
they mature in the isthmus and then migrate bidirectionally 
to reach the pit and base regions after about 16 days [ 23 ]. In 
the small intestine, they migrate outward and reach the crypt 
top by 1–2 days where they produce more and more gran-
ules. After 1–2 more days, they reach the villi where they are 
transformed into mature enteroendocrine cells [ 68 ]. In the 
colon, it takes at least 1 day for a pre-enteroendocrine cell to 
be formed; it differentiates into enteroendocrine cell and 
reaches the mid-crypt by 7 days. Pre-enteroendocrine cells 
are, thus, left behind by the more rapidly migrating pre- 
vacuolated and pre-goblet cells [ 69 ]. 

  Enteroendocrine Cells .  These are the mature forms of the 
endocrine cells which are located throughout the gastric pit- 
gland units, the small intestinal villi, and the colonic crypts 
[ 23 ,  68 ,  69 ]. They are characterized by a large group of gran-
ules in the infranuclear cytoplasm and may have bundles of 
cytoplasmic fi laments which appear relatively few due to 
increase in cell size. With time, enteroendocrine cells migrate 
in inward or outward directions. The overall turnover time of 
enteroendocrine cells is estimated at about 60 days in the 
stomach corpus [ 23 ], 4 days in the small intestine [ 68 ,  70 ], 
and 23 days in the descending colon [ 69 ].  

    Caveolated Cell Lineage 

 It was Nabeyama and Leblond who found and described 
mature members of this lineage throughout the gastrointestinal 
epithelium [ 72 ]. These caveolated cells are characterized by: a 
microvillous tuft protruding into the glandular lumen, long 
fi lamentous rootlets, and long narrow convoluted caveoli that 
open between the microvilli. These cells can also be identifi ed 
by immunohistochemistry using antibodies specifi c to villin 
and fi mbrin [ 73 ]. In the gastric epithelial units, caveolated cells 
are scattered mostly in the pit, isthmus, and neck regions [ 11 ]. 
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  Pre - caveolated Cells .  These immature cells are described in 
the isthmus regions of the epithelial units of the corpus 
mucosa [ 23 ] and the crypt base regions of the descending 
colon [ 69 ]. They are very rare and appear plump with narrow 
apices and few caveolae. Pre-caveolated cells originate by 
differentiation of the epithelial stem cells [ 23 ,  69 ]. Their 
maturation is followed by bidirectional migration in the gas-
tric units and by their outward migration in the descending 
colonic crypts. 

  Caveolated Cells .  These mature cells are characterized by a 
plump body with narrow apex projecting microvilli into the 
luminal surface. The cytoplasm exhibits prominent lyso-
somes and numerous caveolae separated by bundles of fi la-
ments extending from the core of the microvilli deep to the 
sides of the nucleus [ 23 ]. The long axis of the ovoid nucleus 
tends to be parallel to the basement membrane. In the mid- 
crypt regions of the descending colon, caveolated cells 
exhibit a basal cytoplasmic process which becomes longer in 
the crypt top but short at the luminal surface [ 69 ]. In the 
stomach, the little data available have shown that caveolated 
cells follow a bidirectional mode of migration similar to that 
of enteroendocrine and parietal cells [ 23 ]. In the descending 
colon, it is estimated to take about 1 day for a caveolated cell 
to be produced; they migrate outward and spend about 4 days 
in the crypt base and 0.5 day in each of the middle and upper 
thirds of the crypt. The overall turnover time of caveolated 
cells is about 8 days in the colon [ 69 ].   

    Role of Gastric Stem/Progenitor Cells in the 
Origin of Cancer 

 A fundamental question in cancer research is the nature of 
the cells which are capable of initiating and sustaining neo-
plasia. Nowell [ 74 ] initially proposed that cancer is monoclo-
nal and originates from a single stem cell as a result of several 
genetic alterations. This hypothesis of the stem cell origin of 
cancer is supported by several studies [ 75 – 77 ]. Our analysis 
of three different genetically engineered mouse models and 
various human stomach tissues supports this hypothesis of 
the stem or progenitor cell origin of cancer.
    1.       Amplifi cation and Eventual Invasiveness of Gastric Stem/

Progenitor Cells in TFF1 Knockout Mice    
  TFF1 is synthesized and packaged in the same mucous 

granules of the gastric pit and pre-pit cells [ 33 ,  35 ]. TFF1 
is thus secreted with mucus and both function in enhanc-
ing gastric mucosal protection and regeneration [ 33 ]. In 
addition, several experimental studies suggested that 
TFF1 acts as a tumor suppressor that may be involved in 
development and/or progression of gastric cancer [ 78 –
 80 ]. Lack of TFF1 in a knockout mouse model was asso-
ciated with a fi vefold increase of mitotic fi gures in the 

pyloric antrum and an elongation of the pit regions of the 
mucosa, and fi nally the pit- gland units lost their tubular 
appearance and adenoma developed in all defi cient mice. 
In many of these TFF1 knockout mice, the cells of the 
adenoma acquired malignant changes and a localized car-
cinoma in situ developed [ 81 – 83 ]. 

 This remarkable role of TFF1 as a tumor suppressor is 
strongly supported by screening of different types of 
human gastric cancer which revealed an apparent down-
regulation of TFF1 expression due to either allelic loss at 
the TFF1 gene locus, TFF1 promoter methylation, or 
TFF1 gene single- point mutations [ 80 ,  84 ]. Thus, the 
TFF1 knockout mouse provides an excellent model to 
look at the alterations that are associated with precancer-
ous lesions and to understand the development of gastric 
adenocarcinoma [ 82 ,  83 ]. 

 Systematic cell lineage analysis in the oxyntic mucosa 
of the TFF1 knockout mice and their control littermates 
starting from birth up to more than 1 year of age demon-
strated that TFF1 is localized initially in the Golgi sac-
cules, prosecretory granules, and secretion granules of 
pre-pit cells [ 34 ]. In addition, with age, TFF1 knockout 
mice demonstrated a sequence of events starting with a 
gradual increase in the length of the gastric pits associ-
ated with a decrease in the number of acid- secreting pari-
etal cells. This was attributed to a change in the 
commitment program of pre-pit cells [ 34 ]. In the pyloric 
antrum, the situation was more pronounced where nodu-
lar lesions and even carcinoma in situ in the basal portion 
of the mucosa were observed at around 6 months of age 
[ 81 ]. In the 12-month-old knockout mice, some amplifi ed 
glandular cells fi nd their way through a gap in the muscu-
laris mucosae and invade the submucosa [ 83 ]. These 
invading cells grow in the connective tissue of the submu-
cosa and maintain some capacity to differentiate. This is 
in support of the concept of autocrine control of gastric 
stem cells and their capacity to differentiate outside their 
niche; so they are the source of instructions for their own 
commitment program [ 57 ]. Thus, the TFF1 knockout 
mouse model recapitulates the classical chronological 
scheme of multistep carcinogenesis including the initia-
tion (due to the TFF1 defi ciency), promotion, and pro-
gression of the cancer cells [ 83 ]. 

 Collectively, analysis of the TFF1 knockout mice at 
different age groups supports the hypothesis of the stem 
cell origin of gastric cancer [ 75 ,  76 ,  85 – 88 ]. In the pyloric 
antrum of the TFF1-defi cient mice, the cells which are 
responsible for the formation of early mucosal thickening, 
the carcinoma in situ, as well as the submucosal invasion 
with cyst-like structures are mainly epithelial progenitors. 
The fact that gastric progenitors including the undifferen-
tiated granule- free stem cells are amplifi ed in early stages 
of gastric tumorigenesis and formed the invasive cells in 
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gastric adenocarcinomas raises a potential biological role 
of stem cells in the tumorigenesis cascade. Therefore, this 
mouse model could be taken as an evidence for the stem/
progenitor cell origin of gastric cancer.

    2.    Preparietal Cell Proliferation, Transdifferentiation, and 
Carcinoid Formation in T Antigen Transgenic Mice    

  A lineage progenitor has typically been thought to be 
committed to the production of a mature cell type that 
performs a specifi c function. Thus, a preparietal cell gives 
rise to a parietal cell, not an enteroendocrine cell [ 4 ]. A 
recent analysis of a transgenic mouse model of gastric 
cancer has provided some evidence for more plasticity for 
progenitor cell commitment and differentiation than pre-
viously considered possible. In these mice, the transcrip-
tional regulatory elements of the H,K-ATPase beta-subunit 
gene were used to deliver the product of Simian virus 40 
large T antigen gene to preparietal cells. This forced 
expression of an oncoprotein in preparietal cells induced 
their proliferation from day 1 of postnatal life [ 32 ,  47 ] 
and led to a massive (50- to 70-fold) expansion in their 
population by 1–2 months of age [ 55 ]. However, differen-
tiation of preparietal cells to mature parietal cells and 
neck cells to zymogenic cells was blocked [ 55 ]. 

 When these mice became 3–6 months old, preparietal 
cell hyperplasia became associated with progressive 
mucosal thickening and glandular cyst formation. Areas 
of dysplasia were also developed. They were character-
ized by nuclear heterogeneity, loss of polarity, and strati-
fi cation of glandular epithelial cells. In 10-month-old 
transgenic mice, areas with typical features of carcinoma 
in situ developed. These areas were characterized by 
complete loss of glandular architecture. Invasive epithe-
lial cells formed loose trabeculae or ribbons. The cells 
had large nuclear-to-cytoplasmic ratio and much con-
densed heterochromatin. By 1 year of age, invasive gas-
tric cancer developed with local and distal (hepatic) 
metastases [ 89 ]. 

 In this mouse model, immunohistochemical character-
ization of the gastric epithelial cells that form the invasive 
carcinoma revealed an interesting result. The transition 
from preparietal cell hyperplasia to neoplasia is marked 
by increased expression of neuroendocrine cell markers 
(chromogranin A and DOPA    decarboxylase) and loss of 
preparietal cell marker (H,K-ATPase). So, it seemed as if 
preparietal cell had switched their phenotype from H,K-
ATPase synthesizing cells to enteroendocrine-type 
synthesizing chromogranin A and DOPA decarboxylase. 
Electron microscopic examination of these focal neoplas-
tic areas demonstrated the transdifferentiation of prepari-
etal cells into enteroendocrine cells [ 89 ]. These fi ndings 
may provide a possible explanation for the cellular origin 
of neuroendocrine cancer in the stomach which appears 
to be more common than generally thought [ 90 ].

    3.    Hyperplasia and  Helicobacter pylori  Modulation of 
Gastric Stem/Progenitor Cells in Diphtheria Toxin 
Transgenic Mice    

   H. pylori  is a Gram-negative bacterium which colo-
nizes the stomachs of more than half of the world’s popu-
lation. These  H. pylori -positive individuals may remain 
asymptomatic throughout their life [ 91 ]. On the other 
hand, some  H. pylori -infected individuals may develop 
pathological changes leading to chronic atrophic gastritis 
[ 92 ] which is a preneoplastic condition characterized by 
loss of acid- producing parietal cells [ 93 ]. In these indi-
viduals,  H. pylori  is found in the protective mucous layer 
of the stomach or closely attached to the cell membranes 
of the lining epithelium [ 94 ]. Attachment of  H. pylori  is 
mediated via adhesin molecules which have affi nity to 
NeuAcα2,3Galβ1,4- containing glycans (sialyl-Lewis x) 
on the apical plasma membranes of mucous cells [ 95 ]. 

 When a transgenic mouse model of parietal cell abla-
tion was generated by using the attenuated diphtheria 
toxin (DT) A fragment (tox176) and the lineage-specifi c 
promoter Atp4b [ 55 ], gastric epithelial stem/progenitor 
cell proliferation was stimulated leading to a progressive 
amplifi cation of normally rare progenitors expressing 
NeuAcα2,3Galβ1,4 glycan [ 4 ,  96 ]. Parietal cell loss and 
amplifi cation of glycan- positive progenitors are features 
of humans with chronic atrophic gastritis [ 96 ]. 

 Inoculating the stomachs of these DT-transgenic mice 
with  H. pylori  strains recovered from patients with or 
without chronic atrophic gastritis was associated with the 
growth and attachment of the bacteria to the amplifi ed 
dividing and nondividing epithelial progenitors express-
ing glycans specifi c to adhesins of  H. pylori  [ 97 ]. 
Scanning confocal microscopy, combined with multilabel 
immunohistochemistry and electron microscopy, con-
fi rmed that a subset of gastric epithelial progenitors pro-
vided not only a surface for attachment of  H. pylori  but 
also a habitat which supported formation of intracellular 
communities of  H. pylori . The development of these 
intracellular bacterial communities in adult mammalian 
epithelial progenitors provides a new view of how  H. 
pylori  persists in some of its hosts as well as an opportu-
nity to consider how the biological features of these pro-
genitors may not only support but also be infl uenced by 
intracellular bacterial communities. 

 To test the consequences of  H. pylori  invasion on gas-
tric epithelial progenitors, an in vitro assay was developed 
by using a mouse gastric epithelial progenitor (mGEP) 
cell line expressing the  H. pylori -specifi c glycans [ 98 ]. 
Incubating mGEP cells with  H. pylori  strains isolated 
either from chronic atrophic gastritis or from cancer 
patients showed that, while the former strain is adhesive 
to the progenitor cell membranes, the latter is invasive and 
capable of forming intracellular communities [ 99 ]. 
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Therefore, this intimate relationship between  H. pylori  
and gastric epithelial progenitors as demonstrated both in 
vivo and in vitro is associated with changes in gene 
expression leading to carcinogenesis and provides another 
strong piece of evidence for the hypothesis of adult stem/
progenitor cell origin of cancer. 

 Comparative studies of the gastritis and cancer strains 
of  H. pylori  support this concept. The cancer strain 
induces higher levels of expression of ornithine decarbox-
ylase and antizyme inhibitor (Azin1) in cultured mGEPs 
and upregulates these transcripts in GEPs recovered by 
navigated laser capture microdissection from the stom-
achs of colonized gnotobiotic transgenic DT mice. Thus, 
regulation of polyamine availability by intracellular 
 H. pylori  could affect the proliferative status of GEPs. 
Intriguingly, ornithine decarboxylase exhibits increased 
expression in gastric adenocarcinoma compared with tis-
sue without metaplasia [ 100 ]. Additional factors likely 
affect the outcome of this intimate association between 
 H. pylori  and gastric epithelial stem cells. Compared with 
the gastritis-associated  H. pylori  strain, infection of 
mGEP with the cancer-associated strain results in lower 
levels of expression of the elements of ephrin receptor sig-
naling pathways known to control proliferation of gastroin-
testinal stem cells [ 101 ] as well as several tumor suppressors, 
including Kangai1. Downregulation of Kangai correlates 
with poor prognosis of human gastric cancer [ 102 ]. 

 Thus, results of TFF1-, SV40-, and DT-mouse models 
together with the increasing data supporting the stem cell 
origin of cancer strongly suggest that some members of 
the isthmal progenitor cells are involved in epithelial 
tumorigenesis and may have an early diagnostic, thera-
peutic, and/or prognostic clinical value.

    4.    Amplifi cation of Gastric Stem/Progenitor Cells During 
Chronic Atrophic Gastritis     

 Morphological analysis of the pit-gland units of the 
normal adult human stomach in both the corpus and 
pyloric regions revealed no undifferentiated granule-free 
(stem) cells which were previously identifi ed in the cor-
responding regions of the mouse stomach. The least dif-
ferentiated cells in human gastric units included a few 
small mucous granules [ 17 ,  103 ]. These cells were found 
at the junction between pit cells and mucus-secreting 
neck (or gland mucous) cells in the corpus (or antrum). 
Because of their morphological features, central location, 
and mitotic activity, these cells are qualifi ed to be the 
stem cells of the gastric epithelium. 

 Systematic examination of gastric mucosal tissues 
obtained from informed patients undergoing endoscopy 
(for recurrent upper gastrointestinal symptoms) and from 
patients undergoing gastrectomy (for adenocarcinoma) 
supported the multistep process of gastric carcinogenesis 
[ 103 ]. Morphological analysis of the gastric units of these 

tissues revealed an early amplifi cation of the actively pro-
liferative gastric stem/progenitor cells which carry a few 
scattered mucous granules. This progenitor cell hyperpla-
sia coincides with atrophic gastritis and loss of the mature 
gland mucous cells. Therefore, it seems that gastric stem/
progenitor cells are the target of oncogenic hit which 
occurs during progression of gastritis into metaplasia and 
fi nally adenocarcinoma.

    5.    Upregulation and Dislocation of the Stem Cell 
Transcription Factor Oct4 During Multistep Gastric 
Carcinogenesis    

  Oct4 is a transcription factor that belongs to the POU 
family of proteins and binds octamer DNA motifs in the 
promoters of several genes to regulate the pluripotency of 
embryonic stem cells [ 104 ]. Oct4 is also expressed in 
some adult stem cells and is involved in their regulation 
[ 105 ]. The self-renewal transcription factor Oct4 could 
also be involved in the development of some tumors 
[ 105 – 107 ]. Expression of Oct4 in the adult human stom-
ach was demonstrated by Western blot analysis of histo-
logically normal gastric mucosal biopsies obtained from 
the pyloric antrum. The expression of this transcription 
factor in the gastric epithelium in a region that corre-
sponds to the proliferative cell zone (isthmus) of the 
antral pit-gland was confi rmed using immunohistochem-
istry [ 108 ]. However, these cells also produce mucous 
granules. So, they are not undifferentiated, but are the 
committed progenitors of pit and gland (pre-pit and pre- 
gland) cells which are capable of self-renewal and differ-
entiation. The level of Oct4 expression does not seem to 
differ with or without  Helicobacter pylori  infection in 
these microscopically normal biopsies [ 108 ]. 

 Immunohistochemical analysis of a series of tissue sec-
tions assembled in the form of an array representing the 
multistep process of gastric carcinogenesis revealed that 
the expression of Oct4 is upregulated early during develop-
ment of cancer. There is a signifi cant increase in the expres-
sion of Oct4 in mucosal tissues with evidence of severe 
gastritis, metaplastic/dysplastic transformation, and gastric 
cancer. Quantifi cation showed an increasing trend from 
2 % labeling area in control to 6 % and 16 % in gastritis and 
cancer tissues, respectively, suggesting a role for Oct4 in 
the early stages of cancer development. Detailed analysis 
of pyloric antral mucosal cancer tissues revealed not only 
an increase in Oct4 expression but also a change in its sub-
cellular localization (from nuclear to cytoplasmic). This 
observation was confi rmed when some tissue samples were 
processed for subcellular fractionation and Western blot-
ting using the same antibodies. This alteration in the sub-
cellular distribution of Oct4 could be due to inhibition of 
cytoplasm-to- nucleus translocation during carcinogenesis. 
These fi ndings will be helpful in designing new modalities 
for early detection and/or therapy of gastric cancer.     
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     Abbreviations 

   CAII    Carbonic anhydrase-II   
  DE    Defi nitive endoderm   
  DTR    Diphtheria toxin receptor   
  EMT    Epithelial-to-mesenchymal transition   
  ES cells    Embryonic stem cells   
  FZD3    Frizzled-3   
  GPCR50    G-protein-coupled receptor 50   
  hiPS    Human-induced pluripotent stem   
  IDE    Inducer of defi nitive endoderm   
  MMP16    Matrix metalloproteinase 16   
  TGF    Transforming growth factor   

          Introduction 

 Insulin-dependent diabetes results from the loss of insulin- 
producing cells, also known as beta cells, in the pancreatic 
islets of Langerhans. The loss of beta cells leads to uncon-
trolled and persistently high blood glucose levels that require 
clinical management. Noteworthy, even the daily control of 
glycemia by insulin injections by a patient cannot prevent 
chronic episodes of hyperglycemia. On the long term, these 
can lead to several serious complications including renal 
failure, atherosclerosis, limb amputation, and blindness. 
Patients on insulin therapy can also suffer from dangerous 
hypoglycemic episodes. A lot of hope has been raised for 
diabetes patients and their physicians that one day it will be 
possible to restore a functional beta cell mass even after 

complete loss of the original one. This might be obtained 
either by transplanting beta cells from exogenous sources 
like cadaveric organ donors or stem cells or by stimulating 
the generation of new beta cells from endogenous stem/pro-
genitor cells. Proof of concept has already been obtained that 
transplanting islet beta cells from cadaveric organ donors can 
restore glucose control in diabetes patients [ 1 ,  2 ]. However, 
insuffi cient numbers of beta cells can be obtained from avail-
able donor organs, making this therapeutic approach ineffi -
cient at present. A lot of research efforts have been done, and 
are still being done, to fi nd unlimited sources of transplant-
able beta cells. A breakthrough was obtained in generating 
pancreatic endodermal progenitor cells from human embry-
onic stem (ES) cells [ 3 ] and in deriving beta cells thereof 
[ 4 ,  5 ]. Further efforts are focusing on improving the effi -
ciency of in vitro derivation of beta cells from ES cells and 
on fi nding safe ways to implant these and to prevent rejec-
tion. We will further discuss this breakthrough at the end of 
this chapter. First, we will address the state of the art regard-
ing the elusive adult stem/progenitor cells in the pancreas.  

    Adult Stem/Progenitor Cells in the Pancreas 

 The possibility of beta cell “neogenesis,” i.e., that new beta 
cells could regenerate in the adult pancreas even after com-
plete loss of the original ones, has always fascinated research-
ers. Every possible hypothesis has been raised in this context, 
with every cell type in the pancreas being considered in spe-
cifi c models as a possible progenitor/precursor of the beta cell. 

    Exocrine Acinar Cells 

 Exocrine acinar cells are the most abundant cell type in the 
pancreas and therefore represent an interesting target for cell 
reprogramming in order to generate new beta cells. They are 
notorious for their pronounced plasticity in de- and transdif-
ferentiation or senescence whenever their environment is 
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changing [ 6 ]. Rodent acinar cells have the capacity to trans-
differentiate in vitro into functional endocrine beta cells in the 
presence of selected growth factors or culture supplements 
like epidermal growth factor and leukemia inhibitory factor 
or nicotinamide [ 7 ,  8 ]. The acinar origin was ascertained by 
lineage-tracing experiments [ 8 ,  9 ]. The newly formed beta 
cells were able to normalize the glycemia after transplanta-
tion into diabetic animals [ 9 ]. Further, it was shown that aci-
nar cells fi rst dedifferentiate during culture whereby they 
acquire ductal and pancreatic embryonic progenitor charac-
teristics like co-expression of Ptf1a and Pdx1, activation of 
the Notch pathway, and expression of progenitor markers like 
Hnf1b, Cpa1, and Sox9 [ 6 ,  10 ]. In vivo, acinar cells were 
found to transdifferentiate into beta cells following forced 
expression of transcription factors like Pdx1, Ngn3, and 
MafA [ 11 ]. It is rather unlikely that this transdifferentiation 
may ever take place under physiological or most pathological 
conditions. Genetic lineage tracing of acinar cells revealed no 
conversion into endocrine cells during adult life, partial pan-
createctomy, pancreatitis, partial duct ligation, or transform-
ing growth factor alpha (TGF alpha) stimulation [ 12 – 14 ].     
However, the transdifferentiation capacity of acinar cells 
might prove useful for the generation of larger numbers of 
transplantable beta cells in vitro. An important question 
remains whether human acinar cells possess a similar capac-
ity. Tracing technology has been applied to follow human 
acinar-to-ductal transdifferentiation in vitro [ 14 ]. Within 1 
week of culture, virtually all surviving acinar cells had 
adopted a ductal phenotype. In future, it will be important to 
establish a protocol to effi ciently induce transdifferentiation 
of acinar cells to beta cells.  

    Duct Cells 

 The duct cells are the cells lining the transport route of the 
acinar exocrine enzymes to the duodenum. They have also 
long been considered as potential precursor cells of the beta 
cell. This was initially based on histomorphological observa-
tions of extra-islet insulin-positive cells residing in the vicin-
ity of the duct epithelium and therefore regarded as being 
recently “budded” off from that epithelium. However, recent 
genetic lineage studies showed that duct cells contributed to 
the formation of endocrine and exocrine cells during embryo-
genesis but no longer after birth. Even in conditions of severe 
tissue damage, including the experimental model of duct liga-
tion, duct cells did not give rise to new beta cells. These con-
clusions were found in four independent studies that made 
use of three different duct-specifi c tracers, namely, the genes 
for Hnf1b, Sox9, and mucin [ 15 – 18 ]. They are, however, at 
stake with a previous study in which a ductal derivation was 
reported of postnatal beta cells and acinar cells [ 19 ]. Also in 
the duct ligation conditions, duct cells seemingly contribute 

to the expanding beta cell mass in this study. Human carbonic 
anhydrase-II gene was used as a (postnatal) duct-specifi c 
tracer. Previous studies reported that this transgene may be 
inappropriately expressed in mouse tissues [ 20 ] which might 
explain the discrepancy of the CAII tracing study with the 
more recent genetic lineage-tracing studies that made use of 
the mouse genes for Hnf1b, Sox9, and mucin, respectively. 
Terminal duct cells or centroacinar cells have also been sug-
gested to generate new beta cells after injury. However, lin-
eage tracing revealed that these cells, marked by Hes1 
expression, do not behave as adult stem cells in the normal or 
injured pancreas [ 21 ]. The least we can say is that the ductal 
origin of beta cells in the adult pancreas is highly controver-
sial, if not unproven.  

    Alpha Cells 

 In transgenic mice with near-total beta cell ablation, the Ins- 
DTR mice, genetic lineage tracing revealed that a certain 
degree of beta cell regeneration occurs as a result of alpha 
cell transdifferentiation [ 22 ]. In these mice, the diphtheria 
toxin receptor (DTR) was placed under transcriptional con-
trol of the insulin promoter. After diphtheria toxin adminis-
tration, more than 99 % of the beta cells were ablated. The 
mice received exogenous insulin for survival during 5 
months. From the sixth month on, the mice survived without 
the need for exogenous insulin. The beta cell mass recovered 
up to 44 % compared to animals shortly after beta cell abla-
tion. This corresponds on average to a recovery of 10 % of 
normal beta cell mass, which represents the lowest amount 
of beta cells needed for a near-normal basal glycemia. In this 
study the regeneration of beta cells was rather slow and was 
insuffi cient to restore normal glycemia. On the other hand, a 
rapid transdifferentiation of alpha cells to beta cells was 
described in a model in which partial duct ligation and 
alloxan-mediated ablation of the beta cells were combined 
[ 23 ]. Within 2 weeks, large islets appeared in which most of 
the beta cells were neogenic. Indirect evidence was shown 
for alpha-to-beta cell conversion. Unfortunately, no lineage 
tracing was performed to prove this point. 

 The remarkable transdifferentiation potential of alpha 
cells was also described in a study of Collombat et al. in 
which the transcription factor Pax4 was specifi cally overex-
pressed in mature alpha cells [ 24 ]. A vast expansion of the 
beta cell mass was described which was attributed to a con-
tinuous neoformation of beta cells and a concomitant 
decrease in the amount of alpha cells. 

 Considerable challenges still need to be addressed before 
this knowledge could be translated into therapeutic applica-
tions. Determining the underlying mechanisms and showing 
the transdifferentiation potential of human pancreatic alpha 
cells will be important. Given the relatively low numbers of 
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alpha cells in the pancreas, a particularly robust method to 
induce alpha-to-beta cell transdifferentiation needs to be 
developed in order to obtain potential clinical benefi t.  

    Delta Cells 

 Islet cells expressing somatostatin, the hormone characteris-
tic for delta cells, were reported to differentiate into beta 
cells [ 25 ,  26 ]. In both studies, the mice were given a single 
dose of streptozotocin, to eliminate the beta cells. In the 
study of Guz et al., insulin treatment was given to restore 
normoglycemia. Double-positive cells for Pdx-1 and soma-
tostatin appeared with or without insulin expression [ 25 ,  27 ]. 
They suggest a transition from somatostatin-expressing cells 
into insulin-expressing cells.  

    Beta Cells 

 In vivo, the beta cell mass continues to expand at a relatively 
slow pace during adult life [ 28 ,  29 ]. Dynamic changes in the 
beta cell mass occur in response to altered metabolic 
demands, e.g., during pregnancy or obesity. With genetic lin-
eage tracing, Dor et al. demonstrated that during physiologi-
cal development in adult mice, new beta cells are formed by 
proliferation and not by neogenesis from progenitor cells. 
Even in the regenerating pancreas, after partial pancreatec-
tomy [ 30 ] or partial genetic beta cell ablation [ 31 ], after 
treatment with exendin-4 [ 32 ] or overexpression of TGF 
alpha [ 12 ], the beta cell mass was expanded primarily due to 
proliferation of preexisting beta cells. 

 Expansion of human islet beta cells represents an attrac-
tive strategy as a source for beta cell therapy. Therefore, cul-
turing and proliferation of isolated islets has been studied 
frequently. Inducing proliferation of pancreatic beta cells in 
vitro proved to be challenging and is often associated with 
loss of function. In 2004, Gershengorn et al. introduced the 
concept of epithelial-to-mesenchymal transition (EMT) of 
beta cells. The process of EMT is important for morphogen-
esis during embryonic development, and it is also associated 
with pathological conditions such as fi brosis and cancer. 
According to this study of Gershengorn et al., isolated adult 
human islets lose their epithelial characteristics, gain a mes-
enchymal phenotype, and become highly proliferative. By 
serum deprivation, these cells could be induced to form 
hormone- positive islet cells [ 33 ]. This result was confi rmed 
by culturing trypsinized islet cells that underwent some 
degree of dedifferentiation and started to proliferate. 
Treatment with betacellulin induced redifferentiation by 
restoring expression of multiple beta cell genes [ 34 ]. This 
concept of EMT of pancreatic beta cells was challenged by 
several lineage-tracing studies in mice [ 35 – 38 ]. They used 

genetic lineage-tracing experiments based on the Cre/lox 
system to label beta cells and their progeny in vitro. 
Fibroblast-like cells could be derived from mouse islets and 
these could be induced to redifferentiate into low hormone- 
expressing islet-like cells, comparable with the human stud-
ies. Although the tracing experiments revealed that mouse 
beta cells could adopt a mesenchymal morphology, the beta 
cells did not signifi cantly contribute to the proliferating 
fi broblast-like cell population. It was argued that these “pre-
cursor” cells most likely originate from expansion of mesen-
chymal cells that are present in the pancreatic islet 
preparations. The abovementioned lineage-tracing studies 
that put forward the idea that beta cells are not precursor 
cells were all performed in mice. In 2007, also a human 
study revoked the beta cell EMT concept and attributed the 
human islet-derived precursor cells to mesenchymal stromal 
cells present in the pancreatic islet preparations [ 39 ]. 

 The fi rst direct evidence for dedifferentiation and signifi -
cant proliferation of human pancreatic beta cells in vitro came 
from the study of Russ et al. They used a lentiviral Cre/lox 
system to indelibly label human beta cells in culture [ 40 ]. 
Furthermore, they show the very limited replication of dedif-
ferentiated mouse beta cells, thus emphasizing the species dif-
ference between mouse and human beta cell proliferation. 
Further work of the group of Efrat revealed that human beta 
cells undergo true EMT. They start to express several mesen-
chymal markers (e.g., N-cadherin, vimentin) and mesenchy-
mal stem cell markers (e.g., CD90, CD105) [ 41 ]. The expanded 
dedifferentiated human beta cells could be induced to redif-
ferentiate into glucose responsive beta-like cells [ 42 ]. 
Downregulation of HES1 in the expanded cells additionally 
promoted the redifferentiation process [ 43 ]. The latter further 
differentiated after transplantation into hyperglycemic immu-
nodefi cient mice and were capable of restoring euglycemia. 
These results offer hope for overcoming the donor shortage for 
beta cell therapy for diabetes, although extra work is still 
needed to determine the extent of differentiation of the obtained 
beta-like cells and to circumvent the need of viral vectors for 
HES1 inhibition, before possibly going to the clinic.  

    Adult Stem Cells 

 A few studies reported that cells from enzymatically dissoci-
ated adult mouse pancreas showed in vitro clonogenic poten-
tial (e.g., [ 44 ]) or at least the potential of serial passaging 
[ 45 ]. More recently the former group extended their results 
to human cells and reported that clonogenic multipotential 
stem cells can be isolated from adult islets and that these 
express insulin [ 46 ]. With lineage tracing, they indicate that 
these cells originate from the pancreatic endoderm. It is still 
unclear what is the signifi cance of such cells for islet beta 
cell regeneration in vivo or whether these putative adult stem 
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cells represent a tissue culture artefact. Moreover, it cannot 
be excluded that such insulin-expressing cells with strong 
proliferative capacity were derived from dedifferentiated 
beta cells (see above) rather than representing true stem 
cells. The problem in identifying stem/progenitor cells in 
pancreas tissue is the lack of stem cell markers. Most puta-
tive stem cell markers have turned out to be also expressed 
by mature differentiated cells. For example, the CD133 stem 
cell marker is also expressed by all duct cells in the pancreas 
[ 47 ]. Nestin was taken as a pancreatic stem cell marker [ 48 ] 
but later turned out to be expressed also by all pancreatic 
stellate cells, a mesenchymal cell type located in the pancre-
atic interstitium [ 49 ]. 

 There was a lot of excitement when it turned out that 
following partial duct ligation, a manipulation of the pan-
creas which causes severe damage to the exocrine acinar 
cells, Ngn3 expression signifi cantly increased and Ngn3- 
expressing cells were regularly observed in the vicinity of 
ducts [ 50 ]. Ngn3 is a transcription factor that is expressed 
by the embryonic precursors of all islet cell types and that 
was initially thought to be no longer expressed postnatally 
in the pancreas. Furthermore, Ngn3-expressing cells iso-
lated from duct-ligated pancreas could differentiate in vitro 
into hormone- expressing islet cells. It was hypothesized 
that duct ligation awakened a population of dormant stem 
cells located in ducts which, via an intermediate stage 
expressing Ngn3, generated new beta cells in the pancreas. 
Later it was found that a low level of Ngn3 expression is 
maintained in mature islet beta cells and is required for 
their function [ 51 ]. Under conditions like duct ligation, 
Ngn3 expression in islet cells can increase [ 17 ]. In the latter 
study, genetic lineage tracing of Sox9-expressing duct cells 
revealed that indeed Ngn3 became expressed by some duct 
cells but that these Ngn3- positive cells did not contribute to 
the beta cell mass, thus making the dormant progenitor 
hypothesis controversial. 

 In conclusion, many interesting hypotheses on the 
mechanism of beta cell regeneration have been proposed, 
some of which have been dismissed by others, like the duc-
tal neogenesis hypothesis, whereas others remain to be con-
fi rmed, like the insulin-expressing stem cell hypothesis 
(Fig.  1 ). The controversy is fuelled both by the attractive-
ness of the prospect to regenerate beta cells in diabetics and 
by the lack of decisive evidence. Progress in this fi eld is 
also hampered by the frequent lack of reproducibility, 
which may in part be due to the technical sophistication of 
the experimental models.

   If anything, what has become clear is that several cell 
types in the adult pancreas, including acinar cells, alpha 
cells, and beta cells themselves, have pronounced plasticity 
in differentiation and proliferation (Fig.  1 ). It remains to be 
demonstrated whether this plasticity could be used to restore 
a functional beta cell mass in diabetic patients.   

    Breakthrough on Pluripotent Stem Cell 
Differentiation 

 Whereas the study of adult tissue stem cells and beta cell 
regeneration in the pancreas remains controversial and incon-
clusive, directed differentiation studies of pluripotent stem 
cells have reached an important breakthrough and seem to 
come closer to clinical application. The success of this 
method primarily relies on the implementation of basic 
knowledge from embryonic pancreas development onto plu-
ripotent stem cells in culture. Interestingly, pancreas progeni-
tors generated in vitro from human ES cells give rise to 
functional beta cells upon implantation in animals and long- 
term follow-up. Despite these recent advances, the path to 
clinical application is still tortuous and requires more investi-
gations in order to prove the safety of the technique and the 
functionality of pluripotent cell-derived beta cells in human 
settings. Although integration of the fi ndings from mouse and 
human stem cell models can be benefi cial for a clear under-
standing of the system and its improvement, we will limit this 
section mainly to the data from human pluripotent stem cells. 

    Induction of Pancreatic Progenitors In Vitro 

 Pluripotent stem cells that are in the pipeline for beta cell 
therapy in the future include human embryonic stem (hES) 
and human-induced pluripotent stem (hiPS) cells. They are 

  Fig. 1    Potential cellular sources for beta cell neogenesis. Acinar cells 
have been demonstrated to de/transdifferentiate to a duct-like pheno-
type and to transdifferentiate with or without this intermediate pheno-
type to beta cells. Also the conversion of alpha cells and pluripotent ES 
cells to beta cells has been clearly demonstrated. Another option is to 
induce proliferation of beta cells themselves in vitro by inducing EMT. 
The hypothesis of duct cell to beta cell transdifferentiation and the pres-
ence of adult pancreatic stem cells still remain highly controversial       
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both characterized by an unlimited division while maintain-
ing the undifferentiated state and the potential to generate 
derivatives of the three developmental germ layers (ecto-
derm, mesoderm, and endoderm) when exposed to specifi c 
culture conditions. Whereas the very early studies suggested 
the possible expression of pancreatic genes by mouse and 
human ES cell progenies [ 52 – 54 ], the differentiation of 
insulin- producing cells was ineffi cient and inconsistent, a 
condition in part attributed to the stochastic models used. 
Because the pancreas normally develops from the embryonic 
defi nitive endoderm (DE), efforts were made afterwards to 
enrich this cell lineage fi rst during stem cell differentiation in 
vitro. In 2005, D’Amour et al. showed for the fi rst time that 
hES cells, similarly to their mouse counterpart, also respond 
to high levels of    TGFb signaling by preferentially differenti-
ating into endoderm cells [ 3 ,  55 ]. These fi ndings were con-
cordant with the endoderm-inducing function of this pathway 
previously described in lower vertebrates such as zebra fi sh 
and frog [ 56 ,  57 ]. Activin A is mainly used in vitro as the 
leading TGFb ligand and was found to effi ciently induce 
defi nitive endoderm from numerous hES and hiPS cell lines, 
especially when combined either with Wnt3a, BMP4, FGF2, 
VEGF, or with small molecules [ 58 – 66 ]. Although several 
other protocols for defi nitive endoderm induction that made 
no use of activin A have been reported [ 67 ,  68 ], it is nowa-

days common knowledge that TGFb stimulation via Smad2/3 
is crucial and required in this process. 

 In a pioneer study by D’Amour et al. [ 69 ], several stages 
of pancreas differentiation were mimicked in vitro by the 
sequential exposure of DE cells to particular combinations of 
growth factors related to embryonic pancreas development. 
These treatments allowed for the generation of primitive gut 
tube, posterior foregut, pancreas endoderm, and endocrine 
progenitor equivalents; however, the insulin-producing cells 
obtained with this strategy were not responsive to glucose 
stimulation. Further refi nement of the protocol by several 
other investigators elucidated the pathways that are funda-
mental for the differentiation of pancreas progenitors from 
hES- or hiPS-derived DE cells. These pathways function 
similarly as during embryonic development in vivo and 
essentially include a combination of hedgehog inhibition, 
BMP inhibition, retinoid signaling, and FGF activity [ 5 ,  61 , 
 63 – 65 ,  70 ,  71 ]. Activation of the Wnt pathway or TGFb inhi-
bition was also tested in two studies that generated large pro-
portions of pancreatic progenitors expressing the transcription 
factor PDX1 [ 63 ,  65 ]. This would indicate that the major 
sequences of signaling cues required for pancreatic fate com-
mitment from DE cells have been successfully unraveled and 
implemented in vitro to selectively enrich cultures in pancre-
atic cells at the expense of hepatic cells, for example (Fig.  2 ). 

  Fig. 2    Four main pathways regulate the early stages of pancreas dif-
ferentiation from defi nitive endoderm and control the acquisition of 
pancreatic versus hepatic fate. Hedgehog signaling is well character-
ized as a potent inhibitor of pancreatic initiation ( a ) that is expressed in 
the hepatic domain ( b ) under the infl uence of FGF signaling. It func-
tions in the establishment of organ domains. This pathway can be 
blocked by treatment with the alkaloid cyclopamine. Retinoid acid is 
expressed in the developing pancreas and participates in the induction 
of PDX1 expression ( c ). It may also contribute to hepatic gene expres-
sion to a certain degree ( d ). An inhibitory effect of retinoic acid on 
Smad1-5-8 phosphorylation ( e ) was demonstrated on hES-derived 
defi nitive endoderm seeded at low density, which contrasts with the 
early studies indicating activation of BMP signaling by retinoic acid. 
BMP is well known as an inhibitor of early pancreas development ( f ) in 

contrast to its requirement for hepatic initiation ( g ). This potent inhibi-
tory effect at early stages is later reversed, and pancreatic progenitors 
require BMP signaling ( f ). The inhibition of BMP signaling in the pan-
creatic domain is under the control of noggin ( h ). As for BMP pathway, 
FGF signaling via ERK/MAPK also controls early pancreas induction 
with high concentration being inhibitory ( i ) whereas low concentra-
tions are required ( j ). In later stages, FGF stimulates the proliferation of 
pancreas progenitors ( j ). On the other hand, this pathway represents an 
amplifi cation signal ( h ) for the ALB+AFP+ hepatoblasts. Not dis-
played on this scheme are the Wnt and TGFb pathways that were 
recently shown to contribute to pancreatic differentiation from stem 
cells. The markers displayed in the progenitors recall the current status 
of protein detection from differentiated hES cells (Adapted from 
Mfopou et al. [ 73 ])       
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To this end, several embryonic or induced stem cell lines can 
nowadays be effi ciently differentiated towards defi nitive 
endoderm and further towards pancreatic progenitors with-
out the need for genetic manipulations, but only by modifi ca-
tions of the molecular microenvironment in which the cells 
are maintained [ 72 ,  73 ]. Nevertheless, subtle differences 
exist between cell line propensities for the generation of a 
particular cell type, and the molecular basis for this is just 
beginning to be deciphered [ 65 ,  74 ,  75 ].

       Identity of Pancreatic Progenitors Induced 
In Vitro 

 In the developing embryo, Pdx1 expression marks the 
domain of the gut endoderm that will give rise to the pan-
creas. In both mouse and human, the absence of this tran-
scription factor results in pancreas agenesis [ 76 – 78 ]. For this 
reason, PDX1 expression has for long been considered as a 
landmark for pancreatic differentiation from pluripotent 
stem cells, and many investigators have based their claims on 
the expression of this transcription factor only. However, 
during mouse embryonic development, Pdx1 is broadly 
expressed in the posterior foregut endoderm from which the 
posterior stomach and duodenum are also derived [ 79 ]. 
Furthermore, the specifi ed pancreas progenitor in vivo is cur-
rently defi ned by the co-expression of a cluster of transcrip-
tion factors including Pdx1, Nkx6.1, Ptf1a, Sox9, Foxa2, and 
Hnf6 (reviewed in [ 80 ,  81 ]). Whereas the expression of each 
of these factors at the pancreas endoderm stage of pluripo-
tent stem cell differentiation has been reported by many 
authors, their co-expression remains more questionable, and 
the expression of all of them in the same cell is even more 
problematic. In the last few years, efforts were made to show 
double immunoreactivity for PDX1 and one of the other 
transcription factors (SOX9, FOXA2, HNF6, NKX6.1) [ 5 , 
 58 ,  64 ,  69 ,  70 ,  82 ,  83 ]. However, the lack of quantitative data 
casts doubt about the validity of some claims, with the pos-
sibility that only a small fraction of the PDX1+ population 
may express the additional marker. The model used (fl at cul-
ture or 3D structures) may signifi cantly infl uence the differ-
entiation of cells co-expressing PDX1 and NKX6.1, for 
example [ 84 ]. Considering the paucity of good commercial 
antibodies against some of these transcription factors, it is 
presently technically challenging to demonstrate the differ-
entiation of fully specifi ed pancreatic progenitor based on 
triple labeling for PDX1, NKX6.1, and PTF1a. Taken 
together, the current studies provide suffi cient evidence that 
posterior foregut equivalents can be effi ciently differentiated 
from pluripotent stem cells and characterized by PDX1 
expression, but the formal demonstration of specifi c pan-
creas progenitor (PDX1+ NKX6.1+ PTF1a+) derivation is 
not yet a common achievement for all investigators. This is 
presently only indirectly assumed [ 82 ].  

    Selection of PDX1+Pancreatic Progenitors 
Based on Surface Markers 

 Despite the initial high enrichment in defi nitive endoderm 
cells by treatment of pluripotent stem cells with activin A, it 
is not possible to generate pure cultures of PDX1+ progeni-
tors. Residual undifferentiated cells or cells committed 
towards mesoderm and ectoderm can still be found at later 
stages of differentiation and are usually responsible for the 
development of teratoma upon transplantation [ 5 ,  82 ,  85 , 
 86 ]. This implies that selection of the desired cell type, 
namely, the pancreatic cells, would represent an advantage 
provided that surface markers are identifi ed and specifi cally 
expressed by these cells. This assay can theoretically be per-
formed to select for beta cells at the fi nal stage or for pancre-
atic progenitors at intermediate stages in order to further 
characterize and differentiate them. Recent studies suggested 
that few surface markers are expressed by the PDX1+ pro-
genitors or by endocrine cells differentiated from pluripotent 
stem cells. These include CD24, CD142, Frizzled-3 (FZD3), 
G-protein-coupled receptor 50 (GPCR50), and matrix metal-
loproteinase 16 (MMP16) for the PDX1+ progenitors, and 
CD200 and CD318 for the endocrine cells [ 82 ,  87 ,  88 ]. 
While the importance of this selection step was demonstrated 
by the absence of teratoma formation following implantation 
of positive populations [ 82 ], the excitement brought by these 
reports was attenuated by a reevaluation of one marker 
(CD24) in mouse and human ES cell differentiation models, 
indicating no segregation of its expression in the pancreatic 
cells despite the analysis with several different antibodies 
[ 87 ,  89 ]. Additional studies will be required in this fi eld to 
confi rm the usefulness of non-reevaluated markers and to 
discover new ones that show specifi c expression in the pan-
creatic progenitor or endocrine cells.  

    Only Insulin-Producing Cells, and Not Genuine 
Beta Cells, Can Be Produced In Vitro 

 The ultimate achievement in stem cell-based diabetes ther-
apy would be to derive mature and functional beta cells in 
vitro. The genuine beta cell in the pancreas is characterized 
not only by the expression of insulin but also by its regulated 
secretion in the bloodstream in concert with changes in blood 
glucose levels. These variations are sensed and acted upon 
by a sophisticated molecular machinery that involves glu-
cose transporters (GLUT2), high-affi nity hexokinase (hexo-
kinase IV), metabolic coupling factors (ATP, ADP), 
potassium-dependent channels, and voltage-dependent cal-
cium channels [ 90 ]. It is anticipated that beta cells derived 
from pluripotent stem cells should harbor all these properties 
in order to effi ciently replace the donor beta cells in the 
transplanted patients. Insulin expression in progenies of 
human embryonic or induced pluripotent stem cells has been 
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demonstrated repeatedly in vitro and taken as a proof of con-
cept that stem cells can generate beta cells. In several studies, 
insulin-positive cells were also shown to express transcrip-
tion factors that mark the beta cell such as PDX1, NKX6.1, 
or MAFA; and C-peptide positivity was used to rule out the 
possible cellular accumulation of insulin by uptake from the 
culture medium [ 4 ,  61 ,  63 ,  65 ,  69 ,  71 ,  83 ]. Whereas these 
fi ndings constitute a signifi cant progress as compared to the 
very early studies in the fi eld, the problem is not yet com-
pletely solved considering that the insulin-positive cells dif-
ferentiated to date are usually poly-hormonal (also expressing 
glucagon or somatostatin) and fail to release insulin upon 
glucose stimulation. Therefore, because they lack a func-
tional glucose-sensing machinery, they resemble immature 
insulin-producing cells, but do not concisely compare to the 
genuine beta cells [ 63 ,  69 ,  91 ,  92 ]. There are nevertheless a 
few studies in which glucose-stimulated insulin secretion 
was reported [ 61 ], but without any comparison to human 
beta cells in the same assay. In the future, it should be desir-
able that standardized assays are developed for the measure-
ment of glucose response in order to allow for data 
comparison between different laboratories.  

    PDX1+ Pancreatic Progenitors Generate 
Functional Endocrine Cells In Vivo 

 Success in the differentiation of functional beta cells in vitro 
is still hampered by the inadequate knowledge of the extra-
cellular cues required for the differentiation of endocrine cell 
types in the developing pancreas. However, several research-
ers were able to show that PDX1+ pancreatic progenitor 
cells derived from pluripotent stem cells gave rise to endo-
crine progenitors and beta cells upon implantation in immune 
incompetent animals [ 5 ,  85 ,  86 ,  92 ,  93 ]. Worthy to note, 
although the generation of pancreatic progenitors occurs in 
about 2 weeks in vitro, which is quite short as compared to 
the time scale in normal human embryonic development, the 
in vivo differentiation of endocrine progenitors and beta cells 
required at least 12 weeks. Therefore, endocrine cells dif-
ferentiated in this system arise in a developmental period 
(about 14 weeks) that is comparable to that in embryonic 
life. They produce insulin and release human C-peptide in 
the bloodstream of transplanted animals upon treatment with 
a glucose bolus [ 5 ,  82 ,  85 ,  94 ]. In the study by Kroon et al., 
it was clearly shown that the insulin-producing cells present 
in the grafts were functional. This was performed by selec-
tively destroying the endogenous beta cells with the beta cell 
toxin streptozotocin and showing that the mice remained 
normoglycemic [ 5 ]. On the contrary, a signifi cant decrease in 
glycemia could not be obtained following transplantation to 
diabetic mice of endocrine cells that were differentiated in 

vitro beyond the pancreas progenitor stage [ 85 ]. All these 
data have opened a new line of thought, which assumes that 
pluripotent stem cell-derived pancreas progenitors can be 
produced in a scalable system and transplanted to diabetic 
patients [ 94 ,  95 ], thereby bypassing the current limitations in 
deriving mature beta cells in vitro. In this case, the in vivo 
microenvironment of the recipient would allow for further 
differentiation of the grafted progenitors towards functional 
beta cells as observed in the mouse. For the transplantation 
of pluripotent stem cell progenies, it is envisioned that encap-
sulation in specifi c matrices could protect the cells from 
immune rejection by the recipient. This issue is presently 
under investigation [ 95 ].  

    Small Molecule Inducers of Pancreatic 
Differentiation 

 In the course of pluripotent stem cell differentiation, several 
growth and differentiation factors described in mouse embry-
onic development are used in a sequential manner. These are 
essentially recombinant proteins that activate specifi c recep-
tors expressed by the differentiating cells, some of which are 
used at very high concentrations or are not suffi ciently sta-
ble. Considering the high cost of these recombinant proteins, 
one can assume that producing large amounts of beta cells 
required for each diabetic recipient can turn out to be very 
expensive. Small molecules can solve this issue because they 
are affordable and usually more stable in culture. In the past 
year, several small molecule screening platforms have identi-
fi ed few that recapitulate the functions of particular recombi-
nant proteins. For instance, inducer of defi nitive endoderm-1 
and endoderm-2 (IDE1 and IDE2) was recently shown to 
activate the TGFb downstream effectors SMAD2/3 in human 
ES cells, resulting in effi cient DE differentiation [ 67 ]. The 
recombinant protein Wnt3a was also replaced in few proto-
cols by small molecule inhibitor of GSK3b such as BIO or 
CHIR, which also supported activin-induced endoderm dif-
ferentiation [ 63 ,  68 ,  96 ]. In the same line, wortmannin and 
sodium butyrate were supplemented to activin A during DE 
induction [ 61 ,  92 ]. During the pancreatic and endocrine pro-
genitor stages of pluripotent stem cell differentiation, several 
small molecules are applied in order to boost PDX1 or NGN3 
expression. These include in particular the retinoid agonist 
retinoic acid, the hedgehog inhibitor cyclopamine, the BMP 
inhibitor dorsomorphin, the TGFb inhibitor SB431542, the 
focal adhesion kinase inhibitor, and novel molecules such as 
(−)indolactam V [ 63 – 66 ,  97 – 99 ]. In the future it may be pos-
sible to derive pancreatic cells using more small molecules 
and less recombinant proteins [ 63 ]; but current data indicate 
that pancreatic cells have not yet been successfully generated 
from a purely “chemical soup.”   
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    Concluding Remarks 

 Despite many years of intensive investigations by many 
excellent research groups, the search for elusive adult stem 
cells in the pancreas has not been conclusive (Fig.  1 ). The 
major challenge is to prove the existence of adult stem cells 
in pancreas tissue and to fi nd reliable cellular markers for 
their identifi cation and isolation for further study. 

 Important progress in our understanding of beta cell 
renewal, growth, and regeneration in this organ has been 
achieved. New knowledge was obtained by implementing 
lineage-tracing methods that allow us to test various hypoth-
eses on the origin of islet cells. These studies revealed an 
important plasticity in the adult pancreas with regard to the 
capacities for cell proliferation, dedifferentiation, and trans-
differentiation, not only of exocrine (acinar) cells but also of 
endocrine (alpha and beta) cells (Fig.  1 ). At present it is not 
clear which of these biological phenomena, if any, could be 
effi ciently exploited clinically to restore a functional beta 
cell mass in diabetic patients. In many instances it is not yet 
known whether the knowledge obtained from animal models 
also holds for the human system or how it could be translated 
to induce beta cell regeneration. 

 The most comprehensive progress in the past years has 
been achieved by studies of pluripotent stem cells. By imple-
menting basic knowledge of embryonic pancreas develop-
ment, important breakthroughs were obtained in guiding 
expansion and pancreatic differentiation of cultured human 
pluripotent stem cells. This research avenue seems to come 
closer to clinical application, for example, by implanting 
encapsulated hESC-derived pancreatic progenitor cell grafts 
as a treatment for type I diabetes [ 94 ]. The remaining chal-
lenge for basic research in this fi eld is to discover the embry-
onic conditions that control the terminal differentiation of 
endocrine islet cells.     
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  HNF    Hepatocyte nuclear factor   
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  INS    Insulin   
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  KM    Kubota’s Medium   
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  NCAM    Neural cell adhesion molecule   
  NGN3    Neurogenin 3   
  PBG    Peribiliary gland   
  PCNA    Proliferating cell nuclear antigen   
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  SALL4    Sal-like protein 4   
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   Caenorhabditis elegans      protein, SMA   

  SOX    Sry-related HMG box   
  TEM    Transmission electron microscopy   
  VCAM    Vascular cell adhesion molecule   
  VEGF    Vascular endothelial cell growth factor   

          Introduction 

 Liver, biliary tree, and pancreas are midgut endodermal 
organs central to handling glycogen and lipid metabolism, 
detoxifi cation of xenobiotics, processing of nutrients for 
optimal utilization, regulation of energy needs, and synthesis 
of diverse factors ranging from coagulation proteins to car-
rier proteins (e.g., AFP, albumin, transferrin). The integrity 
of the body depends heavily on liver, biliary tree, and pancre-
atic functions, and failure in any of them, especially the liver, 
results in rapid death. In recent years it has become apparent 
that these tissues comprise maturational lineages of cells that 
are in epithelial-mesenchymal cell partnerships. Each lin-
eage tree begins with an epithelial stem cell (e.g., hepatic 
stem cell) partnered with a mesenchymal stem cell (MSC) 
(e.g., an angioblast). These give rise to cellular descendants 
that mature coordinately. The maturational process generates 
epithelial and mesenchymal cells that change stepwise with 
respect to their morphology, ploidy, growth potential, bio-
markers, gene expression, and other phenotypic traits. More 

detailed presentation of the literature on the phenotypic traits 
of the biliary tree [ 1 ], pancreas [ 2 ], and of the liver [ 3 ] have 
been given in prior publications (Fig.  1 ). Moreover, the 
properties of maturational lineages in the biliary tree are not 
fully known as few studies have been completed. Here we 
note only a few examples of changes in the intrahepatic 
lineages to demonstrate the phenotypic gradients in pheno-
typic traits that can occur (Table  1 ).

    The net sum of the activities of cells at the sequential 
maturational lineage stages yields the composite tissue. 
In this review we provide an overview of stem cell popula-
tions giving rise to liver, biliary tree, and pancreas. Several 
recently published reviews present further details [ 1 ,  3 – 5 ]. 
For the sake of brevity, we will not discuss studies involving 
the lineage restriction of embryonic stem (ES) cells or 
induced pluripotent stem (iPS) cells to a hepatic or pancre-
atic fate. This topic is covered elsewhere in the book (Chap. 
  10    ). In addition, we have focused this review almost entirely 
on studies of human tissues. Other chapters in the book 
address closely related endodermal stem and precursor cells 
for the stomach (Chap.   19    ), and others provide further infor-
mation on stem cells on liver or pancreas (Chaps.   20    ,   22    , 
  30    , and   34    ) (Fig.  2 ).

       Embryonic Development 

 During early development defi nitive endoderm derives 
from stem cells through the effects of a number of pluripo-
tent transcription factors, including goosecoid, MIXL1, 
SMAD2/3, SOX7, and SOX17 [ 6 ]. Endoderm subsequently 
segregates into foregut (lung, thyroid), midgut (pancreas, 
biliary tree, and liver), and both foregut and hindgut 
 (intestine), also through the effects of specifi c mixes of 
transcription factors. Those dictating the midgut organs 
include SOX9, SOX17, FOXA1/FOXA2, Onecut2/OC-2, 
and others [ 7 – 10 ] (Fig.  3 ). The liver, biliary tree, and 
 pancreas derive from midgut endoderm established at the 
gastrulation stage of early embryonic development [ 11 ]. 
Among the other organs of endodermal origin, endogenous 
adult stem cells have been identifi ed in most, including the 
small and large intestines [ 12 ], the stomach [ 13 ], and the 
lungs [ 14 ,  15 ]. The pancreas is distinct in that lineage trac-
ing experiments indicate that there are only very rare stem 
cells in the postnatal organ [ 16 – 18 ]. Subsequently, we 
found evidence that pancreatic stem cells are not located 
within the organ itself but rather in the biliary tree, particu-
larly the hepato-pancreatic common duct. These stem cells 
give rise to committed progenitors located in pancreatic 
duct glands (PDGs) [ 2 ].

   The formation of the liver and pancreas occurs with out-
growths on either side of the duodenum that extend and 
ramify into a branching biliary tree structure that, at its 
end, engages the cardiac mesenchyme to form liver [ 19 ]. 
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One of the branches connects the gallbladder to the biliary 
tree via the cystic duct. The branch closest to the duode-
num forms the ventral pancreas. On the other side the ducts 
extend and connect to the dorsal pancreas. The formation 

of the intestine incorporates a twisting motion that swings 
the ventral pancreas anlage to the other side where it 
subsequently merges with the dorsal pancreas anlage to 
form the complete organ. The liver cannot swing to the 

  Fig. 1    Schematic of liver, pancreas, and biliary tree. Figure reproduced from Cardinale et al. (2012)       

   Table 1    Intrahepatic lineage-dependent phenotypic traits in human livers   

 Maturational lineage stage  Early (stages 1–4; zone 1)  Intermediate (stages 5–6; zone 2)  Late (stages 7–10; zone 3) 
 Cell size  7–9 μm—stem cells  ~20–25 μm  ~25–35 μm 

 10–12 μm—hepatoblasts 
 12–15 μm—committed progenitors 
 17–18 μm—adult cells 

 Ploidy  Diploid  Diploid, and some tetraploid 
depends on age 

 Tetraploid or higher 

 Proliferation  Hyperplastic growth (DNA synthesis 
with cytokinesis) 

 Hyperplastic growth and some 
hypertropic growth (depends 
on the extent of cytokinesis) 

 Hypertrophic growth (DNA 
synthesis with negligible 
cytokinesis) 

 Representative 
genes expressed 

  Stem cells : NCAM, EpCAM, CD44H 
(no AFP and little to no albumin), CS-PGs a, d  

 Transferrin c , TAT a , fully regulatable 
albumin b  

 P4503A4 a , glutathione-S- 
transferase   , HP-PGs d  factors 
associated with apoptosis a    Hepatoblasts : ICAM-1 a , EpCAM, AFP a , 

CD44H, constitutive albumin b , P450A7 a , 
HS-PGs a, d  
  Hepatocytes : glycogen synthesis enzymes a , 
CX 28 a , HS-PGs d , partially regulatable 
albumin b  

   AFP  alpha-fetoprotein,  CD44  receptor for hyaluronans,  CS - PG  chondroitin sulfate proteoglycan,  CX  connexins (gap junction proteins),  Cyp450  
cytochrome P450s,  HS - PG  heparan sulfate proteoglycan,  ICAM - 1  intercellular adhesion molecule-1,  NCAM  neural cell adhesion molecule,  TAT  
tyrosine aminotransferase 
  a Levels of expression are due to lineage-dependent activation of transcription 
  b Acquisition of relevant regulatory elements in transcription 
  c Translational mechanism(s) 
  d Posttranscriptional modifi cations (e.g., in Golgi)  

 

Stem Cell Populations Giving Rise to Liver, Biliary Tree, and Pancreas



  Fig. 2    Schematic of intrahepatic parenchymal lineages in the human liver. Figure is reproduced from Turner et al. (2011)       

  Fig. 3    Development of liver, pancreas, and biliary tree. Reproduced from Cardinale et al. (2012)       
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opposite side, given its size and its connections into the 
mesenchyme, connections which are associated with rapid 
vascularization of the forming tissue. This results in the 
liver and the ventral pancreas sharing the hepato-pancre-
atic common duct that connects them to the duodenum, 
while the dorsal pancreas has a separate connection to the 
duodenum.  

    Stem Cell and Progenitor Cell Niches 

 Stem and progenitor cells reside in discrete locations called 
niches, each with a unique environment [ 20 ] (see also Chaps. 
  1     and   4    ) (Fig.  4 ). The niches for the midgut organs include 
 peribiliary glands  (PBGs) in the extrahepatic and intrahe-
patic biliary tree; [ 2 ,  21 ,  22 ]  the ductal plates  in fetal and 
neonatal livers; the  canals of Hering , which are derived from 
the ductal plates, in pediatric and adult livers; [ 23 – 25 ] and 
the PDGs [ 2 ,  26 – 28 ]. These niches form a network that is 
continuous throughout the biliary tree, with those in the bili-
ary tree anatomically connecting directly to the canals of 
Hering within the liver and to the PDGs, the reservoirs of 
committed progenitors, within the pancreas. Many of the 
cellular components of the niches are known. Stem cell 
niches comprise epithelial stem cells and their mesenchymal 
cell partners, angioblasts. Transit amplifying niches or 
committed progenitor cell niches comprise epithelial transit 
amplifying cells and committed progenitors and their 
mesenchymal cell partners, precursors to endothelia, 
stellate cells, or stromal cells. Paracrine signaling between 
the epithelial and the mesenchymal cells is essential for 
viability, proliferative potential, and specilized cell func-
tions. It can be mimicked in vitro by use of feeder cells of the 
relevant mesenchymal type, or by defi ned mixes of matrix 
components and soluble signals. To date, the matrix and 
soluble signals in the stem cell and progenitor cell niches 
have been only partially defi ned [ 29 – 33 ]. The known com-
ponents are listed in Table  2 .

    There are hints, but no proof, that the network of niches 
begins with the Brunner’s glands. These submucosal glands 
in the duodenum are located between the major papilla, the 
entranceway to the hepato-pancreatic duct, and the minor 
papilla, the port connecting the duodenum to the dorsal 
 pancreatic duct. Brunner’s glands are not found elsewhere 
within the intestinal tract. Indeed, they are used to defi ne the 
transition from the duodenum to the beginning of the small 
intestine. Future studies should determine their possible 
 relevance to the stem cell and progenitor cell niche network 
in the biliary tree, liver, and pancreas. 

 The PBGs occur throughout the biliary tree as  intramural 
glands , found within the bile duct walls, and  extramural 
glands  that are tethered by extensions to the bile ducts [ 38 ]. 
PBGs occur in highest frequencies at the branching points of 
the biliary tree, with the greatest numbers found in the hepato-
pancreatic common duct and the large intrahepatic bile ducts 
[ 1 ] (Fig.  5 ). Beyond pioneering studies of Nakanuma and 
associates [ 38 – 40 ], almost nothing is known of the roles of 
the extramural PBGs.

   Each PBG contains a ring of cells at its perimeter and is 
replete with mucous (PAS-positive material) in its center. 
The cells in the ring are phenotypically quite homogeneous 
at some sites (e.g., hepato- pancreatic common duct, large 
intrahepatic bile ducts) but heterogeneous at other sites (e.g., 
cystic duct, hilum, common duct). The variations identifi ed 
thus far implicate maturational lineages for which there are 
two axes: [ 22 ,  41 ]
•    A radial axis starting with high numbers of primitive stem 

cells (characterized by elevated expression of pluripo-
tency genes and other stem cell markers) located in PBGs 
near the fi bromuscular layer in the interior of the bile 
ducts and ending with mature cells at the lumens of the 
bile ducts (Figs.  6  and  7 )

•       A proximal-to-distal axis starting with high numbers of 
 primitive stem cells near the duodenum and progressing 
along the length of the bile ducts to mature cells near the liver 
or pancreas.    
 Thus, the radial axis in the biliary tree near the liver 

results in mature hepatic parenchymal cells. That near the 
pancreas results in mature cells of pancreatic fate. Radialaxes 
between liver and pancreas yield cells with mature bile duct 
markers. The PBGs connect directly into the canals of 
Hering, the intrahepatic stem cell niches, and at the level of 
the hepato-pancreatic common duct, the PDGs. The net-
work provides a biological framework for ongoing organo-
genesis of liver, biliary tree, and pancreas throughout life. 

 These phenomena parallel the well-described intestinal 
lineage system. The radial axis of maturation in the intestine 
progresses from stem cells in the crypts to fully differenti-
ated cells at the tops of the villi. The proximal-to-distal axis 
follows the length of the intestine and results in distinct   Fig. 4    Network of stem and progenitor cell niches in liver, biliary tree, 

and pancreas       
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   Table 2    Cellular and microenvironment components in precursor cell niches [ 25 ,  33 – 37 ] (see also Chap.   4    )   

 A. Stem cell niches 
 Cells types  Biliary tree and hepatic stem cells  Mesenchymal cell partners: angioblasts 
 Markers  NCAM, CD133, LGR5, SOX9, SOX17, PDX1, 

pluripotency genes that include Nanog, OCT4, 
SOX2, KLF4, SALL4 

 CD117, CD133, VEGF-receptor, Von Willebrand 
factor 

 Extracellular matrix components  Type III collagen, hyaluronans, minimally sulfated chondroitin sulfate proteoglycans, a form of laminin 
that binds to alpha6/beta4 integrin (laminin-5?) 

 Soluble factors   Leukemia inhibitory factor (LIF), interleukin 11 (IL-11), and others still being identifi ed 
 B. Transit amplifying cell and progenitor cell niches 
 Cell types  Hepatoblasts, hepatocytic and biliary committed 

progenitors, pancreatic committed progenitors 
 Mesenchymal cell partners: 
 Stellate cell precursors  Endothelial cell precursors 

 Markers  EpCAM, ICAM-1, SOX9, no expression of 
pluripotency genes 

 CD146, alpha-smooth 
muscle actin (ASMA), low 
levels of desmin, ICAM-1, 
but no GFAP and minimal 
levels of vitamin A 

 CD133, CD31, VEGF-
receptor, Von Willebrand 
factor  —AFP, albumin,  CYP450A7 in hepatoblasts 

 — Glycogen, albumin, CX28 in hepatocytic 
committed progenitors 

 — Secretin receptor, CFTR in biliary committed 
progenitors 

 — NGN3, MUC6, amylase, low levels of insulin, 
and other islet hormones in pancreatic 
committed progenitors 

 Extracellular matrix components  Hyaluronans, type IV collagen, form(s) of laminin binding to alpha/beta1 integrin, sulfated forms of 
CS-PGs, and minimally sulfated form of HS-PGs 

 Soluble factors  HGF, EGF, bFGF, IL-11, IL-6, and others 

   AFP  alpha-fetoprotein,  CFTR  cystic fi brosis transmembrane conductance regulator,  CS - PG  chondroitin sulfate proteoglycan,  EGF  epidermal 
growth factor,  FGF  fi broblast growth factor,  GFAP  glial fi brillary acidic protein,  HGF  hepatocyte growth factor,  HS - PG  heparan sulfate proteo-
glycan,  ICAM - 1  intercellular adhesion molecule-1,  IL  interleukin,  MUC6  Mucin 6, oligomeric mucus/gel-forming,  NGN3  neurogenin 3,  VEGF  
vascular endothelial cell growth factor  

  Fig. 5    PBGs in adult human 
biliary tree tissue stained for 
SOX17 or PDX1. Figure modifi ed 
from Cardinale et al. (2011)       
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mature cells depending on whether they are located in the 
esophagus, stomach, duodenum, small or large intestine. 

 The phenotypic changes in cells in the PBGs along the 
identifi able maturational lineages indicate the existence of 
multiple subpopulations of stem cells. Populations in PBGs 
at the start locations (near the fi bromuscular layers in 
the interior of the bile ducts) and those near the duodenum 
have the highest numbers of stem cells that co-express endo-
dermal transcription factors essential for liver and pancreas 
formation (e.g., SOX9, SOX17, PDX1). These cells also 
express genes associated with pluripotency (Nanog, OCT4, 
SOX2, KLF4, SALL4) and other early lineage stage markers 

(NCAM, LGR5, CD133) or indicators of proliferation (e.g., 
Ki67). Furthermore, they do not express detectably markers 
of mature cells (e.g., insulin, albumin) [ 22 ,  41 ]. The PBGs 
between those with the most primitive stem cell traits and 
those with mature markers are characterized by cells with an 
intermediate phenotype: expression of epithelial cell adhe-
sion molecule (EpCAM); some but not all of the endodermal 
transcription factors (e.g., PDX1 or SOX17, but not both); 
less or negligible amounts of the pluripotency genes; fewer, 
if any, of the other stem cell traits (e.g., LGR5 or CD133); 
and low but detectable expression of one or more mature cell 
markers (e.g., albumin or insulin). The extent of expression 

  Fig. 6    Radial axis maturational (blue) lineage within bile ducts. Gradient 
in expression of stem cell markers and of cell proliferation in PBGs (red). 
( a – c ) Immunohistochemistry for EpCAMs counterstained with PAS. 
Glandular elements just beneath the surface epithelium (see magnifi cation 
in ( b )) are mostly EpCAMs-negative and PAS-positive (goblet cells); by 
contrast, acini deeply located near the fi bromuscular layer (see magnifi ca-
tion in ( c )) are composed of cells that are or [EpCAM+, PAS+] cells 
( arrowhead ). a mix of [EpCAM−, LGR5+] and [EpCAM+, LGR5+] and 

PAS or negative ( arrows ). ( d – f ) Immunohistochemistry for PDX1. PDX1+ 
cells (brown) are mostly situated deeply within duct walls (see magnifi ca-
tion in ( f ):  arrows ). PBGs near the surface epithelium are occasionally 
PDX1+ ( arrow  in ( e )). ( g – i ) Immunohistochemistry for PCNA. 
Proliferating cells are mostly present in glandular elements located near the 
fi bromuscular layer ( arrows  in ( i )). Few cells are positive in more superfi -
cial acini. Notably, surface epithelial cells are (brown) mostly negative for 
PCNA. Scale Bar = 50 μm. Figure reproduced from Carpino et al. (2012)       
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of the mature lineage markers increases with proximity to 
the bile duct lumens and to the liver or the pancreas (Figs.  6 ,  7 , 
and  8 ).

   The in situ studies summarized above have been comple-
mented by in vitro studies of the biliary tree stem cells, 
hepatic stem cells, hepatoblasts, and committed progenitors 
of liver or pancreas. More details on those in the liver are 
given later in this review. Here, we will summarize observa-
tions on biliary tree stem cells (Fig.  9 ).

   These cells can be dispersed into a cell suspension and 
grown on culture plastic or on certain extracellular matrix 
components and in  Kubota ’ s Medium , a serum-free formula-
tion tailored for culture selection and expansion of endodermal 
stem cells and progenitors. The same medium has proven use-
ful also for angioblasts and their descendants [ 1 ,  29 ,  31 ,  33 ,  42 ] 
(Fig.  10 ). Kubota’s Medium comprises any rich basal medium 

with low calcium (~0.3 mM), no copper, selenium (~10 −10  M), 
zinc (~10 −12  M), insulin (~5 μg/mL), transferrin/fe (~5 μg/mL), 
high-density lipoprotein (~10 μg/mL), and a defi ned mixture 
of purifi ed free fatty acids bound to highly purifi ed albumin. 
Notably, the medium contains no cytokines or growth factors. 
Mature cells do not survive in Kubota’s Medium, only the stem 
cells and progenitors from both epithelial and mesenchymal 
cell lineages. Thus, it co-selects for endodermal stem cells and 
progenitors and their mesenchymal stem/progenitor cell part-
ners, angioblasts and their descendants, precursors of stellate 
cells or endothelia [ 29 ,  33 ].

   We observed two major types of biliary tree stem cell colo-
nies in cultures. Type 1 colonies have cells that undulate 
(“dancing cells”), are very motile, and initially do not express 
EpCAM (CD326) but acquire it at the edges (the perimeters) 
of the colonies, corresponding to slight cellular differentiation. 

  Fig. 7    Radial axis maturational lineage near liver. The markers change 
from those found in the PBGs near the fi bromuscular layer to those 
found in cells at the lumens of the bile ducts. Here are images tracking 
two markers, albumin and EpCAM, from the PBGs to the luminal sur-
face of the ducts. Note that some of the cells within the PBGs express 
EpCAM or albumin, while some do not. With progression towards the 
surface, there are PBGs in which all of the cells express EpCAM but 
may be devoid of albumin expression. Finally, the cells at the lumen of 

the ducts express both EpCAM and albumin. We hypothesize that these 
fi ndings are evidence for a maturational lineage progressing from the 
PBGs deep within the walls of the bile duct to the cells at the luminal 
surface of the ducts and that EpCAM is an intermediate marker and 
albumin a more mature marker for the cells that are maturing towards a 
liver fate. This occurs in the portion of the biliary tree closest to the 
liver. Figure reproduced from a fi gure in the online supplement of 
Cardinale et al. (2011)       
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The type 1 colonies are precursors to type 2 colonies. The lat-
ter show uniform expression of EpCAM from the outset and 
display a carpet-like appearance with cells of uniform mor-
phology. The expansion potential of the cells in culture in 
Kubota’s Medium is considerable: 2–3 cells can grow to colo-
nies of more than 500,000 cells in ~8 weeks [ 1 ]. The cells 
retain a stable stem cell phenotype (i.e., self-renew) through-
out months of culture and may be subcultured (“passaging”). 
Initially cells show a typical division time of about 1–2 days, 
but within a week, they slow to a division every 2–3 days.    At 8 
weeks the colonies contain cells in the centers that are 
morphologically uniform, are small (7–9 μm), and express 
high levels of stem cell markers.    Cells at the edges of the large 
colonies are slightly larger (~10–12 μm) and have weak 
expression of EpCAM and expression of markers intermediate 
in the differentiation pathways, indicating potential loss of 
stemness and transition to more mature progenitors. 

  Fig. 8    Major subpopulations of 
stem cells and progenitors in 
liver, biliary tree, and pancreas. It 
is unknown at this time whether 
the pancreatic stem cells, located 
within the biliary tree, derive 
from type I or type II biliary tree 
stem cells or both. Although the 
two populations of biliary tree 
stem cells and pancreatic stem 
cells are present in highest 
numbers in the hepato-pancreatic 
common duct, they are found 
also in large numbers in the 
PBGs of the large intrahepatic 
bile ducts (fi gure prepared with 
information from Carpino et al. 
2012; Wang et al. 2012)       

  Fig. 9    Serum-free, hormonally defi ned media (HDM) used for 
 expansion or for differentiation of stem/progenitors. They include 
Kubota’s Medium used for stem/progenitors and HDM tailored to a 
mature cell type       
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 Using three-dimensional (3D) hydrogels and appropriate 
signaling molecules, the biliary tree stem cells can be 
induced to differentiate to hepatocytes, cholangiocytes, or 
pancreatic neo-islets [ 1 ]. We have not done studies yet to 
learn if they can give rise to acinar cells. The differentiation 
is achieved by embedding the stem cells in specifi c mixes of 
extracellular matrix components (hyaluronans and type I 
collagen for bile ducts, hyaluronans and type IV collagen 
and laminin for hepatocytes or islets) and providing a serum-
free, hormonally defi ned medium (HDM) tailored for a spe-
cifi c mature cell type.    The HDM are prepared by 
supplementing Kubota’s Medium with copper (10 −12  M), 
higher calcium (0.6 mM), and bFGF (10 ng/mL) and then 
adding a unique set of hormones and growth factors for 
hepatocytes ( HDM - H , glucagon, galactose, T3, oncostatin 
M, hepatocyte growth factor (HGF), epidermal growth factor 
(EGF), glucocorticoids), cholangiocytes ( HDM - C , HGF, 

EGF, VEGF, glucocorticoids), or pancreatic islets ( HDM - P , 
B27, ascorbic acid, cyclopamine, retinoic acid, HGF, and, 
after 4 days, replacement of bFGF with Exendin-4). Further 
optimization of these conditions is underway. 

 The gene expression profi les of cells in the 3D hydrogels 
complemented the morphological observations. For exam-
ple, cells cultured under conditions for hepatocytes produced 
albumin, transferrin, and P450s. Cells in conditions for chol-
angiocytes expressed anion exchanger 2 (AE2), cystic fi bro-
sis transmembrane conductance regulator (CFTR), gamma 
glutamyl transpeptidase (GGT), and secretin receptor. Cells 
in conditions for pancreatic islets expressed transcription 
factor PDX1 and the hormones glucagon, somatostatin, and 
insulin. Specifi c staining for human C-peptide confi rmed de 
novo synthesis of proinsulin, and its secretion was regulated 
in response to the level of glucose. In vivo studies provided 
further evidence for the multipotency of the human biliary 

  Fig. 10    There are two types of biliary tree stem cell colonies. Type II 
colonies ( a ,  b ) contain cells those that express EpCAM on every cell 
from the outset. Type I colonies ( c ,  d ) are those that are EpCAM nega-

tive initially but acquire expression of EpCAM at the perimeter of the 
colonies. Reproduced from Cardinale et al. (2011)       
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stem cells for hepatic, biliary tree, and pancreatic fates. 
Direct injection of the stem cells into the livers of immune-
defi cient mice generated mature human hepatocytes and 
cholangiocytes (Fig.  11 ).

   To confi rm endocrine pancreatic differentiation, pre- 
induced neo-islet structures were implanted into mouse fat 
pads, and the animals were treated with a toxin (streptozoto-
cin) at a dose suffi cient to destroy their own pancreatic beta 
cells, but not human beta cells. Those mice transplanted with 
the human neo-islets showed signifi cant resistance to hyper-
glycemia compared to controls that did not receive cell ther-
apy. The presence of functional beta-like cells derived from 

the biliary tree stem cells produced serum levels of human 
C-peptide, which was regulated appropriately in response to 
a glucose challenge [ 1 ] (Fig.  12 ). Further studies have con-
fi rmed and expanded upon these initial fi ndings, leading us 
to conclude that the hepato-pancreatic common duct is the 
major reservoir of stem cells giving rise to committed pro-
genitors found in PDGs and thence to pancreatic islets 
throughout life [ 41 ]. Ongoing studies are testing whether the 
maturational lineage involves a migration of cells or, as in 
the intestine, a type of “conveyer belt” leading to mature 
cells. See Table  3  for markers occurring at varying stages 
along the proximal-to-distal axes.

  Fig. 11       Self-replication of biliary tree stem cells in Kubota’s Medium 
( a ). Lineage restriction of the biliary tree stem cells to bile ducts ( b – d ) 
vs. hepatocytes ( e – g ) vs. pancreatic islets ( h – l ). In ( h ) are shown two 
images of a neo-islet stained for zinc, a co-factor in insulin synthesis. 

In ( i ) is a phase contrast image of the hydrogel that was then stained for 
C-Peptide ( j ), PDX1 ( k ) and a merged image of ( j ,  k ). Figure is modi-
fi ed from a fi gure in Cardinale et al. (2011)       
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  Fig. 12    Schematic of probable lineage pathways for stem cells and progenitors in the biliary tree. Figure is from a review by [ 1 ]       

   Table 3    Comparison of markers of stem/progenitor cells in liver, biliary tree, and pancreas (reproduced from a table in the online supplement of [ 2 ]   

 Proximal-to-distal axis of the maturational lineages 

 Liver 
      

 Pancreas 

 Cells     Hepatoblasts  —
adjacent to Canals 
of Hering [ 25 ,  29 ] 

 Hepatic stem 
cells in Canals 
of Hering [ 3 ] 

 Biliary tree stem cell subpopulations in peribiliary 
glands (PBGs) [ 2 ,  21 ,  22 ,  64 ] 

 Pancreatic committed progenitors 
in pancreatic duct glands (PDGs) 
[ 2 ] 

 Endoderm 
markers 

 SOX9  SOX9, SOX17  SOX9, SOX17   a SOX 9, 
SOX17, 
PDX1 

 SOX9, PDX1  SOX9, PDX1 

 Epithelial 
markers 

 CK8 and 18, CK19, E-cadherin 

 Cell adhesion 
molecules 

 αβ1 integrin, ICAM-1  α6β4 integrin [ 33 ], 
NCAM, EpCAM 

 NCAM, EpCAM  NCAM  NCAM, EpCAM  Integrins [ 100 ] 

 EpCAM  Integrins not yet studied  EpCAM [ 101 ] 

 Pluripotency 
genes b  

 None  moderate  Strong OCT4A, SOX2, NANOG, KLF4  None [ 102 ,  110 ] 

 Other stem 
cell markers 

 Weak CXCR4, CD133, 
SALL4 

 Strong CXCR4  CXCR4, CD133, SALL4, LGR5  CXCR4 [ 106 ], CD133 [ 104 ,  107 ] 

 CD133, 
LGR5, SALL4 

 CD117 [ 31 ]c  CD24 [ 105 ] 

 Hedgehog 
proteins 

 Weak Indian 
and Sonic [ 32 ] 

 Strong Indian 
and Sonic [ 32 ] 

 Indian; 
Sonic hedgehog expressed  

 Weak Sonic [ 102 ,  104 ,  111 ] 

 Matrix 
proteins 

 Laminin, type IV 
collagen [ 33 ] 

 Laminin-5, 
type III collagen 
[ 33 ,  62 ] 

 Not tested  Fetal islets have collagen IV, V, 
VI, nidogen, elastin; fetal acinar 
cells have primarily fi brillar 
collagens, fi bronectin 

 GAG/PGs  HA, CD44, 
syndecans, and 
CS-PGs [ 33 ,  66 ,  67 ] 

 HA, CD44, 
minimally 
sulfated CS-PGs 
[ 33 ,  103 ] 

 HA, CD44; others not yet tested  HA, CD44, fetal islets have 
syndecans (HS-PG-1 and 3), 
glypicans; fetal acinar cells have 
primarily CS-PGs (Wang and 
Reid, unpublished studies) 

(continued)
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        Hepatic Stem Cells 

 Those familiar with the myth of Prometheus will recall that 
the liver possesses a remarkable capacity for regeneration 
[ 43 ]. Yet liver diseases, potentially leading to organ failure 
due to hepatitis viruses, alcohol consumption, diet and meta-
bolic disorders, and other causes, constitute a major medical 
burden [ 44 – 46 ] (Fig.  13 ).

   Cell-based therapies and tissue engineering represent 
possible approaches to address these needs [ 3 ,  47 – 50 ]. 
Sourcing of cells for such applications is a signifi cant chal-
lenge. In some countries it is possible to obtain fetal tissues. 
In others neonatal or adult tissues can be used. Given the 
newly discovered source of stem cell population in the bili-
ary tree, this tissue represents a major potential source of the 
stem cells for cell therapy and tissue engineering for both 
liver and pancreas. 

 Here we will focus specifi cally on stem/progenitor cells 
of the liver and biliary tree as they pertain to formation of 
liver (Fig.  14 ). The role(s) of stem cells in the normal main-
tenance of the liver and in regeneration from various insults 
remains a subject of active research and debate [ 23 ,  24 ,  43 , 
 49 ,  51 – 56 ]. This section of the review focuses more on 
hepatic stem cells (hHpSCs) and hepatoblasts (hHBs) and 
what is known of their location and involvement in quiescent 
vs. regenerative liver tissue.

   There are multiple stem cell populations located within the 
peribiliary glands of the intrahepatic bile ducts in livers of all 
donor ages [ 22 ] and in the ductal plates in fetal and neonatal 
livers [ 25 ,  57 ,  58 ]. The ductal plates transition to become 
canals of Hering in pediatric and adult livers; they consist of 
small ductules located at each of the portal triads [ 24 ,  25 ,  59 , 
 60 ]. The canals of Hering give rise to the organ’s two special-
ized epithelial cell types, hepatocytes and cholangiocytes (bile 
duct cells), via an organized maturational lineage system [ 3 ]. 

    Hepatic Stem Cell Isolation and Expansion 

 We reported several years ago on the isolation of human 
hepatic stem cells (hHpSCs) from fetal, neonatal, pediatric, 
and adult human livers by selection with a monoclonal anti-
body for the surface marker EpCAM [ 31 ] (Fig.  15 ). These 
cells constitute approximately 1 % (0.5–1.5 %) of the total 
liver population from early childhood onwards. Unlike 
mature hepatocytes, they survive extended periods of isch-
emia, allowing collection even several days after cardiac 
arrest [ 61 ]. The hHpSCs express additional surface markers 
often found on stem/progenitor cells, such as CD133 (prom-
inin), CD56 (neural cell adhesion molecule, NCAM), and 
CD44 (the hyaluronan receptor); they also express character-
istic endodermal transcription factors SOX9, SOX17, and 
HES1. They are small (diameter 7–9 μm, which is less than 
half that of mature parenchymal cells) and express weak or 
negligible levels of adult liver-specifi c functions such as 
albumin, cytochrome P450s, and transferrin. The stem cells 
display far greater capacity to proliferate in culture than 
hepatocytes or cholangiocytes and can continue to expand 
for months with a doubling time of 36–40 h. The colonies 
that form look remarkably similar to those of embryonic 
stem (ES) cells or iPS cells [ 31 ,  33 ,  41 ,  62 ].

   The hHpSCs serve as immediate precursors of hepato-
blasts. The hepatoblasts are readily distinguished by the 
expression of α-fetoprotein and intercellular adhesion mole-
cule-1 (ICAM- 1), for which the hHpSCs are negative [ 25 ,  31 , 
 33 ] (Fig.  16 ). The hepatoblasts, in turn, are precursors of com-
mitted unipotent progenitors for hepatocytes and cholangio-
cytes. When injected into the livers of immune-defi cient mice, 
the hHpSCs give rise to cells expressing characteristic human 
liver and bile duct proteins, especially after the host’s liver has 
been damaged by treatment such as with carbon tetrachloride.

   Whereas there has been limited success to achieve ex 
vivo expansion of hematopoietic stem cells, the stem cell 

 Liver traits  Albumin++, 
AFP+++, P450A7, 
Glycogen [ 31 ] 

 Albumin+/−, 
AFP− [ 31 ] 

 None of the mature traits  None 

 Pancreatic 
traits 

 None  None  ISL1, PROX 1, NeuroD, PAX4  NGN3, MAFA, MUC6, Nkx6.1/
NKx6.2 (Nkx6) and Ptf1a [ 108 , 
 112 ], GLUT2 [ 109 ] 

 Multidrug 
resistance 
genes 

 MDRI-negative 
ABCG2-moderate [ 64 ] 

 MDRI-1 moderate, MVR-1 Strong ABCG2 Strong [ 64 ]
ABCG2 [ 64 ] 

 None 

   PBGs  peribiliary glands,  PDGs  pancreatic duct glands,  HA  hyaluronans,  HS - PGs  heparan sulfate proteoglycans,  CS - PG   S   chondroitin sulfate proteoglycans, 
 Syndecans  HS-PGs that have transmembrane core proteins,  Glypicans  HS-PGs linked to plasma membrane by PI linkages,  MDRI  multidrug resistance genes 
  a These biliary tree stem cells are the most primitive and found near the fi bromuscular layer within the bile ducts; they give rise in the radial axis maturational 
lineage to EpCAM+ cells 
     b  Pluripotency genes  = OCT4, NANOG, KLF4, SOX2
c CD117  is found in canals of Hering and present on angioblasts that are tightly bound to the hepatic stem cells; it is hypothesized to be found in the 
PBGs in association with the various stem cell subpopulations.  Hepatoblasts , transit amplifying cells, give rise to  hepatocytic and biliary committed 
progenitors  that do  not  express SOX17, pluripotency genes, LGR5, or other markers of stem cells. See also Fig.  8   

Table 3 (continued)

Stem Cell Populations Giving Rise to Liver, Biliary Tree, and Pancreas



296

populations of the hepatic lineages proliferate rapidly and for 
a sustained period in Kubota’s Medium [ 29 ] which, as stated 
previously, contains no additional growth factor or cytokine. 
Conceivably, pathways important for hepatic stem/progeni-
tor cell survival in vivo, such as Hedgehog (Hh) signaling 
[ 32 ], are activated through autocrine loops. The expanded 
hHpSCs maintain a stable marker phenotype and express the 
enzyme telomerase, whose mRNA and the protein encoded 
are localized to the nucleus in the hHpSCs and the hepato-
blasts; telomeric enzymatic activity correlated well with both 
the mRNA and protein and with the protein being found 
within the nucleus (Fig.  17 ). However, later lineage stages 
(committed progenitors to late lineage stage mature cells) 
have no evidence of synthesis of telomerase but have large 
amounts of telomerase protein localized cytoplasmically. 
Telomeric enzymatic activity does not correlate with total 
telomerase protein levels. We hypothesize that regenerative 
demands will result in small amounts of the cytoplasmic 
reserves of telomerase relocating to the nucleus. If we are 
correct, the enzymatic activity levels should correlate with 
the amount of telomerase protein in the nucleus [ 63 ].

   More recently, we have observed that Sal-like protein 4 
(SALL4) is strongly expressed in the hBTSCs, hHpSCs, and 

hHBs but not in committed progenitors of either liver or 
pancreas [ 64 ]. SALL4 is a member of a family of zinc fi nger 
transcription factors and a regulator of embryogenesis, organ-
ogenesis, and pluripotency. It can elicit reprogramming of 
somatic cells and is a marker of stem cells. We found it 
expressed in normal mHBs, normal hHpSCs, hHBs, and 
hBTSCs, but not in committed hepatocytic or biliary progeni-
tors and not in mature parenchymal cells of liver or biliary tree. 

 A crucial prerequisite for successful expansion of hHp-
SCs is to mimic an appropriate microenvironment. When 
selected for growth in vitro on tissue culture plastic and in 
Kubota’s Medium, the hHpSCs grow as colonies with feed-
ers of angioblasts (CD117+, VEGF-receptor+, CD133+, Von 
Willebrand Factor+); [ 31 ,  33 ,  37 ] the feeders can be replaced 
with weakly cross-linked hyaluronans and type III collagen 
[ 30 ,  33 ,  65 ]. The cells expand for months under these condi-
tions. By contrast, hHBs survive for only about a week under 
the same conditions, but they can survive if they are co- 
cultured with stellate cell precursors (CD146+, alpha-smooth 
muscle actin+, desmin+, VCAM+, ICAM-1+, GFAP) or 
feeders of MSCs. The stellate feeder cells (or feeders of 
MSCs) can be replaced with hyaluronans, type IV collagen, 
and/or laminin [ 33 ,  66 ,  67 ]. The medium and matrix conditions 

  Fig. 13    Schematic of the liver acinus encompassing portal triads to central vein and showing direction of blood fl ow, bile fl ow, and maturational 
lineage. Modifi ed from a fi gure in Reid et al. (1992)       
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described above allow for fl ow cytometrically purifi ed hHp-
SCs or hHBs to survive and proliferate in culture and without 
the need for feeders. Both type III collagen and hyaluronans 
are constituents of the normal liver stem cell niche [ 30 ,  33 ]. 

 Conversely, 3D cultures in hyaluronans supplemented 
with other matrix components, and used in combination with 
serum-free medium supplemented with specifi c hormones 
and growth factors (HDM-H or HDM-C), result in differen-
tiation of the cells. The HDM for driving the stem cells to a 
mature fate consists of Kubota’s Medium supplemented with 
copper (10 −12  M), calcium (0.6 mM), basic fi broblast growth 
factor (10 ng/mL), and glucocorticoids (10 −8  M) and further 
tailored for hepatocytes with supplementation of glucagon, 
galactose, triiodothyronine (T3), oncostatin M, EGF, and 
HGF; an HDM for cholangiocytes contains HGF, vascular 
epithelial growth factor (VEGF), and EGF [ 33 ]. The matrix 
components used are hyaluronans into which are mixed 
network collagens (type IV, type VI) and laminin for 

hepatocytes vs. type I collagen or type I collagen and fi bro-
nectin for cholangiocytes. 

 The hHpSCs also respond to mechanical forces. Initially, 
it was apparent that hHpSCs grew better on transwells coated 
with type III collagen rather than hard plastic surfaces with 
the same coating [ 30 ,  62 ]. A systematic study of hHpSC 
behavior in 3D cultures using hyaluronan hydrogels of differ-
ing stiffness indicated that rigidity of the microenvironment 
is an important parameter in regulating maintenance of stem-
ness vs. differentiation to more restricted progenitors [ 68 ]. 
This had been studied previously in differentiation of pro-
genitors for bone and other hard tissues, but not for internal 
organs such as the liver. The optimal expansion of the hHp-
SCs for clinical applications likely will be achieved in 3D 
hydrogels containing type III collagen, hyaluronans, and pos-
sibly additional matrix components or synthetic mimetics. 

 The hHpSCs, like human ES cells, grow in tight colonies. 
Dissociating either type of stem cells has proven to be an 

  Fig. 14    Ductal plates found in fetal and neonatal livers with the loca-
tion of hHpSCs and hHBs (see  white arrows ). Both co-express albumin 
and CK19. The hHBs, but not the hHpSCs, express alpha-fetoprotein 
(AFP). The expression of CK19 and EpCAM are more intense in 

hHpSCs. EpCAM in hHBs is confi ned primarily to the plasma mem-
brane. Published information on the stem cell niches derived from 
Zhang et al. (2008); fi gure was fi rst published in a methods review 
(Wauthier et al. 2008)       
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important practical problem for their effi cient expansion ex 
vivo and for cryopreservation [ 69 ]. When treated enzymati-
cally to generate a single cell suspension, both of these stem 
cell types undergo a high level of cell death. Ding’s laboratory 
screened for chemicals that would enable ES cells to survive 

enzymatic dissociation and remain pluripotent. They identi-
fi ed two compounds, a 2,4-disubstituted thiazole (Thiazovivin) 
and a 2,4-disubstituted pyrimidine (Tyrintegin), that met these 
criteria [ 70 ]. They found that Thiazovivin inhibits the Rho-
associated kinase (ROCK), a key component of the pathway 

  Fig. 15    Canals of Hering in pediatric and adult livers. From Zhang et al. [ 25 ] and Theias et al. [ 24 ]       

  Fig. 16    Colony of hHpSC vs. an hHB colony from human fetal livers. 
The colonies were stained for EpCAM ( green ) and DAPI ( blue ). The 
hHpSCs do not express alpha-fetoprotein at all but rather express 

NCAM (shown in  red ). By contrast, hHBs express alpha-fetoprotein 
( red ) and ICAM-1 (not stained). Figure is reproduced from Wang et al. 
(2010)       
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that controls cytoskeleton remodeling, and a likely regulator 
of cell-ECM and cell-cell interactions. Tyrintegin enhances 
attachment of dissociated ES cells to ECM and stabilizes 
E-cadherin. The investigators concluded that ES cell interac-
tions in the normal niche generate signals essential to survival 
and that small molecules modulating those signals can main-
tain viability of dissociated cells (Fig.  18 ).

   Likewise, we have observed that hyaluronans, a normal 
component of most, if not all, stem cell niches, can protect 
hHpSCs for dissociation and cryopreservation [ 69 ]. The 
addition of hyaluronans was found to protect cell adhesion 
mechanisms including the hyaluronan receptor, E-cadherin, 
and certain integrins, markers shared by hepatic and many 
other stem cell populations [ 69 ].   

    The Need for Grafting Strategies in 
Transplantation of Cells from Solid Organs 

 Transplantation of stem cells into hosts faces challenges 
applicable to all cell types derived from solid organs. 
If cells are transplanted via a vascular route, there is ineffi -
cient engraftment; the cells disperse to ectopic sites; and 
emboli may form [ 65 ]. Our studies and those conducted by 
many others have found that mature cells achieve only 
~20 % engraftment if injected into the portal vein of the 
liver [ 45 ,  71 ,  72 ]. Stem cells are even more challenging, 
with  approximately only 3 % of the cells engrafting if 
administered via the portal vein (or via the spleen that 
 connects directly to the portal vein). This can be improved 
to ~20 % engraftment in the liver if stem cells are injected 

into the hepatic artery [ 73 ]. The remaining majority of the 
cells either die or engraft in ectopic sites, most commonly 
the lung. Cells that lodge in the vascular beds of ectopic 
sites can survive for months [ 74 ], a fi nding of unknown 
 signifi cance at this time, but of potential clinical concern. 

 We have devised grafting strategies for transplantation of 
hHpSCs embedded into a mix of soluble signals and extracel-
lular matrix biomaterials (hyaluronans, type III collagen, 
laminin) found in stem cell niches [ 74 ]. The hHpSCs main-
tain a stable stem cell phenotype under the graft conditions. 
The grafts were transplanted into the livers of immunocom-

  Fig. 17    Phase contrast images of hHpSCs vs. hHBs derived from adult 
human livers. The hHpSCs form colonies that are similar in appearance 
to those of ES cell colonies; the cells are relatively uniform in morphol-
ogy, with high nucleus to cytoplasmic ratio and tightly bound to each 

other via E-cadherin. The hHB colonies form more cord-like structures 
interspersed by canaliculi. Image reproduced from Schmelzer et al. 
(2007). Similar images appear in Wang et al. (2010)       

  Fig. 18    Summary of engraftment potential of liver cells when trans-
planted by various routes. Data derive from multiple sources and 
reviews (Turner et al. 2010; Turner et al. 2012; Puppi et al. 2012)       
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promised murine hosts, with and without carbon tetrachloride 
treatment, to assess the effects of quiescent vs. injured liver 
conditions. Grafted cells remained localized to the livers, 
resulting in a larger bolus of engrafted cells in the host livers 
under quiescent conditions and demonstrated more rapid 
expansion upon liver injury. We therefore have proposed 
grafting as a preferred strategy for cell therapies for solid 
organs such as liver [ 65 ,  74 ] (Fig.  19 ).

       Differentiation 

 The pharmacology of stem cell differentiation also must 
encompass both soluble signals (i.e., conventional biologics 
and/or drugs) and matrix components corresponding to the 
cells’ 3D microenvironments. Cytokines and other soluble 
factors necessary for liver development and for the mainte-
nance of differentiated hepatocytes have been known for 
some time [ 35 ,  36 ,  75 ] (see also Chaps.   4    ,   22    , and   34    ). 
However, the specifi c and effi cient directed differentiation of 
stem or progenitor cells to fully mature hepatocytes and 
cholangiocytes ex vivo has remained a diffi cult challenge. 

This, in fact, is a general problem in much of stem cell 
 biology, whether starting with lineage-restricted adult stem 
cells or pluripotent ES and iPS cells (see Chap.   10    ). 

  Biomatrix scaffolds . Approximately 30 years ago, Reid and 
associates developed a means to provide an environment 
conducive to maintenance of the differentiated state by pre-
senting cells with ECM components, termed  biomatrices , 
prepared by a high-salt extraction procedure [ 76 ]. Frozen 
sections or pulverized liver biomatrices used as cell culture 
substrata enabled the long-term survival of highly functional 
hepatocytes, far beyond what could be achieved on plastic or 
with simple type I collagen gels. Recently, we have estab-
lished an improved protocol, one involving perfusion 
 strategies and also with high-salt extraction, to prepare decel-
lularized organs. We call the extracts  biomatrix scaffolds . 
They are tissue-specifi c but minimally (if at all) species- 
specifi c, and they potently  induce  cell differentiation [ 41 ]. 
The biomatrix scaffolds contain >98 % of the collagens and 
known collagen-bound matrix components, including most 
of the fi bronectins, laminins, nidogen, entactin, elastin, etc., 
and essentially all the proteoglycans (PGs). They retain phys-

  Fig. 19    Grafting strategies dramatically improve engraftment effi ciency and minimize ectopic distribution of transplanted cells. Image reproduced 
from Turner et al. (2012)       
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iological levels of the known matrix-bound cytokines and 
growth factors found in the tissue. Mature parenchymal cells 
plated on biomatrix scaffolds in a serum-free HDM remained 
stable for many weeks and continued to express liver-specifi c 
functions equivalent to those of freshly isolated cells. 

 The hHpSCs seeded onto the liver biomatrix scaffolds in 
a serum-free defi ned medium underwent several rounds of 

cell division, followed by growth arrest and differentiation 
within approximately a week to mature hepatic parenchymal 
cells. High levels of specialized hepatocyte and cholangio-
cyte protein expression and functions could then be main-
tained for more than 8 weeks [ 41 ] (Figs.  20 ,  21 ,  22 , and  23 ).

      Differentiation of hHpSCs to mature parenchymal cells 
can be achieved also in 3D hyaluronan hydrogels prepared in 

  Fig. 20       Transmission and scanning electron microscopy images of 
rat liver biomatrix scaffolds. (a) Low magnifi cation of a blood vessel 
(BV). probably the portal vein, based on the narrow wall (W) thick-
ness compared to the large diameter of the vessel. The undulations or 
scalloping of. the vessel (sometimes linked to the internal elastic lam-
ina of an artery) is here probably a partial collapse of the vessel wall. 
Collagen Type I fi bers (large arrowhead) are numerous and contains 
cross-sections of individual fi bers that do not take up heavy metal 
stains (white dots, small arrowheads). (A1) Higher magnifi cation of a 
vessel wall shows basement membrane (large arrow), amorphous 
elastin (*), and associated elastic fi bers, a rare membrane vesicle rem-
nant (small arrowhead), a collagen Type I banded fi ber (arrowhead), 
and small fi brils (small arrows). The small fi brils are probably fi brillin 
(Type VI collagen) that associates closely and helps organize Type I 

collagen. (b) High magnifi cation of Type I collagen with 64 nm 
banding pattern (arrows). (c) Low magnifi cation of a vessel with a 
thin wall (BV) and the wall of a larger vessel (W). (d) At higher mag-
nifi cation, the large vessel wall (W) is scalloped, consistent with 
hepatic artery of a portal triad, see (a). Beneath the wall are numerous 
Type I collagen bundles (large arrow) linked by long branching thin, 
reticular (Type III) collagen fi brils (small arrows). (e) A large bundle 
of Type I collagen has characteristic parallel fi bers (large arrow) asso-
ciated with a variety of smaller fi bers (arrow) and nodular or beaded 
fi bers (arrowhead). (f) 3D meshwork of large/small fi bers interlinked 
in a plane that forms a boundary such as to a liver sinusoid. (F1) 
Higher magnifi cation of the meshwork showing a variety of fi bers 
(arrows): Type III collagen (larger diameter straight), elastic fi bers, or 
Type VI collagen       
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serum-free hormonally defi ned media (HDM) and supple-
mented with defi ned, purifi ed matrix components [ 41 ]. As 
noted above, distinct conditions favor the generation of 
hepatocytes vs. cholangiocytes. Ultimately, identifi cation of 
each of the particular tissue-specifi c matrix molecules neces-
sary for effi cient differentiation will be required for mecha-
nistic understanding. It also may be important for clinical 
translation. The pharmacology of matrix components and 
their interactions with cytokines and growth factors, the 
great majority of which bind to the glycosaminoglycan 
chains of PGs, is a rich, albeit highly complex area that 
promises to contribute greatly to regenerative medicine [ 77 , 
 78 ]. Understanding of the role of complexes of specifi c 
growth factors or cytokines bound to defi ned glycosamino-

glycan saccharides [ 79 ] in the regulation of cell differentia-
tion and tissue-specifi c gene expression [ 80 – 82 ] is still in its 
infancy, but it is likely to become a dominant factor in the 
maintenance and regulation of stem cells for clinical and 
non-clinical purposes.  

    Liver Regeneration 

 The renowned regenerative capacity of the liver has inspired 
countless studies on mechanisms associated with the process 
[ 43 ]. It is beyond the scope of this review to summarize that 
enormous literature, although important aspects of liver 
regeneration are addressed in other chapters of this book (see 

  Fig. 21       Cultures of human adult human liver cells, plated in HDM-H 
and onto either type I collagen gels (a, b) or onto a frozen section of 
liver biomatrix scaffolds (c). The cultures on collagen gels lasted about 
12 days. Those on biomatrix scaffolds lasted more than 8 weeks and 
with phenotypic traits similar to freshly isolated cells. ( d ) P450 levels 

in cultures of a “good lot” (ZHep-007) vs. “bad lot” (ZL-013) of frozen 
human hepatocytes from CellZDirect (RTP, NC) on type I collagen vs. 
liver biomatrix scaffolds. The “good lots” are ones that will attach on 
culture plastic; the “bad lots” are those that do not. Reproduced from 
fi gure in Wang et al. (2011)       
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also Chaps.   22     and   34    ). Here we will note only the known 
responses of the stem cells and progenitors in two distinct 
forms of liver regeneration, namely that after partial hepatec-
tomy and that after selective loss of cells in acinar zone 3 (the 
pericentral zone). (We assume that a parallel process occurs 
in pancreatic regeneration, though it has been studied in far 
less detail.) 

 A key to understanding the responses of the early lineage 
stage cells, including the stem cells, is recognition of  feed-
back loop signals , factors produced by the most mature 
liver cells, those in zone 3 of the liver acinus, and secreted 
into the bile. The bile fl ows from pericentral zone to peri-
portal zone and then into the biliary tree and fi nally into the 
gut (Fig.  24 ).

   The signaling molecules include bile acids and salts that 
affect differentiation [ 83 ]; acetylcholinesterase [ 84 ], which 
is produced by mature hepatocytes and serves to inactivate 
acetylcholine produced by periportal cells [ 85 ,  86 ]; and 
 heparins, which are produced by mature hepatocytes [ 87 ] 
(J. Esko, A. Cadwallader, and L. Reid, unpublished observa-
tions) and are relevant in control of stem cells and of tissue- 
specifi c gene expression [ 88 ,  89 ]. In addition, the fl ow of the 
bile mechanically affects primary cilia on periportal cells 
and thereby infl uences signal transduction processes medi-
ated by these organelles [ 90 – 92 ]. In the presence of feedback 
signals, the stem cells remain in a quiescent state. Diminution 
or loss of these signals results in disinhibition of the stem/
progenitor cell compartments. This leads to hyperplasia of 

  Fig. 22    Lineage restriction of hHpSCs to adult fates is made effi cient by 
culturing the cells on liver biomatrix scaffolds and in HDM-H. ( a ) The 
hHpSCs on culture plastic and in Kubota’s Medium. ( b ) The cells on 
type I collagen and in HDM-H after 10 days. The cells on liver bioma-
trix scaffolds and in HDM-H after 10 days ( c ,  c   1  ) and after 21 days ( d ). 

( e ) RT-PCR assays of cells on plastic and in Kubota’s Medium ( upper 
panel ) vs. in HDM-H and on liver biomatrix scaffolds ( lower panel ). ( f ) 
Functional assays (urea and cytochrome P450) of cells on type I colla-
gen vs. liver biomatrix scaffolds. By the time of these assays, the cells on 
culture plastic have died. The fi gure is from Wang et al. (2011)       
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the stem cells and other early lineage stage cells. Factors that 
may release the stem cell compartment from the normal 
feedback signaling control loops include viruses, toxins, or 
radiation that selectively kill cells in zone 3, the pericentral 
zone of the acinus. The hyperplasia transitions into differen-

tiation of the cells. The resulting fully mature cells produce 
bile, and the restoration or enhancement of feedback loop 
signals then inactivates the proliferative response. 

 The regeneration of the liver after partial hepatectomy is 
distinct from that described above and has been the subject 

  Fig. 23    Epithelial-mesenchymal cell partners in the maturational lin-
eages of the liver. Modifi ed from fi gure in the online supplement of 
Turner et al. (2011). P6s = proteoglycans; ASMA = - α-Smooth muscle 

actin; VCAM = Vascular cell adhesion molecule; Vit. A = Vitamin A; 
G-6-P = Glucose-6-phosphate; GFAP = Glial fi brillary protein; CFTR = 
Cystic fi brosis transmembrane conductance regulator       
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of many reviews [ 43 ,  93 ,  94 ]. The tissue remaining after 
 surgical removal of a portion of the liver (e.g., two-thirds of 
its mass) continues to have feedback loop signals, and the 
early lineage stage cells remain competent to respond to these 
signals. The depletion below threshold levels of various liver 
functions and secreted products triggers DNA synthesis as a 
wave across the liver plates [ 94 ]. However, the DNA synthe-
sis in most of the cells of the liver (especially those in zones 
2 and 3) is not accompanied by cytokinesis [ 95 ]. So these 
cells increase their level of ploidy and demonstrate hypertro-
phic growth [ 96 ]. The polyploidy triggers an increased rate of 
apoptosis resulting in turnover of the liver. With the loss of 
the apoptotic cells, there is a low level of proliferation of the 

stem cells and early lineage stage cells to replace those cells 
eliminated during apoptotic processes. In mammalian species 
examined, this turnover occurs in weeks (Fig.  25 ).

       Clinical Programs in Hepatic Stem Cell 
Therapies 

 Clinical programs for hepatic stem cell therapies are in their 
very early stages. To our knowledge the only clinical trials of 
hepatic stem cell therapies that have been completed to date 
were carried out in Hyderabad, India, under the management 
of Dr. Chittoor Habibullah and associates in the Liver 

  Fig. 24    Feedback loops of 
signals regulating the quiescent 
vs. proliferative status of the stem 
cells and progenitors. The signals 
in vivo are present in bile. In 
cultures, they are secreted into 
the medium and so are available 
in conditioned medium       

  Fig. 25    Feedback loops of 
signals found in bile (e.g., 
acetylcholinesterase, bile salts, 
heparins, and other factors) and 
the mechanical effects of bile 
fl ow infl uence whether the stem 
cells and other early lineage stage 
cells will divide or will assume a 
quiescent state. The feedback 
loop signaling processes are the 
primary mechanisms dictating 
liver size (i.e., whether the liver 
is the size for a mouse or human)       
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Institute. These investigators found considerable value for 
hepatic stem cell therapy in treatment of patients with inborn 
errors of metabolism, cirrhosis, hepatitis B or C, and other 
liver disorders [ 73 ,  97 ,  98 ]. They used immunoselected 
EpCAM+ cells from fetal livers, comprising both hHpSCs 
and hHBs. Remarkably, immune suppression was not 
required, although donors and recipients were not matched 
for histocompatibility antigens. In a portion of the studies 
that have been published to date, 25 subjects with decompen-
sated liver cirrhosis from various causes received cell infu-
sions into the liver via the hepatic artery. At a 6-month 
follow-up, multiple diagnostic and biochemical parameters 
showed clear improvement, and there was a signifi cant 
( p  < 0.01) decrease in the mean Mayo End-stage Liver 
Disease (MELD) score, an accepted metric for clinical sever-
ity. The clinical trials, which have been conducted for more 
than 5 years, were completed in June 2012 and the fi ndings 
provided the basis to apply for regulatory approval in India, 
which remains pending. 

 Future efforts to employ hHpSCs and/or hHBs clinically 
will be facilitated by large-scale manufacturing of the stem 
and progenitor cell populations. The sourcing of donor 
cells may be fetal tissues in those countries that permit 
their use, as demonstrated by the Habibullah group. 
However, postnatal tissues also can be used as a source and 
may have distinct advantages, both ethically and practi-
cally. Neonatal tissues, including the liver and biliary tree, 
adult livers not suitable for whole organ transplantation, 
and adult biliary tree may serve as the source of stem cells. 
The cells may be utilized as directly isolated or after expan-
sion in culture (subject to additional levels of regulatory 
review). It is expected that the grafting strategies discussed 
above [ 65 ,  74 ], such as transplantation of cells using hyal-
uronans, possibly in combination with other extracellular 
matrix components, will greatly improve engraftment, 
minimize ectopic distribution of cells, and hasten the 
improvement of liver functions. 

 Even though immunological issues did not appear limit-
ing in the highly encouraging fi rst trials of fetal liver-derived 
hepatic stem and progenitor cell therapy by Khan and 
coworkers [ 73 ], it yet may be desirable to match, to the 
degree possible, the HLA (major histocompatibility) types of 
donor cells and recipients. Given suffi cient expansion, it 
should be possible to bank large numbers of cells from a 
modest number of carefully selected donors and achieve a 
benefi cial degree of HLA matching for the large majority of 
recipients [ 99 ] (Figs.  26  and  27 ).
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 Authors’ note: As this book goes to press, we acknowledge 
the publication on “liver buds” (Takebe et al. 2013). The 
investigators mixed 3 different stem cell populations in 
 culture under appropriate conditions to form the liver buds. 

  Fig. 26    Summary of the initial fi ndings from clinical trials and that 
were published [ 73 ]. After this and other publications from the initial 
fi ndings, the clinical trials continued. They ended in the summer, 2012. 
Filings have been made to regulatory agencies for approval of clinical 
products based on hepatic stem cell therapies. Therefore, further infor-
mation on the fi ndings from these trials will soon be available       

  Fig. 27    The conclusions thus far on liver cell therapies with mature 
cells [ 45 ] vs. with hepatic stem cell therapies [ 73 ]       
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Their fi ndings demonstrate the importance of epithelial- 
mesenchymal interactions and the resulting paracrine signals 
in liver formation 
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           Introduction 

 Normally the liver has a low level of hepatocyte turnover, but 
in response to modest hepatocyte loss, a rapid regenerative 
response occurs from all cell types in the liver to restore 
organ homeostasis [ 1 ]. More severe liver injury, particularly 
chronic repetitive injury (e.g., chronic viral hepatitis), often 
associated with hepatocyte replicative senescence, activates 
facultative stem cells of biliary origin that give rise to cords 
(the “ductular reaction”) of bipotential transit-amplifying 
cells (named oval cells [OCs] in rodents and hepatic progeni-
tor cells [HPCs] in man) and that can differentiate into either 
hepatocytes or cholangiocytes. Moreover, the major primary 
tumors of the liver (hepatocellular carcinoma [HCC] and 
cholangiocarcinoma [CC]) invariably arise in a setting of 
chronic infl ammation that is accompanied by both hepato-
cyte regeneration and ductular reactions, and while it seems 
that the founder cell of CCs is a proliferating cholangiocyte, 
the morphological heterogeneity often observed in HCCs 
suggests that these tumors can arise from bipotential HPCs 
as well as more mature hepatocytes. HCCs also appear to 
possess subpopulations of cancer stem cells (CSCs), respon-
sible for continued tumor propagation and metastasis, and a 
number of phenotypic markers have been proposed for their 
identifi cation.  

    Liver Turnover and Regeneration 

    Kinetic Organization 

 The healthy liver in adults is essentially proliferatively quies-
cent with levels of proliferation suggesting a turnover time in 
excess of a year. Nevertheless there is still considerable 
debate as to how the liver is organized. Most studies concur 
that hepatic stem cells are located in the periportal region; for 
example, in the mouse, bromodeoxyuridine (BrdU) pulse- 
chase analysis following two rounds of acetaminophen 
intoxication has observed so-called label-retaining cells 
(LRCs), considered to be slowly dividing stem cells, as both 
interlobular cholangiocytes and peribiliary hepatocytes [ 2 ]. 
In man, rare putative stem cells expressing STAT3, Oct4, and 
Nanog are also periportally located [ 3 ], while Turner et al. 
[ 4 ] fi nd EpCAM + NCAM +  hepatic stem cells in the peripor-
tally located canals of Hering; this latter group has also iden-
tifi ed eight maturational lineage stages moving from the 
periportal (stem) region to the perivenous region. 

 Thus, is the liver organized like the intestine with a unidi-
rectional fl ux of cells, cells being born in the portal area and 
migrating along a trajectory leading to the hepatic veins? This 
idea, the so-called “streaming liver” hypothesis, was fi rst 
advocated by Zajicek et al. [ 5 ]. Examining the location of 
labeled hepatocytes in intact adult rat livers over time after a 
single injection of tritiated thymidine, it was suggested that 
hepatocytes moved at a speed of over 2 μm/day from the peri-
portal region to the central vein. A recent murine study by 
Furuyama et al. [ 6 ,  7 ] appears to support the idea that hepato-
cytes migrate centrifugally from portal areas. They examined 
the expression of the embryonic transcription factor Sox9 
(Sry [sex-determining region Y] box 9) in the liver. In human 
liver, immunohistochemistry identifi ed interlobular bile duct 
cells as Sox9-expressing cells, and a similar pattern was seen 
in adult mice when a reporter gene, either enhanced GFP or 
LacZ, was knocked into the  Sox9  locus. Adopting tamoxifen-
inducible genetic lineage tracing from the  Sox9  locus, detecting 
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Sox9-lineage cells by X-gal  staining, it was found that X-gal 
positivity spreads out from the portal areas towards the 
hepatic veins until the majority of hepatocytes were labeled 
within 8–12 months (Fig.  1 ). Thus, cells “streamed,” but more 
importantly hepatic replacement was from cytokeratin (CK) 
7/Sox9-positive biliary cells, identifying cells within the bili-
ary tree as drivers of not only hepatocyte replacement when 
regeneration from existing hepatocytes is compromised (see 
below) but also normal hepatocyte turnover. However, other 
studies of mice have failed to fi nd evidence for the normal 
liver parenchyma being “fed” from the biliary system; Malato 
et al. [ 8 ] heritably labeled all mouse hepatocytes and singu-
larly failed to fi nd any evidence for an input of hepatocytes 

derived from biliary cells in normal liver homeostasis, thus 
refuting the Furuyama study.

   Carpentier et al. [ 9 ] also employed lineage labeling in 
mice, this time from Sox9-expressing ductal plate cells in 
late embryonic development (E15.5), fi nding that these cells 
gave rise to interlobular bile ducts, canals of Hering, and 
periportal hepatocytes, but again fi nding that liver homeosta-
sis did not require a continuous supply of cells from Sox9 
progenitors. Iverson et al. [ 10 ] have sought to quantify the 
dynamics of mouse liver turnover by lineage labeling follow-
ing activation of an albumin/Cre transgene, calculating that 
0.076 % of hepatocytes had differentiated from albumin- 
naïve cells over a 4-day period. If these new cells have not 

  Fig. 1     Top , strategy of the genetic lineage-tracing study employed by 
Furuyama et al. [ 6 ] using tamoxifen-induced Cre-mediated cell track-
ing using  Sox9  IRES-CreERT2 , Rosa26R mice.  Bottom , schematic illustrating 
the spread of X-gal staining after 8-week-old mice were injected with 
tamoxifen. After 1 day, only intrahepatic bile duct cells are labeled, but 

later X-gal-positive hepatocytes gradually spread from the portal tracts 
to the central veins, thus supporting the streaming liver hypothesis. See 
Alison and Lin [ 7 ] for further details. Reproduced with permission 
from  Hepatology        
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arisen from biliary cells or periportal stem cells, are there 
any other cellular sources? Perhaps they could have arisen 
from small hepatocyte-like progenitors (SHPCs) fi rst 
described by Gordon et al. [ 11 ]. These can be seen in rats 
that are pretreated with retrorsine, a pyrrolizidine alkaloid 
metabolized by the mature hepatocyte’s cytochrome (CYP) 
P450 system to metabolites that form DNA adducts, which 
are then subjected to a regenerative stimulus such as a 2/3 
partial hepatectomy (2/3 PH) or a necrogenic dose of CCl 4  
[ 12 ]. The resistance of SHPCs to the antiproliferative effects 
of retrorsine is probably related to their undifferentiated 
state, lacking CYP enzymes. 

 In human liver Fellous et al. [ 13 ] have identifi ed clonal 
populations of hepatocytes based upon fi nding large patches 
of cells defi cient in the mitochondrial DNA (mtDNA)-
encoded cytochrome-c oxidase (CCO) enzyme, all sharing 
an identical neutral mutation in the  CCO  gene indicating 
derivation from a single cell. Signifi cantly these CCO- 
defi cient patches were all connected to portal areas and had a 
portal vein to hepatic vein orientation (Fig.  2 ), suggestive of 
a “streaming” nature, but without information of whether 
derived from a periportal stem cell or an interlobular biliary 
cell. Notably in the rat, experimental observations have not 
been consistent with hepatocytes migrating along a portal 
vein–hepatic vein axis [ 14 ].

       Liver Regeneration 

 The regenerative capacity of the liver is impressively demon-
strated when two-thirds of the rat liver is surgically removed 
(2/3 PH), with the residual liver undergoing waves of hyper-
plasia and hypertrophy to restore preoperative liver mass 
within about 10 days [ 1 ]. After a 2/3 PH in healthy adult rats, 

all the normally proliferatively quiescent hepatocytes leave 
G 0  to semi-synchronously enter the cell cycle. DNA synthesis 
is fi rst initiated in the periportal hepatocytes at about 15 h 
after PH with a peak in the hepatocyte DNA synthesis label-
ing index of ~40 % at 24 h [ 15 ]. Mid-zonal and centrilobular 
hepatocytes enter DNA synthesis at progressively later times, 
but the hyperplastic response in hepatocytes is essentially 
complete by 96 h, to be followed by a phase of hepatocyte 
hypertrophy. Elegant labeling studies have identifi ed three 
groups of regenerative hepatocytes in mice, with all cells 
dividing at least once but with the periportal hepatocytes that 
divide fi rst, dividing maybe three or more times after PH [ 16 ]. 

 As might be expected, age has an adverse effect on the 
response; in old rats (>2 years old) a signifi cant number of 
hepatocytes do not proliferate after PH, seemingly becoming 
reproductively senescent [ 17 ]. To maintain liver homeosta-
sis, the non-parenchymal cells (cholangiocytes, endothelial 
cells) must also expand their numbers, and their cell cycle 
entry is delayed a few hours behind that of hepatocytes [ 1 ]. 
Partial hepatectomies of >70 % are not well tolerated due to 
lack of liver function, but in mice a 90 % PH can be tolerated 
by suppressing the MEK/ERK pathways, slowing down 
regeneration, and reducing liver dysfunction [ 18 ], a strategy 
that could be useful for improving survival in patients with 
small liver grafts from living donors that could be suscepti-
ble to small-for-size (SFS) syndrome.  

    Molecular Regulation of Liver Regeneration 

 Numerous cytokines, growth factors, and signaling pathways 
have been implicated in (1) the initiation (priming) of hepa-
tocytes in order to be responsive to liver mitogens, (2) the 
proliferative response itself, and (3) the curtailment of the 

  Fig. 2    ( a ) A single cytochrome- c  oxidase-defi cient patch, appearing to 
emanate from the portal tract (PT). ( b ) High-power magnifi cation illus-
trates that within the patch there are cytochrome- c  oxidase-positive 

sinusoid-lining cells ( asterisks ) indicative of different cells of origin 
from hepatocytes. See Fellous et al. [ 13 ] for further details. Reproduced 
with permission from  Hepatology        
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response. The “priming phase” in the fi rst few hours after 
PH, probably instrumental in the G 0  to G 1  transition, is asso-
ciated with upregulation of many genes not expressed in nor-
mal liver and is essentially cytokine driven [ 19 – 21 ], with 
activation of transcription factors such as AP-1, NFκB, and 
STAT3 being particularly important. The ultimate cause of 
cytokine accumulation is unclear but enteric lipopolysaccha-
ride may be the master regulator of the innate immune 
response, and liver injury can be associated with a defective 
intestinal barrier leading to exposure to lipopolysaccharides 
and complement fragments. Such exposure activates the 
NFκB pathway in Kupffer cells resulting in the production 
and secretion of IL-6 that activates the JAK/STAT pathway, 
leading to the initiation of DNA synthesis in hepatocytes. In 
mice, complement activation, in particular C3a and C5a, 
leads to the recruitment of natural killer T (NKT) cells and 
the production of IL-4 by these cells [ 22 ]. IL-4 maintains 
IgM levels and deposition in the liver, leading to increased 
C3a and C5a accumulation that in turn stimulates liver mac-
rophages to produce IL-6. On the other hand, the relationship 
between IL-6 and hepatocyte proliferation after PH may not 
be so straightforward; Myd88-null mice (an adaptor protein 
for the Toll-like receptor family) actually show an acceler-
ated start of proliferation after PH, possibly linked to the loss 
of the antiproliferative effects of IL-6 mediated by suppres-
sor of cytokine signaling 3 (SOCS3) [ 23 ]. The cytokine 
interleukin-1 receptor antagonist (IL-1ra) is also important 
in the early phase of regeneration, reducing infl ammatory 
stress and thus promoting proliferation [ 24 ]. 

 The proliferative response itself appears to be driven by a 
number of growth factors/signaling pathways including IL-6, 
TNF-α, HGF, amphiregulin, SCF, IGF-1, T3, BMP-7, Wnt/
β-catenin, Hh, and phosphoinositide 3-kinase (PI3K), 
although no one factor or pathway appears crucial to the pro-
cess [ 19 – 21 ,  25 ]. Some of these signals are autocrine and 
others are paracrine; for example, in mice sinusoidal endo-
thelial cells are involved in hepatocyte regeneration with 
VEGFR-dependent upregulation of the transcription factor 
 Id1  leading to the release of hepatotrophic factors such as 
Wnt2 and HGF [ 26 ]. Moreover, it seems that endothelial 
progenitor cells recruited from the bone marrow after PH 
provide the richest source of HGF [ 27 ]. Hepatic stellate cells 
also support liver regeneration and are activated by massive 
upregulation of delta-like 1 homology (Dlk1) that represses 
 Pparγ  in stellate cells [ 28 ]. Regenerative competence in 
mouse and man also appears to be maintained by activation 
of telomerase activity in regenerating hepatocytes [ 29 ]. 
MicroRNAs (miRs) are also involved in regeneration after 
PH; for example, in mice there is upregulation of miR-21 in 
the priming phase that targets a proliferation inhibitor facili-
tating cyclin D1 translation and downregulation of miR-378 
that targets  odc1  mRNA, ornithine decarboxylase activity 
being essential for DNA synthesis [ 30 ,  31 ]. In rats after PH, 

there are also dramatic changes in miRs, with upregulation 
of 40 % of investigated miRs in the priming phase and down-
regulation of 70 % of miRs at 24 h after PH, presumably 
facilitating maximal proliferation [ 32 ]. Rat liver regenera-
tion is also associated with upregulation of mRNAs that 
encode for transcription factors associated with pluripotency 
such as c-Myc, Nanog, Klf4, and Oct4 [ 33 ]. 

 Equally important are the molecular mechanisms that 
curtail the regenerative response, ensuring the liver does not 
overcompensate for lost mass. TGF-β produced by stellate 
cells inhibits hepatocyte replication, and several mechanisms 
are involved in its production. In mice, serotonin acts on 
5-HT 2B  receptors in stellate cells, leading to phosphorylation 
of JunD via ERK, resulting in recruitment of JunD to AP-1 
binding sites in the promoter region of the  tgf - β1  gene [ 34 ]. 
The multi-domain matrix glycoprotein thrombospondin-1 
(Tsp-1) is also involved in TGF-β1 production in mice; Tsp-1 
is expressed by endothelial cells in response to reactive oxy-
gen species (ROS) shortly after PH and binds to latent TGF- 
β1 complexes, converting them to active TGF-β1 [ 35 ]. The 
IL-6 response is negatively regulated through transcriptional 
upregulation of SOCS3, but SOCS3 is not crucial for curtail-
ing proliferation for although SOCS3 knockout mice have 
higher levels of hepatocyte proliferation after PH than wild- 
type mice and restore preoperative liver weight 2 days ear-
lier, proliferation stops after 4 days, and liver weight does not 
go above normal [ 36 ]. The Hippo pathway seems particu-
larly important for curtailing liver size; the kinases Mst1 and 
Mst2 (the mammalian orthologs of  Drosophila  Hippo) are 
responsible for phosphorylating the Yes-associated protein 
(Yap) at Ser127, the mammalian ortholog of  Drosophila  
Yorkie which is a transcriptional activator of cell cycle pro-
teins such as Ki-67 and c-Myc—phosphorylation blocks its 
ability to translocate to the nucleus [ 37 ]. Thus, overexpres-
sion of Yap in mice leads to massive liver weight increases 
(25 % of body weight vs. 5 % normally) [ 38 ], and likewise 
Mst1 and Mst2 double knockouts also have massive livers 
and eventually develop HCC [ 39 ,  40 ].   

    A Second Tier of Regeneration: Oval/HPCs 

 Massive acute liver injury, chronic liver injury, or large-scale 
hepatocyte senescence results in the activation of a reserve or 
potential stem cell compartment located within the intrahe-
patic biliary system [ 1 ]. Replicative senescence can occur in 
conditions such as chronic hepatitis [ 41 ] and fatty liver 
 disease [ 42 ]. In man [ 43 ] and mice [ 44 ], the extent of the 
HPC response is proportional to the degree of parenchymal 
damage. HPCs are derived from interlobular biliary cells 
and/or the canal of Hering, and in human liver, the canal of 
Hering extends beyond the limiting plate, even perhaps 
throughout the proximate third of the lobule [ 45 ]. 
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 A number of animal models have been described to acti-
vate this progenitor response. In rats, a very effective model 
has been to pretreat the animals with 2-acetylaminofl uorene 
(2-AAF) before performing a 2/3PH (the 2-AAF/PH proto-
col). 2-AAF is metabolized by the hepatocyte’s cytochrome 
P450 system, producing metabolites that form DNA adducts, 
thus preventing hepatocytes from entering the cell cycle in 
response to PH. Under these constraints, oval cells/HPCs are 
activated since they lack the CYP enzymes necessary for 
2-AAF metabolism [ 46 ]. In the mouse, dietary regimes are 
often employed including a choline-defi cient, ethionine- 
supplemented diet (the CDE diet) that infl icts hepatocyte 
damage or the 3,5-diethoxycarbonyl-1,4-dihydrocollidine 
(DDC) regime that damages cholangiocytes [ 47 ]. An oval cell 
response is also seen when hepatitis B surface antigen trans-
genic mice (a model of chronic liver injury) are treated with 
retrorsine, a pyrrolizidine alkaloid that blocks hepatocyte 
regeneration [ 48 ]. The potential of oval cells for liver repopu-
lation in the mouse can be seen after genetic deletion of dam-
aged DNA-binding protein 1 (DDB1), an E3 ubiquitin ligase, 
one of whose substrates is p21. This effectively abolishes 
hepatocyte turnover resulting in massive oval cell- driven 
regeneration [ 49 ]. The exact location of stem/progenitor cells 
within the biliary tree is unclear or indeed if all cells in small 
caliber biliary ducts and canals of Hering are capable of giv-
ing rise to oval cells, but in the mouse a small subset (3–4 %) 
of antigenically defi ned biliary cells that express Sox9 give 
rise to most oval cells in the DDC model [ 50 ]. 

 A wide range of markers has been used to identify ovals 
cells/HPCs (Table  1 , [ 51 – 67 ]). Many factors, often produced 
by cells of hepatic niche that intimately accompanies the 
reaction, can infl uence the oval cell/HPC response. Autocrine 
and paracrine Wnt signaling is clearly involved in the oval 
cell response in mice [ 68 ], rats [ 69 ], and humans [ 70 ]. In the 
rat 2-AAF/PH model, oval cells display nuclear β-catenin 
and Wnt1 is essential for differentiation of oval cells to hepa-
tocytes; exposure to Wnt1 shRNA blocked this differentia-
tion and oval cells generated an atypical ductular 
reaction—perhaps as the default position [ 71 ]. As oval cells/
HPCs are bipotential, what regulates whether they become 
hepatocytes or cholangiocytes? Boulter and colleagues have 
described the mechanisms in mice governing these critical 
cell fate decisions [ 47 ]. After biliary cell damage with DDC, 
the intimate association of myofi broblasts with HPCs facili-
tated Notch signaling ensuring biliary differentiation in oval 
cells, in essence recapitulating ontogeny. On the other hand, 
after hepatocyte damage with the CDE diet, adjacent macro-
phages in response to engulfi ng hepatocyte debris were 
involved in Wnt signaling to HPCs that not only turned 
Notch signaling off but also specifi ed hepatocytic differenti-
ation in oval cells. On the other hand, in the rat 2-AAF/PH 
model, Notch1 may be important for hepatocytic differentia-
tion since exposure to a γ-secretase inhibitor delayed the 

maturation process [ 72 ]. HGF signaling is also important for 
the oval cell response; genetic deletion of  c - met  from oval 
cells in the DDC model results in a diminished response with 
decreased hepatocytic differentiation [ 73 ]. Moreover, a fail-
ure to express SDF-1 leads to less recruitment of macro-
phages and associated MMP-9 secretion that is crucial for 
oval cell migration and liver remodeling (see below). 
Hedgehog (Hh) signaling is another important pathway, and 
ligands acting through the receptor Patched (Ptc) on murine 
oval cells and human HPCs are required for progenitor cell 
survival [ 57 ]. Perhaps most signifi cantly, infl ammatory cells 
produce a range of cytokines and chemokines that initiate the 
response [ 63 ,  64 ]; SDF-1 attracts CXCR4 +  T cells, and these 
cells express TWEAK (TNF-like weak inducer of apoptosis) 
that stimulates oval cell proliferation by engaging its recep-
tor Fn14, a 14 kDa transmembrane receptor [ 61 ]. Tirnitz- 
Parker and colleagues employed the CDE diet and found that 
expression of Fn14 is markedly elevated [ 74 ]. Fn14 is not a 
receptor tyrosine kinase, but rather ligand occupancy acti-
vates NFκB signaling as shown by the presence of active 
(nuclear) NFκB in a progenitor cell line upon TWEAK stim-
ulation. The early oval cell response to the CDE diet was 
delayed in Fn14 knockout mice, though interestingly there 
were comparable numbers of oval cells in wild-type and 
knockout mice after 3 weeks on the CDE diet. Signifi cantly, 
recombinant human TWEAK (rhTWEAK) directly stimu-
lated the in vitro proliferation of a progenitor cell line in 
a dose-dependent manner. This observation could have 

   Table 1    Some of the markers used in the identifi cation of oval cells/
HPCs in the damaged mammalian liver   

 A6 antigen (mouse marker) 
 ABCG2/BCRP1 (breast cancer resistance protein) 
 AFP (alpha fetoprotein) 
 Cadherin 22 
 CD24, CD133 
 Chromogranin A 
 CK7 and CK19 
 c-Kit (CD117) 
 Claudin7 
 Connexin 43 
 Dlk1 (delta-like protein 1) 
 DMBT1 (deleted in malignant brain tumor 1) 
 E-cadherin 
 EpCAM/TROP1 (epithelial cell adhesion molecule) 
 Flt-3 ligand/fl t-3 
 Fn14 (fi broblast-inducible factor 14 kDa protein; TWEAK receptor) 
 GGT (gamma-glutamyltranspeptidase) 
 GST-P (placental form of glutathione-S-transferase) 
 M2-PK (muscle-type pyruvate kinase) 
 NCAM-1/CD56 (neural cell adhesion molecule-1) 
 PTHrP (parathyroid hormone related peptide) 
 TACSTD/TROP2 (tumor-associated calcium signal transducer) 

  Many of these markers are also expressed on normal biliary epithelial cells.  
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 far- reaching clinical consequences, since the rapid activation 
of the HPC response after acute liver failure may represent 
an important lifeline. Other components of the infl ammatory 
response that can stimulate oval cells include lymphotoxin-β, 
IFN-γ, TNF-α, and histamine [ 62 ]. Resistance to the growth 
inhibitory effects of TGF-β may allow oval cells to prolifer-
ate under conditions inhibitory to hepatocytes [ 75 ].

   In terms of negative regulators of the oval cell response, 
the neurofi bromatosis type 2 ( Nf2 ) gene product Merlin 
appears critically important [ 76 ]. Genetic deletion of  Nf2  
leads to massive oval cell expansion and the development of 
CC and HCC; Merlin appears to control the availability of 
EGFR and other growth factor receptors. Stem cells reside in 
a specialized supportive microenvironment known as a 
niche, and oval cells/HPCs not only have such a niche but 
this niche seems to migrate hand in hand with the expansion 
of oval cells (Fig.  3 ). For example, with the CDE diet, the 
activation of stellate cells (upregulation of αSMA expres-
sion) and deposition of collagen precedes the oval cell 

response suggesting the extension of the niche is a prerequi-
site for oval cell expansion [ 77 ]. In fact mouse and rat mod-
els of oval cell activation and HPC reactions in man bear a 
striking similarity, both in terms of the deposition of extra-
cellular matrix (ECM) (particularly laminin) and cells (mac-
rophages and αSMA +  myofi broblasts) that accompany 
progenitor reactions suggestive of a stereotypical niche [ 78 ]. 
Further support for the idea that the ECM adjacent to oval 
cell reactions is not merely a passive bystander comes from 
studies of the oval cell reaction in mice that produce mutated 
collagen I that is highly resistant to MMP degradation [ 79 ]; 
here a failure to remodel collagen stunts the reaction, seem-
ingly through a failure to establish a laminin-rich progenitor 
niche. In the 2-AAF/PH model, blocking the activation of 
stellate cells with  l -cysteine was a potent suppressor of the 
oval cell response, probably related to loss of cytokines such 
as TGF-β1 and the fi bronectin matrix, that amongst other 
properties can concentrate cytokines such as CTGF for 
which oval cells have receptors [ 80 ].

  Fig. 3    Cartoon of the HPC response in man. HPCs are believed to 
have their origin in cells lining the canals of Hering. After hepatocyte 
damage, HPCs proliferate and are surrounded by an expanding 
niche composed of cells (mainly macrophages, myofi broblasts, and 

endothelial cells) and ECM components (principally laminin and 
collagens) that regulate HPC fate. Ultimately HPCs can undergo 
hepatocytic differentiation, losing biliary phenotypic markers such as 
CK7 and CK19       
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   Chronic viral hepatitis is, of course, invariably associated 
with cirrhosis and hepatocyte senescence [ 41 ,  81 ,  82 ]; thus, 
activation of HPCs in this setting is common. In the fi brous 
septae that surround regenerative nodules (RNs), differentia-
tion of CK19-positive HPCs to form buds of intraseptal 
hepatocytes (ISHs) is often observed [ 83 ]. In cirrhosis we 
observed that RNs are invariably clonally derived (Fig.  4 ) 
suggesting that they are not simply created by fi brotic dissec-
tion of the preexisting parenchyma; moreover, they are clon-
ally related to the abutting HPCs and thus have been derived 
from them [ 84 ]. Thus, RNs may well represent the further 
expansion of buds of ISHs.

       Stem Cells and Liver Cancer 
(Founders and Propagators) 

 Whereas CCs are believed to arise from either established 
biliary ducts or HPCs, the origin of HCCs is more problem-
atic. Clearly hepatocytes are the cell of origin of many HCCs 

in experimental models where tumor yield is directly related 
to hepatocyte proliferation or where oncogenic transgenes are 
driven by the albumin promoter. On the other hand, HPC acti-
vation is commonly seen in models of hepatocarcinogenesis 
and invariably accompanies chronic liver damage in humans, 
thus making it quite likely that HPCs are the founder cells of 
many HCCs [ 85 ]. An origin of HCC from HPCs is often sug-
gested because many HCCs contain an admixture of mature 
hepatocyte-like cells and cells resembling HPCs [ 1 ]. If tumors 
do arise from HPCs, then this indicates a block in HPC dif-
ferentiation, a process that has been termed “stem cell matu-
ration arrest” [ 86 ].    This hypothesis is supported by the fact 
that murine HCCs induced by a CDE diet have a mixture of 
neoplastic phenotypes recapitulating stages in normal devel-
opment, suggesting intermediate states between bipotent oval 
cells and hepatocytes [ 87 ]. Likewise in humans, four prog-
nostic subtypes of HCC have been identifi ed equating to liver 
cell maturational steps [ 88 ]. The poorest prognostic groups 
had a signifi cant proportion of either EpCAM + AFP +  cells 
(hepatoblast-like) or EpCAM − AFP +  cells (HPC-like), whereas 

  Fig. 4    Mitochondrial DNA genotyping indicates that regenerative 
nodules can be derived from CK19-positive HPCs. ( a ) An entirely 
CCO- defi cient nodule (stained  blue  for succinate dehydrogenase activ-
ity). ( b ) Five groups of cells ( 1 – 5 ) from the same CCO-defi cient nod-
ule; cells ( 6 ) from the adjacent CCO-defi cient ductular reaction, 
confi rmed by CK19 IHC on the next serial section (( c )  brown  staining); 
and cells ( 7 ) from the CCO-positive nodule were laser capture micro-
dissected and the entire mitochondrial genome was sequenced. ( d ) Cell 

areas  1 – 5  all contained four different transition mutations: 2145G > A, 
2269G > A, 12362C > T, and 15671A > G ( black arrows ). ( e ) Cell area  6  
from the abutting CCO-defi cient ductular reaction had exactly the same 
mutations. Heteroplasmy was detected at location 2145 and 2269 
( arrowheads ), while the mutations at location 12362 and 15671 were 
homoplasmic ( black arrows ). ( f ) Cell area  7  from the CCO-positive 
nodule had no mutation ( white arrows ). See Lin et al. [ 84 ] for further 
details. Reproduced with permission from  Hepatology        
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those with EpCAM − AFP −  cells (mature hepatocyte-like) or 
EpCAM + AFP −  cells (cholangiocyte- like) had a better progno-
sis. Gene expression profi ling has identifi ed a subset of HCCs 
with a profi le consistent with an origin from HPCs, and these 
patients have a poor prognosis [ 89 ]; moreover, counting of 
CK19-positive cells in HCC can identify a poor prognosis 
group [ 90 ] that may be related to enhanced EMT [ 91 ]. 

 A detailed discussion of CSCs in HCC is beyond the 
scope of this chapter, but a number of phenotypic markers 
have been proposed for their isolation including CD13, 
CD90, CD133, ALDH activity, and the side population [ 92 ]. 
As in other organs, HCC CSCs seem relatively resistant to 
therapy and strategies to either reduce ABC transporter func-
tion [ 93 – 95 ] or induce differentiation [ 96 ] have increased 
CSC sensitivity. For a detailed discussion, see [ 97 ].     
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     Abbreviations 

   ACE    Angiotensin-converting enzyme   
  ALCAM    Activated leukocyte cell adhesion molecule   
  ANP    Atrial natriuretic peptide   
  ANT    Altered nuclear transfer   
  AP    Action potential   
  APD    Action potential duration   
  APMAAm    Aminopropylmethacrylamide   
  ATP    Adenosine-5′-triphosphate   
  BC    Beating cluster   
  bFGF    Basic fi broblast growth factor   
  BMP    Bone morphogenetic protein   
  BrdU    Bromodeoxyuridine (5-bromo-2′-deoxyuridine)   
  CDM    Chemically defi ned medium   
  Cdx2    Caudal type homeobox 2   
  CICR    Calcium-induced calcium release   
  CM    Cardiomyocytes   
  CNV    Copy number variations   
  CPC    Cardiac progenitor cells   
  CpG    Cytosine–phosphate–guanine   
  CTNT    Cardiac troponin T   
  CVD    Cardiovascular disease   
  Cx4    Connexin 4   
  DAD    Delayed after-depolarization   
  DCM    Dilated cardiomyopathy   
  DKK1    Dickkopf-related protein 1   
  DNA    Deoxyribonucleic acid   
  EAD    Early after-depolarization   

  EB    Embryoid body   
  ECG    Electrocardiography/electrocardiogram   
  ECM    Extracellular matrix   
  EGF    Epidermal growth factor   
  EM    Electron microscopy   
  END-2    Visceral-endoderm-like cells   
  ESC    Embryonic stem cells   
  FACS    Fluorescence-activated cell sorting   
  FCM    Fibroblast-conditioned medium   
  FGF    Fibroblast growth factor   
  Flk-1    Fetal liver kinase 1   
  GMP    Good manufacturing practice   
  GO    Gene ontology   
  HCM    Hypertrophic cardiomyopathy   
  hERG    Human ether-à-go-go-related gene   
  HES-2    Hairy and enhancer of split 2   
  hESC    Human embryonic stem cells   
  hiPSC-CM    Human-induced pluripotent cell-derived 

cardiomyocytes   
  HLA    Human leukocyte antigen   
  hTERT    Human telomerase reverse transcriptase   
  ICM    Inner cell mass   
  IGF    Insulin-like growth factor   
  IKr    Rapid delayed rectifi er potassium (K + ) current   
  IKs    Slow delayed rectifi er potassium (K + ) current   
  IL    Interleukin   
  INa    Inward sodium (Na + ) current   
  iPSC    Induced pluripotent stem cells   
  IVF    In vitro fertilization   
  KDR    Kinase insert domain receptor   
  KLF4    Kruppel-like factor 4   
  LIF    Leukemia inhibitory factor   
  MAP(K)    Mitogen-activated protein (kinase)   
  MEA    Microelectrode assay   
  MEF    Mouse embryonic fi broblast   
  MEF2c    Myocyte enhancer factor 2C   
  mESC    Mouse embryonic stem cells   
  MHC    Myosin heavy chain   
  MI    Myocardial infarction   
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  MLC    Myosin light chain   
  MSC    Mesenchymal stem cells   
  NFAT (C4)    Nuclear factor of activated T-cells (cytoplas-

mic 4)   
  NKX2.5    NK2 transcription factor related 5   
  NOD    Non-obese diabetic   
  OCT-4    Octamer-binding transcription factor 4   
  O-S-K-M    OCT3/4 SOX2, KLF4, C-MYC   
  PAS    Peptide-acrylate surface   
  PDGF    Platelet-derived growth factor   
  phESC    Parthenogenic human embryonic stem cells   
  PMEDSAH    Poly[2-(methacryloyloxy)ethyl dimethyl-

(3-sulfopropyl)ammonium hydroxide]   
  PSC    Pluripotent stem cells   
  PTPN11    Tyrosine-protein phosphatase non-receptor 

type 11   
  RA    Retinoic acid   
  RNA    Ribonucleic acid   
  ROCKi    Rho-associated kinase inhibitor   
  RPMI    Roswell Park Memorial Institute (medium)   
  RT-PCR    Reverse transcriptase polymerase chain 

reaction   
  RYR    Ryanodine receptor   
  SCID    Severe combined immunodefi ciency   
  SCN5A    Sodium channel voltage-gated, type V, alpha 

subunit   
  SCNT    Somatic cell nuclear transfer   
  SERCA2a    Sarcoplasmic–endoplasmic reticulum cal-

cium (Ca 2+ ) ATPase   
  SeV    Sendai virus   
  SFM    Serum-free medium   
  SIRPA    Signal-regulatory protein alpha   
  SOX-2    SRY (sex determining region Y)-box 2   
  SSEA    Stage-specifi c embryonic antigen   
  Tbx    T-box transcription factor   
  TdP    Torsades de pointes   
  TGF-β1    Transforming growth factor beta 1   
  TM    Transmembrane   
  TNFα    Tumor necrosis factor alpha   
  TRA    Tumor rejection antigen   
  VCAM1    Vascular cell adhesion molecule 1   
  VEGF    Vascular endothelial growth factor   

          Introduction 

 Cardiovascular diseases (CVDs) encompass different 
pathologies that impair the ability of heart to pump blood to 
maintain physiological functions and are the most frequent 
cause of death in adults and main noninfectious cause of 
death in children in the United States and Western Europe 
[ 1 ]. About 43 % of all CVD-related mortalities worldwide 
are due to the ischemic heart disease, which is characterized 

by irreversible loss of functional CMs. About one billion 
CMs are destroyed in a single event of myocardial infarction 
(MI) [ 2 ]. While the available treatments with pharmacologi-
cal and surgical means are only of limited help, heart trans-
plantation is currently the only effective therapy for heart 
failure providing 1- and 5-year graft survival in 85.5 % and 
70.6 % of cases, respectively [ 3 ]. Due to organ shortage, 
chronic graft rejection, and toxicity of the immunosuppres-
sive therapy, there is an urgent need for alternative treat-
ments. One alternative approach for improving the contractile 
function of a failing heart is the replacement of damaged 
heart cells by transplantation of cells from various sources 
such as fetal heart cells, skeletal myoblasts, and multipotent 
adult stem cells as well as CMs derived from pluripotent 
stem cells (PSCs) [ 2 ]. 

 The use of CMs isolated from aborted fetuses for human 
therapy is problematic because of ethical concerns, limited 
accessibility, and risk of immune rejection of heterologous 
cells. Bone marrow-derived stem cells and skeletal myo-
blasts have a great advantage of being available from autolo-
gous sources and have, therefore, already been tested for 
treatment of patients with MI [ 4 ]. Functional improvement 
of infarcted heart has been reported in animal studies and 
clinical trials with these types of cells [ 5 – 9 ]. However, in 
contrast to earlier belief [ 6 ,  10 ,  11 ] bone marrow cells cannot 
differentiate into CMs [ 12 – 14 ] and skeletal myoblasts are 
incapable of integrating electrically with the host myocar-
dium [ 15 – 17 ]. In addition, their use may be accompanied 
with serious side effects such as ventricular tachycardia 
caused by transplanted myoblasts [ 17 ] or bone formation 
from intramyocardially implanted bone marrow-derived 
mesenchymal stem cells (MSCs) [ 18 ]. The modest, func-
tional, benefi ts of myogenic and bone marrow cell transplan-
tation are now believed to be mediated by factors acting in 
paracrine manner through anti-apoptotic, proangiogenic, or 
anti-infl ammatory mechanisms [ 16 ,  19 – 22 ]. Since the 
engrafted cells should form functional syncytium with the 
host myocardium to contribute to systolic pump function, 
adult stem cells or skeletal myoblasts alone cannot be con-
sidered as an ideal and only source of cells for cardiac repair 
because they are incapable of replacing lost contractile cells. 
Pluripotent embryonic stem cells (ESCs) and induced plu-
ripotent stem cells (iPSC) represent an alternative source of 
clinically useful CMs because they are easily accessible and 
expandable in culture, have broad developmental potential, 
and have high capacity to reproducibly differentiate into 
spontaneously beating cardiac muscle cells in vitro. 

    Embryonic Stem Cells 

 The fi rst pluripotent ESCs were derived from the inner cell 
mass (ICM) of mouse blastocysts in 1981 by Evans and 
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Kaufman, and Martin and coworkers [ 23 ,  24 ]. Initially, 
murine ESCs were of interest almost exclusively to develop-
mental and cell biologists and mostly served to elucidate the 
function of specifi c genes in vivo through generation of 
transgenic or knock-out animals. Establishment of in vitro 
pluripotent cell lines from human blastocysts had signifi -
cantly lagged behind their murine counterparts due to their 
different cell culture requirements. However, the successful 
derivation of primate ESC lines [ 25 ,  26 ] and improvements 
in culturing human embryos obtained by in vitro fertilization 
(IVF) [ 27 ] led to subsequent isolation of human ESC lines 
from human preimplantation blastocysts in the late 1990s by 
Thomson and his group [ 28 ], Reubinoff’s group [ 29 ], and 
Bongso and coworkers [ 30 ]. After this high-profi le discov-
ery, the interest in ESCs literally exploded and their basic 
properties and potential for cellular replacement therapy 
began to be extensively explored. 

 Human ESCs (hESCs) and murine ESCs (mESCs) differ 
in morphology (Fig.  1 ), cell culture requirements, cell sur-
face marker expression, signaling pathways, and differentia-
tion ability. However, they share the two fundamental 
properties of stem cells: self-renewal (ability to remain 
undifferentiated by symmetrically dividing into the same 
non-specialized cell types over long periods of time) and 
pluripotency (ability to differentiate into cells of different 
lineages). The pluripotency of mESCs is typically assessed, 
in the order of increasing stringency, by their ability to (a) 
differentiate in vitro into lineages of all three primary germ 
layers, (b) form teratomas after transfer to immunodefi cient 
[ 29 ,  31 ] and immunocompetent syngenic animals [ 32 ], (c) 
contribute to chimera formation, (d) germ line transmission, 
and (e) allow tetraploid complementation [ 33 ]. A measure of 
pluripotency based on blastocyst manipulation, such as chi-
mera formation and tetraploid complementation, cannot be 
applied for ethical reasons on human or primate ESCs. 
Consequently, developmental potential of these ESCs is typ-
ically demonstrated by in vitro differentiation and by the for-
mation of all three germ layers in teratomas generated by 

transplantation of ESCs into immunodefi cient animals [ 28 , 
 34 ]. Routinely, the quality control of ESCs in culture is per-
formed by more practical cytochemical, fl ow cytometric, or 
RT-PCR detection of various ESC-specifi c proteins and tran-
scripts and in a more comprehensive manner by global tran-
scriptional profi ling. These later data can be applied to 
determine the degree of pluripotency of human cells by using 
an open-access bioinformatics assay called PluriTest [ 35 ].

   The capability of ESCs to give rise to a wide variety of 
specialized somatic cell types render them an unlimited, 
scalable, and easily accessible source of various cell types 
for in vivo tissue replacement, cell-based high-throughput 
drug screening, and functional genomics applications, which 
aim to identify the pathways underlying lineage commit-
ment. Culturing of undifferentiated ESCs on feeder layer of 
mouse embryonic fi broblasts (MEFs) [ 28 ,  29 ] or human 
feeder cell alternatives sustains their propagation in the 
undifferentiated state [ 36 ]. The mouse feeder cells can be 
replaced by leukemia inhibitory factor (LIF) [ 37 ], which 
helps to maintain the pluripotent state of mESCs while the 
hESC lines require feeder cells and the basic fi broblast 
growth factor (bFGF) to maintain pluripotency [ 28 ,  29 ]. The 
bFGF facilitates the clonal growth of hESCs on fi broblasts 
feeder layers [ 38 ,  39 ] as well as in the fi broblast-conditioned 
medium (FCM). At elevated concentrations, the bFGF per-
mits the culture of human ESCs in the absence of MEFs or 
FCM. In unconditioned medium supplemented with 100-ng/
mL bFGF, the hESC lines H1 and H9 were maintained for up 
to 164 population doublings without losing their pluripo-
tency [ 39 ]. Addition of bone morphogenetic proteins (BMPs) 
to hESCs cultured in FCM containing bFGF promoted tro-
phoblast differentiation. hESCs cultured in unconditioned 
media showed greater BMP signaling activity than those cul-
tured in FCM, and this activity was inhibited by the addition 
of Noggin (a BMP antagonist), bFGF, or both. Noggin com-
bined with high bFGF concentrations supports the long-term 
undifferentiated proliferation of hESCs in the absence of 
fi broblasts or FCM [ 40 ]. 

  Fig. 1    Microscopic images of undifferentiated human ( a ) and murine ( b ) ESCs. Colony morphology of human and murine iPSCs resembles that 
of the respective ESCs (not shown)       
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 Maintenance culture of ESCs can be performed either on 
feeder cells or under feeder-free conditions. Feeder-free cul-
ture systems were developed to overcome the need for animal 
feeder cells and allow the hESC scaling up for maintenance 
and proliferation. Xu et al. successfully showed that feeder-
free hESC cultures maintained the undifferentiated state for 
at least 130 population doublings over 6 months [ 41 ]. These 
investigators evaluated the capability of several matrices in 
FCM to sustain hESC growth in the absence of feeder cells. 
Cells grown on Matrigel, a mixture of extracellular matrix 
(ECM) proteins secreted by Engelbreth-Holm- Swarm mouse 
sarcoma cells, showed that hESC possesses morphology 
 similar to those obtained from feeder-fed cultures. 

 Protocols for expansion of ESCs that rely on the use of 
poorly defi ned substrates for cell attachment, such as Matrigel, 
carry the risk of irreproducibility, pathogen contamination, 
and immunogenicity. Therefore, several groups tested various 
recombinant ECM proteins [ 42 ,  43 ] and synthetic surfaces 
[ 44 – 48 ] for their ability to support long-term culture of 
hESCs. Laminin is the ECM protein expressed in very early 
stage embryos and component of all basal laminae in verte-
brates. Human ESCs interact with matrix via laminin- specifi c 
receptors and α6β1 integrins. Laminin is the fi rst ECM pro-
tein shown to support the undifferentiated growth of hESCs in 
FCM and maintenance of hESCs in feeder or feeder-free con-
ditions did not alter the expression of the integrins α6 and β1 
[ 41 ]. Feeder-free hESCs grown on laminin or Matrigel exhib-
ited normal karyotype, stable proliferation rate, high telomer-
ase activity, expressed OCT-4, hTERT, alkaline phosphatase, 
surface markers stage-specifi c embryonic antigen 4 (SSEA-
4), and tumor rejection antigens TRA 1-60 and TRA 1-81, 
similar to hESCs cultured on MEFs [ 41 ]. Laminin isoform 
511 was found to be secreted from the hESC-supportive 
feeder cells [ 49 ] and hESCs cultured on the recombinant form 
of human laminin-511 retained their pluripotency and normal 
karyotype for over 20 passages under this condition in chemi-
cally defi ned medium [ 43 ]. In a process of standardizing the 
generation of more defi ned hESC attachment substrates, sev-
eral groups found that synthetic peptides derived from protein 
ligands of cell surface receptors supported hESC growth over 
prolonged passages under xeno-free conditions [ 45 ]. In addi-
tion to peptides, the synthetic polymer coating poly[2-
(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)ammonium 
hydroxide] (PMEDSAH), peptide-acrylate surfaces (PAS), 
and hydrogel interface of aminopropylmethacrylamide 
(APMAAm) sustain long-term hESC growth in several differ-
ent hESC culture media [ 46 – 48 ]. Establishing xeno-free cul-
ture conditions of PSCs on defi ned substrates will help in the 
derivation of clinical grade hESCs and in derivation of more 
reproducible and effi cient cardiac differentiation protocols. 
Indeed, newly developed protocols for generation of CMs 
from human PSCs in high yields include preconditioning step 
that involves feeder-free cultivation of hESCs prior to the 
embryoid body (EB) formation step [ 50 ].  

    Alternative Sources of Human ESCs 

 To obviate the use of ESCs, adult stem cells have been pro-
posed as an alternative source of cells for regenerative medi-
cine. However, adult stem cells are diffi cult to culture for 
extended periods of time, and they seem to possess only lim-
ited ability to differentiate into a variety of tissue-specifi c 
cells. Therefore, derivation of many clinically useful cell 
types is still dependent on the availability of well- 
characterized human PSCs. Virtually all existing hESC lines 
have been derived from the ICM of the healthy blastocyst- 
stage embryos. Due to ethical objections to the use of hESCs, 
many investigators and legislative bodies examined the alter-
native ways for producing ethically, scientifi cally, and thera-
peutically acceptable PSCs [ 51 ]. Various approaches for 
generation of PSCs differ in their technical complexity as 
well as in the functionality of established cells, their safety, 
ethical acceptability, and clinical applicability. These 
approaches can be grouped into three categories depending 
on the source of cells used for derivation of PSCs, which will 
be shortly discussed in the following chapters. 

 The fi rst alternative way for generation of PSCs includes 
derivation of PSCs from early embryos in a way that may be 
considered ethically acceptable. This concept includes deri-
vation of ESCs from single blastomeres or from poor-quality 
IVF embryos that would otherwise be discarded (Fig.  2 ). For 
example, Zhang et al. generated hESC lines from IVF 
embryos that have stopped dividing or dead embryos and 
these cells exhibited properties of traditionally derived hESCs 
[ 52 ]. Verlisky et al. generated hESC lines from embryos with 
genetic disorders, which were discarded as medical waste, to 
establish in vitro models of human disorders such as muscu-
lar dystrophy, Huntington’s disease, thalassemia, Fanconi’s 
anemia, Marfan syndrome, adrenoleukodystrophy, and 
 neurofi bromatosis [ 53 ]. Chung and coworkers [ 54 ] were fi rst 
to isolate mESC lines from a single cell removed from 
 preimplantation embryo. Later, hESCs were derived from 
single blastomeres belonging to unused embryos from IVF 
for clinical purposes with full, informed consent [ 55 ].

   Methods in the second category make use of adult germ 
cells (e.g., oocytes or spermatogonial stem cells) for obtain-
ing PSCs. Revazova et al. [ 56 ] and Sung et al. [ 57 ] reported 
protocols to obtain parthenogenic hESC (phESC) lines. 
Parthenogenic embryos are created from an embryo without 
fertilizing the egg with a sperm by tricking the egg into 
believing it is fertilized, so that it will begin to divide and 
form a blastocyst. The phESC lines retained the genetic 
information of the egg donor and pluripotency. This alternate 
method does not require destruction of a fertilized embryo 
and offers to derive tissue-matched hESCs. 

 In the third category, adult somatic cells are the source of 
PSCs. Approaches in this category have the capability for 
derivation of autologous stem cells and include nuclear 
reprogramming by somatic cell nuclear transfer (SCNT), 
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altered nuclear transfer (ANT), cell fusion, or ectopic expres-
sion of pluripotency factors. In SCNT (Fig.  2 ), the nucleus of 
a differentiated cell is transferred into an enucleated unfertil-
ized oocyte with the purpose to establish SCNT-derived ESC 
lines. Such lines were derived so far from cloned murine [ 58 ] 
and recently, primate SCNT blastocysts [ 59 ]. These cells 
appear to be indistinguishable in their proliferative, develop-
mental, and therapeutic potential from ESCs derived from 
fertilized embryos and are regarded as a potential source of 
patient-specifi c cells for custom-tailored tissue repair or 
gene therapy [ 60 ]. Although no human SCNT ESC lines 
have been created, yet, this technique is highly controversial 
and ethically disputable [ 61 ]. Therefore, this method seems 
impractical for derivation of PSCs for therapeutic purposes. 

 The ANT technology involves temporal inactivation of a 
gene required for normal development, such as Cdx2, before 
transfer of a somatic nucleus into an oocyte. This gene is 
essential for trophectoderm formation in mouse. Blastocysts 
with disabled Cdx2 lack trophectoderm and cannot implant, 
but can serve as a source of normal ESCs after removal of a 
transgene producing the Cdx2-interfering RNA [ 62 ]. Murine 
ANT-derived stem cells can self-renew in culture and are 
pluripotent as demonstrated by teratoma formation and tetra-
ploid complementation. Although the concept of ANT was 
presented as ethically acceptable, the validity of the ANT for 
production of ideologically acceptable hESC lines has been 
strongly questioned [ 63 ]. Moreover, it is not clear if the Cdx2 
would have the same function in human development as it 

  Fig. 2    Some promising sources of contractile cardiomyocytes for heart 
repair. Cardiomyocytes for heart regeneration can be derived from PSCs 
or endogenous cardiac stem cells. The PSCs can be generated from 
early embryos, fetal, newborn, or adult somatic cells.  A . In a single-cell 
biopsy concept, a single totipotent blastomere is removed from an eight-
cell embryo (morula) to derive a new ES cell line and the remaining 
seven-cell embryos are transferred into surrogate mothers, in which they 
develop into normal organism.  B . The second approach is based on 
extracting pluripotent cells from the inner cell mass (ICM) of poor-
quality embryos generated in the process of in vitro fertilization (IVF). 
These embryos are unsuitable for uterine transfer or cryopreservation 
and would therefore be discarded.  C . Somatic cell nuclear transfer 

(SCNT) involves the transplantation of a somatic cell nucleus into an 
enucleated unfertilized oocyte. Pluripotent ES cell lines can be estab-
lished from cloned blastocysts (therapeutic cloning, as shown in  B ) and 
used to generate cells for autologous cellular therapies.  D . Complete 
reprogramming of somatic cells can be induced by ectopic expression of 
transcription factors required for pluripotency. This approach holds 
great promise for science and medicine because it circumvents the use 
of oocytes as well as embryos and may allow for patient-specifi c autolo-
gous therapies and establishment of human in vitro disease models.  
E . Cardiac repair can also be induced by activation of endogenous car-
diac stem cells in situ or their isolation, in vitro expansion, and subse-
quent transplantation into injured heart of the donor patient       
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has in a mouse and testing this concept in the human system 
would not be possible for ethical reasons. 

 The method of cell fusion is based on polyethylene 
glycol- induced or spontaneous heterokaryon formation 
between adult somatic cells and undifferentiated ESCs. 
Fusions between murine or human ESCs and various types 
of adult cells such as lymphocytes [ 64 ,  65 ], neurosphere 
cells [ 66 ], fi broblasts [ 67 ,  68 ], or myeloid precursor cells 
[ 69 ] have been reported to promote the epigenetic repro-
gramming of the adult genome to a pluripotent phenotype. 
The resulting fusion hybrids were morphologically indistin-
guishable from normal ESCs, had the potential to differenti-
ate into multiple lineages, contributed to all three primary 
germ layers of chimeric embryos, and exhibited transcrip-
tional activity and epigenetic profi le similar to that of ESCs. 
The method of cell fusion does not require the use of oocytes 
and preimplantation embryos, but its utility for the genera-
tion of cells for clinical use is limited by the tetraploid char-
acter of hybrid cells and the inability to separate the ESC 
genome from a somatic partner. 

 In 2006 and 2007, Yamanaka’s [ 70 – 72 ], Thomson’s [ 73 ], 
and Rudolf Jaenisch’s groups [ 74 ,  75 ] demonstrated, in a sig-
nifi cant breakthrough, that ectopic overexpression in somatic 
cells of a defi ned set of transcription factors crucial for main-
taining pluripotency leads to their conversion into ESC-like 
cells, the so-called induced pluripotent stem cells (iPSCs) 
(Fig.  2 ). While technical limitations remain, this strategy is 
the promising path to generate ethically unobjectionable and 
autologous PSCs overcoming the limitations associated with 
human ESCs and providing the cells vital for drug develop-
ment, human disease modeling, and regenerative medicine. 
The iPSC technology will be discussed in detail, in the fol-
lowing chapter.  

    Induced Pluripotent Stem Cells 

 Takahashi and Yamanaka [ 70 ] were fi rst to show that murine 
embryonic and adult fi broblasts transduced with retroviral 
vectors to express transcription factors OCT3/4, SOX2, 
C-MYC, and KLF4 (Kruppel-like factor 4) can be repro-
grammed into iPSCs. This combination of factors is usually 
abbreviated as O-S-K-M. Although slightly different combi-
nation of genes (OCT4, SOX2, NANOG, and LIN28) has 
also been shown by James Thomson’s group to work for 
reprogramming human fi broblasts [ 73 ], almost all murine 
and human iPSC lines generated so far were produced with 
the original O-S-K-M combination in different perturba-
tions. All stably reprogrammed iPSCs are highly similar to 
ESCs as demonstrated by highly comparable gene expres-
sion profi les, DNA methylation status, and chromatin con-
fi guration [ 71 ,  76 ]. Furthermore, when injected into 
immunodefi cient mice, these cells form teratomas composed 

of various mature somatic tissues of all three germ layers. 
Moreover, murine iPSCs contribute to tissues in viable chi-
meras when injected into diploid blastocysts and are germ 
line competent. In a most stringent test for developmental 
potency, murine iPSCs injected into tetraploid blastocysts 
generated live embryos and adult animals composed entirely 
of injected iPSCs [ 77 ,  78 ]. Molecular similarity between 
iPSCs and ESCs is also evident at the proteomic level [ 79 –
 84 ]. For example, Phanstiel et al. found that only about 300 
proteins and phosphoproteins differed between human iPSCs 
and ESCs [ 83 ] and Munoz and coworkers showed that the 
similarity between human ESC and iPSC lines is about 
97.8 %. Only a small group of 58 proteins belonging to 
metabolism, antigen processing, and cell adhesion were dif-
ferentially expressed [ 82 ]. 

 In 6 years since the establishment of iPSC technology, 
tremendous progress has been made toward generation of 
iPSCs that are more amenable for scientifi c and clinical use. 
The effi ciency of reprogramming has been greatly increased 
by combining viral expression systems and small molecules 
(reviewed by Wang et al.) [ 85 – 92 ]; somatic cell types that 
are more susceptible to reprogramming have been identifi ed 
[ 87 ,  88 ,  93 ] disease-specifi c iPSCs and various human in 
vitro disease models were established and characterized [ 93 –
 96 ]; and newly designed compact vectors have signifi cantly 
reduced the number of viral insertions in iPSCs [ 97 ]. Since 
fi rst derivation of iPSCs from fi broblasts, many other cell 
types, such as mature B-lymphocytes, liver, stomach cells, 
primary hepatocytes, pancreatic β-cells, cord blood cells as 
well as mesenchymal and neural stem cells, have been suc-
cessfully converted to iPSCs (reviewed in [ 98 ]). In addition, 
iPSC lines have also been obtained from other species, such 
as macaque monkey, rat, pig, dog, horse, sheep, cow, and 
even some endangered species, such as the silver-maned drill 
and the white rhinoceros [ 99 – 103 ]. However [ 104 ], the evi-
dence for a full pluripotential nature of some of these iPSC 
lines was lacking, and in some cases, the continuous expres-
sion of the exogenous factors was required for maintenance 
of iPSCs in an undifferentiated state. These iPSC lines may 
serve as a useful complement to human iPSCs in preclinical 
evaluation of strategies for cell replacement therapies. 

 The use of retroviral vectors to introduce reprogramming 
factors into somatic cells raises safety concerns for iPSCs, 
because infection with retro- and lentiviruses results in their 
stable integration at multiple random sites in the genome, 
which may disrupt essential genes by insertional mutagene-
sis and lead to malignant tumor formation. In an attempt to 
generate safer iPSCs, different groups have produced iPSCs 
with only two reprogramming factors, but the effi ciency was 
strongly reduced [ 73 ,  87 ,  88 ,  105 – 109 ]. Despite reduction in 
number of factors required for reprogramming and genera-
tion of iPS cells with only a single integration per cell of a 
polycistronic vector expressing O-S-K-M combination of 
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factors [ 97 ], clinical grade iPSCs must be generated without 
viruses and stable integration of foreign genes. Therefore, 
alternative approaches that permit transient factor delivery 
into somatic cells have been developed. Integration-free 
iPSCs have been generated by transient delivery of repro-
gramming factors using plasmid transfection [ 72 ,  110 ], the 
Cre/loxP system [ 111 ,  112 ], adenoviruses [ 113 ], transposon- 
based delivery systems [ 114 ,  115 ], episomal vectors [ 110 , 
 116 – 118 ], minicircle vector [ 119 ], mRNA [ 120 ], or transfec-
tion of somatic cells with ESC-specifi c microRNAs [ 121 ]. 
Highly effi cient and non-integrating RNA Sendai virus 
(SeV) vectors were also used to generate human iPSCs from 
fi broblasts [ 122 ] and blood cells [ 123 ]. Recombinant SeV 
vectors replicate only in the cytoplasm of infected cells and 
do not integrate into the host genome. To generate safer 
iPSCs, sustained cytoplasmic replication of viral vectors 
after the iPSCs have been established must be inhibited. To 
shut down viral replication, Ban et al. [ 124 ] used temperature- 
sensitive SeV vectors, which could be removed, at nonper-
missive temperatures. Macarthur et al. [ 125 ] reported the 
generation of transgene-free iPSC line by using SeV vector 
in feeder- and xeno-free conditions with StemPro hESC 
serum-free medium (SFM). The technology based on direct 
delivery of recombinant reprogramming factors fused to pro-
tein transduction domains into somatic cells fully circum-
vents the use of genetic material in the process of iPSC 
production [ 126 ,  127 ]. However, the major limitations to this 
and most other virus-free methods are low effi ciency, the 
need for repetitive transfection of cells during reprogram-
ming and production of iPSCs with insuffi cient excision of 
integrated vectors. Therefore, more effi cient and simple 
methods to generate human iPSCs with no noise of integra-
tion or remaining factors are needed. Nevertheless, these 
developments are crucial for the generation of therapeuti-
cally acceptable iPSC lines and will facilitate clinical trans-
lation of iPSC-based technologies. 

 Although iPSCs strongly resemble ESCs both at func-
tional and molecular levels, comprehensive analyses of vari-
ous undifferentiated ESC and iPSC lines revealed that iPSCs 
may not be perfectly identical to conventional ESCs at the 
molecular level [ 116 ,  128 ,  129 ]. These studies demonstrated 
that iPSCs can be distinguished from ESCs by unique gene 
and miRNA expression signatures as well as a CpG methyla-
tion pattern. Clinical utility of iPSCs may be also diminished 
by fi ndings by Maysher et al. [ 130 ] and Laurent et al. [ 131 ] 
that specifi c genetic aberrations were associated with both 
hESCs and hiPSCs. ESCs showed gains while iPSCs are fre-
quently associated with deletions. Laurent et al. also showed 
that the reprogramming process favored deletions that affect 
tumor-suppressor genes, while maintenance of the cell lines 
is associated with oncogene duplications [ 131 ]. In addition, 
Hussein et al. [ 132 ] showed that genetic reprogramming is 
associated with high mutation rates, which resulted in high 

copy number variations (CNV). CNVs were more frequently 
observed in early passage human iPSCs than intermediate 
passage human iPSCs, fi broblasts, or human ESCs. These 
CNVs are generated de novo and result in genetic mosaicism, 
in the early passage iPSC lines, but expansion of these iPSCs 
in culture selects against mutated cells to the advantage of 
more genetically intact iPSCs. However, long-term passaging 
per se could lead to genetic and epigenetic instabilities. Such 
genomic instability has already been reported in ESCs [ 133 ], 
which may become cancerogenic via accumulation of muta-
tions and genomic rearrangements [ 134 ,  135 ]. Therefore, the 
safety aspects of iPSCs must be stringently evaluated before 
any therapeutic application of their differentiated derivatives.   

    Cardiac Differentiation of ESCs and iPSCs 

    Differentiation into Cardiomyocytes 

 When mouse or human ESCs and iPSCs are cultured in the 
absence of factors that normally maintain their pluripotency, 
such as mitotically inactivated MEFs, LIF, or bFGF, they 
spontaneously develop in vitro into spherical cell aggregates 
called embryoid bodies (EBs) [ 136 ]. These multicellular 
aggregates resemble early postimplantation embryos and 
contain a mixture of differentiating cells of endodermal, ecto-
dermal, and mesodermal origin. In individual EBs, these cells 
are organized in clusters of specifi c cell types. Differentiation 
of PSCs into cardiomyocytes (CMs) in vitro is a spontaneous 
process and was fi rst described by Doetschman and cowork-
ers for murine [ 137 ] and by Reubinoff and coworkers for 
human ESCs [ 29 ]. Within the EBs, the CMs form between an 
outer epithelial layer with characteristics of visceral endo-
derm and a basal layer of mesenchymal cells. CMs emerge in 
murine EBs approximately 7–9 days and in human EBs 8–21 
days (depending on differentiation protocol) after induction 
of differentiation and form clusters characterized by sponta-
neous rhythmic contractions. Depending on culture condi-
tions, CMs can be maintained viable for months and can even 
survive few days of shipping at 4 °C over long distances 
[ 138 ], which may be of importance when organizing supply 
of these cells for clinical use. 

 CMs can be generated from PSCs using various approaches 
such as hanging drop [ 139 ,  140 ], suspension [ 141 ], monolayer 
[ 142 ], methylcellulose culture [ 143 ], and clusters [ 144 ,  145 ]. 
Gerecht-Nir and coworkers introduced, for the fi rst time the 
formation of differentiating human EBs in rotating bioreactors 
with a threefold enhancement in the yield compared to Petri 
dish cultures [ 143 ]. Crucial limitation to currently existing dif-
ferentiation protocols from stem cell-derived human CMs is the 
effi ciency which is low, 1–3 % from mESCs, and <1 % from 
hESCs with the presence of other contaminating proliferating 
cells [ 146 ]. Therefore, identifi cation of extrinsic and intrinsic 
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factors promoting cardiomyogenesis is critical for inducing 
effi cient and reproducible cardiac differentiation of PSCs. 

 During differentiation of PSCs to CMs, a number of other 
tissue-specifi c cell types codifferentiate. Among those, the 
endoderm plays the most important role in inducing CM dif-
ferentiation from PSCs. This has been particularly evident in 
cocultures of human ESCs with visceral-endoderm-like cells 
(END-2) from the mouse, which were fi rst reported by 
Mummery and coworkers and resulted in induction of dif-
ferentiation of hESCs into CMs [ 147 ]. Passier et al. described 
a protocol for differentiation of the HES-2 cell line (hESC) 
into CMs by coculturing with END-2 in serum-free media. 
The number of beating clusters increased by 24-fold com-
pared to cultures containing 20 % serum. When ascorbic 
acid was added to serum-free cocultures, an additional 
increase in the number of beating areas was observed [ 148 ]. 

 Andre Terzic’s group elucidated the molecular basis of 
the inductive effect of the endoderm [ 149 ]. This group has 
demonstrated that tumor necrosis factor alpha (TNFα) pro-
motes cardiac differentiation of transplanted undifferentiated 
ESCs in vivo as well as in EBs, in vitro. The procardiogenic 
action of this cytokine required an intact endoderm and was 
mediated by secreted endodermal growth factors including 
TGF-β1, BMP-2, BMP-4, activin A, VEGF-A, IL-6, FGF-2, 
FGF-4, IGF-1, IGF-2, and EGF. Addition of these recombi-
nant factors to ESCs induced their differentiation to cells 
possessing an intermediate cardiac progenitor cell pheno-
type, which completed the cardiac differentiation program in 
the presence of these factors. Removal of these growth fac-
tors after 4 days of stimulation resulted in continued prolif-
eration of cardiac progenitor cells without differentiation 
into CMs. This study suggests that directed and scalable pro-
duction of CMs for heart repair under highly controlled cul-
ture conditions might be possible. 

 Cardiac differentiation of PSCs can be also achieved by 
addition of other growth factors, hormones, or small mole-
cules thought to be involved in cardiogenesis [ 142 ,  150 , 
 151 ]. These factors include the platelet-derived growth fac-
tor (PDGF) and sphingosine-1-phosphate as extrinsic cardio-
myogenic factors [ 152 ]. Retinoic acid (RA) has been also 
reported to promote cardiac differentiation of mESCs [ 153 ]. 
In one study, RA-treated cultures contained approximately 
twice as many cardiac cells as compared to the non-treated 
fl asks [ 154 ]. A small molecule inhibitor of p38 MAP kinase, 
SB203580, which is a potent promoter of hESC cardiogene-
sis induced more than 20 % of the differentiated cells to 
become CMs and almost doubled the yield of CMs when 
compared to controls [ 155 ]. Wu et al. identifi ed a class of 
diaminopyrimidine compounds (cardiogenol A–D) using a 
cellular screening of a large combinatorial chemical library. 
This new class of compounds selectively and effi ciently 
induced mESCs to differentiate into CMs [ 156 ,  157 ]. 

 Signaling pathways such as Wnt/β-catenin and TGF-β 
family members regulate differentiation of CMs and cardiac 

progenitors [ 158 ,  159 ]. Yao et al. [ 160 ] reported a simple 
chemically defi ned medium (CDM) that supports effi cient 
self-renewal of hESCs grown on a Matrigel over multiple 
passages. Treatment of hESCs with the combination of 
activin A (50 ng/mL) and BMP-4 (50 ng/mL) in the N2/B27- 
CDM (N2 and B27 are GIBCO supplemental media) for 3–4 
days and continued culture for additional 8–10 days in the 
basal N2/B27-CDM induced marker expression associated 
with cardiac muscle lineage. hESCs were effi ciently induced 
to form CMs using serum-free CDM and obtained more than 
30 % CMs using activin/BMP protocol [ 150 ], which is a 
clinically scalable system for generation of human CMs. The 
CM yield can be further enriched to 80–90 % using Percoll ®  
density-gradient centrifugation [ 150 ,  160 ,  161 ]. 

 Burridge and coworkers developed a highly effi cient proto-
col for differentiation of hESCs and hiPSCs to CMs by sys-
tematic analysis of >45 experimental variables that were 
reported to affect cardiac differentiation effi ciency of PSCs 
[ 50 ]. The optimized differentiation method employed the EB 
formation by forced aggregation in V96 plates in a chemically 
defi ned RPMI medium, along with staged exposure to 5 % 
oxygen, and optimized concentrations of mesodermal mor-
phogens BMP4 and FGF2, polyvinyl alcohol, serum, and 
insulin. Reportedly, with this system the intrinsic variability in 
cardiac differentiation capacity of different human PSCs was 
eliminated. If adapted to a large-scale production in controlled 
bioreactors, this system could allow a potentially unlimited 
production of functional CMs for different applications. 

 Protocols for a large-scale production of human CMs in 
bioreactors are mostly advanced in the sphere of biotechno-
logical industry and are capable of delivering millions of 
highly purifi ed CMs almost on a daily basis. Cellartis AB 
introduced hES-CMC™ 3D in a 3D tissue-like format [ 162 , 
 163 ]. These are spontaneously beating hESC-CMs in a clus-
ter format, ranging from 200 to 300 μm in diameter. These 
CMs exhibit specifi c markers and functional similarities to 
native human CMs. They are excellent in vitro tools for stud-
ies of human CM function and for cardiac safety pharmacol-
ogy assays. Cellartis AB also introduced well-characterized 
hES-CMC™ 2D, fresh CMs, which are ready for in vitro use 
and can be easily dissociated for single-cell applications. 
These hESC-CMs are prepared as monolayers in a 96-well 
plate format and exhibit spontaneous beating and electrical 
coupling. Industrial production of hESC- and hiPSC-derived 
CM by several companies has overcome the setback of inef-
fi cient CMs differentiation protocols, which were in practice 
until recently. Different approaches for directed differentia-
tion of PSCs to CMs are reviewed in Hattori et al. [ 164 ]. 

 Besides the above-mentioned factors, microRNAs also 
play a crucial regulatory role in the process of in vitro and in 
vivo cardiogenesis. Babiarz et al. showed that mature human 
iPSC-CMs express CM-specifi c miRNAs miR-1, miR- 133a/b, 
and miR-208a/b [ 165 ]. Ivey et al. showed that miR-1 pro-
motes differentiation of mESCs and hESCs into the cardiac 
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lineage by enhancing expression of NKX2.5 and spontane-
ously contracting EB outgrowths [ 166 ]. Another differentially 
expressed microRNA miR-499 promoted ventricular specifi -
cation of hESCs, while miR-1 facilitated electrophysiological 
maturation of hESC-derived ventricular CMs [ 167 ]. 

 Murine and human ESC- and iPSC-derived CMs are 
capable of developing into the three major subtypes of car-
diac myocytes, i.e., nodal/pacemaker-, atrial-, and 
ventricular- like cells [ 168 – 171 ] (Fig.  3 ). Derivation of proto-
cols for directed differentiation of PSCs into a homogeneous 
population of specifi c subtype of CMs is of fundamental 
importance for their clinical use. Zhang and coworkers dem-
onstrated that retinoid signaling determines whether hESC 
will differentiate toward atrial or ventricular CMs [ 172 ]. 
Human ESCs differentiated in the presence of Noggin and 
pan-retinoic acid receptor antagonist BMS-189453 yielded 
CMs of which 83 % had embryonic ventricular-like action 
potentials (APs). In contrast, in cultures containing Noggin 
and retinoic acid 94 % of CMs had atrial-like properties. The 
availability of homogeneous ventricular CM subpopulations 
will enable their use for myocardial repair without the risk 
for arrhythmias that may occur after ventricular transplanta-
tion of other types of CMs.

       Differentiation into Cardiac Progenitor Cells 

 The only adult stem cells that have the capability to differen-
tiate into beating CMs are the cardiac progenitor cells (CPCs) 
[ 173 ,  174 ] (Fig.  2 ). Several groups have also identifi ed mul-
tipotent cardiovascular progenitor cells in mESC differentia-
tion cultures [ 175 – 177 ]. The cardiovascular colony-forming 
cells were isolated from transgenic mouse embryos and dif-
ferentiating mESC cultures using markers like NKX2.5 
[ 178 ], lsl-1 [ 179 ], and VEGF receptor Flk-1 [ 175 ]. Like in 
mice, the three main lineages in the human heart are derived 
from a common progenitor cardiovascular colony-forming 
cell. Bearzi et al. recently identifi ed C-KIT + KDR -  cells, in the 

adult human heart with cardiomyogenic potential [ 180 ,  181 ] 
and Yang et al. [ 142 ] reported a protocol for differentiation 
and isolation of similar early cardiac progenitors from human 
ESCs. Human ESC-derived EBs, when induced with activin 
A, BMP4, FGF2, VEGFA, and DKK1 in serum-free media, 
generated KDRlow/C-KIT(CD117)neg expressing progeni-
tor population that displayed cardiac, endothelial, and vascu-
lar smooth muscle potential in vitro and, after transplantation, 
in vivo. The KDRlow/C-KITneg cells readily expressed car-
diac troponin T (CTNT) and differentiated to generate popu-
lations consisting of >50 % contracting CMs in suspension or 
when plated in monolayer cultures. Most importantly, terato-
mas were not observed after transplantation of these cells. 
When qualitatively analyzed for fi eld potential and whole-
cell current, 80 % of the population resembled human atrial 
and ventricular myocytes in terms of voltage-gated and tran-
sient outward potassium currents. This population of cells 
was also coupled to each other [ 142 ]. When the KDRlow/C-
KIT(CD117)neg cells were transplanted into non-obese dia-
betic/severe combined immunodefi cient (NOD/SCID) mice 
and analyzed for cardiac function after 2 weeks posttrans-
plantation, the animals showed a 31 % higher ejection frac-
tion than those injected with media alone. This improvement 
in cardiac function is consistent with previous studies [ 150 , 
 182 ,  183 ] of rodent models of MI, where transplantation of 
hESC-derived CMs resulted in attenuation of post-MI scar 
thinning and left ventricular dysfunction.   

    Properties of ESC- and iPSC-Derived 
Cardiomyocytes 

    Cardiac Marker Expression Profi le 

 The gene expression profi les of the hESC during cardiac dif-
ferentiation [ 184 ,  185 ] and the differentiated hESC-CMs 
were studied by DNA microarray [ 144 ,  186 ,  187 ]. These 
studies revealed that the molecular signature of hESC-CMs 

  Fig. 3    The action potentials of three major cardiac cell types derived 
from human iPSCs. Action potentials in single cardiomyocytes differ-
entiated from human iPSCs were analyzed by the whole-cell patch-
clamp method. The classifi cation of different cardiac cell types was 

based on the AP morphology and following AP parameters:  V  max  
(~10 V/s for atrial- and ventricular-like cardiomyocytes, ~5 V/s for 
nodal cardiomyocytes) and APD90/APD50 ratio (~2 for atrial-like and 
<1.5 for ventricular-like cardiomyocytes)       
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resembled the CMs from the human heart [ 188 ]. Human 
ESC-derived CM differentiation can be predicted by the 
transient expression of the early mesodermal marker 
Brachyury T [ 184 ] and cardiac regulatory markers such as 
Isl-1, Mesp 1, GATA-4, Nkx2.5, and T-box transcription fac-
tor 6 (Tbx6) can follow the cascade [ 142 ,  155 ]. 

 RT-PCR and immunohistochemical studies demonstrated 
that both hESC-CMs and hiPSC-CMs express a number of 
early cardiac-specifi c transcription factors such as GATA4 
and Nkx2.5, myocyte enhancer factor 2C (MEF2c), Tbx-5, 
and Tbx-20 [ 141 ,  189 – 193 ]. In addition, cardiac-specifi c sar-
comeric proteins, which play a signifi cant role in cardiogen-
esis in vertebrates, such as α-actinin, ANP, cardiac troponin I 
and cardiac troponin T, sarcomere myosin heavy chain 
(MHC), atrial- and ventricular-myosin light chains (MLC2v 
and MLC2a), desmin, and tropomyosin [ 141 ,  147 ,  168 ,  189 , 
 191 ,  193 ] are expressed, and therefore used to confi rm as 
well as characterize the cardiac phenotype of beating hPSC- 
CMs. Connexin 43 (Cx43), a gap junction protein, can also 
be used to determine the coupling between hESC-CMs [ 147 ]. 

 Synnergren et al. revealed a comprehensive molecular 
signature of hESC-CM clusters using transcriptomic profi l-
ing by microarrays, gene ontology (GO) analysis, pathway 
analysis, and protein interaction network analysis [ 144 ]. 
This study improves understanding of biological processes, 
specifi c factors, and pathways that could induce and sustain 
CM differentiation from hESCs. 530 upregulated and 40 
downregulated genes were identifi ed in the hESC-CM clus-
ters compared with undifferentiated hESCs [ 144 ]. 
Upregulated genes in hESC-CM clusters encompassed fam-
ily of cardiac marker genes (MYH6, MYH7, TNNT2, and 
MYL7) as well as cardiac-related transcription factors 
(TBX5, MEF2C, GATA4, and ISL1), confi rming the cardiac 
phenotype of the cell population and similarity to the human 
heart tissue. Out of fi fteen genes enriched in the hESC-CMs 
and in fetal heart tissue, eight of these genes are also upregu-
lated in hESC-CM clusters suggesting similarities between 
the CM cell populations obtained from hESCs independent 
of differentiation protocol and cell line used. Markers for 
undifferentiated hESCs (OCT4, NANOG, DNMT3B) were 
downregulated in the hESC-derived CM clusters. Genes 
upregulated in hESC-CM clusters were associated with GO 
terms muscle contraction, cell differentiation, development, 
focal adhesion, calcium signaling, and cardiogenesis. In 
another study, hESC-CMs exhibited similar transcriptomic 
profi les as fetal heart cells (20 weeks), thus making these 
cells a ready source for replacement therapies [ 186 ]. 

 We have also extensively analyzed the transcriptional pro-
fi les of microdissected beating clusters (BCs) obtained from 
differentiating hESCs and hiPSCs [ 145 ]. Hierarchical clus-
tering and principal component analysis of hiPS-BCs and 
hES-BCs showed that the transcriptional profi les are highly 

similar, and they differ in expression of only ~ 1.9 % of tran-
scripts. Single isolated iPSC-CMs and ESC-CMs possessed 
similar sarcomeric organization, electrophysiological proper-
ties, and calcium handling. Gene ontology analysis of hiPSC-
BCs revealed that among 204 genes that were upregulated 
when compared with hESC-BCs, the processes related to 
ECM, cell adhesion, and tissue development were overrepre-
sented. Interestingly, undifferentiated iPSCs showed that 47 
of 106 genes that were upregulated when compared with ESC 
cells remained enriched in iPSC-BCs vs. ESC- BCs. These 
data suggest that hiPS-BCs are transcriptionally highly simi-
lar, but may not be perfectly identical to hES-BCs since the 
former share some somatic cell signatures with undifferenti-
ated iPSCs. The cellular composition of iPS-BCs and ES-BCs 
is different as they may retain some of genetic profi le of 
somatic cells in differentiated iPS cell derivatives, or both.  

    Structural Properties 

 Structural properties of human PSC-derived CMs can be 
analyzed by immunofl uorescence and electron microscopy 
(EM). In human iPSCs α-actinin and MLC2a labeling indi-
cated clear striated pattern (Fig.  4 ) and MLC2a was localized 
to A-band of sarcomeres, similar to that seen in the hESC- 
CMs [ 194 ]. Immunolabeling for multiple myofi lament pro-
teins such as cTNT (myofi lament-sarcomeric protein), 
MLC2v, α-actinin, αMHC, and tropomyosin showed compa-
rable signals in both human ESC-CMs and iPSC-CMs [ 195 –
 197 ]. These data indicate that both hiPSC-CMs and 
hESC-CMs have a well-organized sarcomeric structure.

   Under the EM, the CMs showed a variable degree of dif-
ferentiation. Large number of cells showed bundles of myo-
fi brils. While most of the cells showed randomly distributed 
bundles, some cells clearly had organized, clear striated, and 
differentiated sarcomeres with Z lines, which is a character-
istic feature of early stage CMs [ 141 ,  190 ]. Intercalated disks 
were also seen between adjacent cells. Cells contained sev-
eral mitochondria in the proximity of sarcomeres and numer-
ous polyribosomes. Immuno-EM showed troponin I 
immunoreactivity in the myofi brils. Thus, differentiated cells 
share characteristics similar to those of functional CMs 
regardless of the variation in the differentiation effi ciency of 
human ESC and iPSC lines and the differentiation method 
[ 194 ]. Ki-67 (proliferating cell marker) immunostaining 
indicated that some of the differentiated CMs were still 
active in the cell cycle and immature [ 190 ]. Immature CMs 
could be benefi cial for future cell therapy experiments as 
they might survive better, divide, and be infl uenced by the 
ectopic environment of the recipient heart [ 198 ]. In other 
studies, BrdU labeling also demonstrated that some of the 
hESC-CMs possess proliferative capacity [ 192 ,  199 ,  200 ].  
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    Electrophysiological Properties 

 Ma et al. performed a detailed analysis of human iPSC-CMs 
by measuring current in seven ionic channels. These cells 
reproduced the electrophysiological properties, such as volt-
age dependence of channel gating underlying their APs and 
response to pharmacological compounds of bona fi de human 
CMs. The seven ionic currents studied include sodium 
(I(Na)),  L -type calcium (I(Ca)), hyperpolarization-activated 
pacemaker (I(f)), transient outward potassium (I(to)), inward 
rectifi er potassium (I(K1)), and components of delayed recti-
fi er potassium current (I(Kr) and I(Ks), respectively) [ 170 ]. 
Normal cardiac electrophysiological function of PSC-CMs 
is determined, but not their response to hormones and trans-
mitters. Both hESCs and hiPSCs respond to adrenergic and 
cholinergic agents. β-adrenergic stimulation by isoproterenol 
leads to an increase in the spontaneous beating rate, a 
decrease in AP duration, and an increase in contractility in 
hiPSC-CMs [ 195 – 197 ]. These cells also show functional 
excitation–contraction coupling properties resembling those 
of adult CMs [ 202 ]. Based on multielectrode array (MEA) 
studies, hESC-CMs exhibit prominent Na +  current at the 
20–35 days post-plating [ 203 ,  204 ]. 

 The cardiac AP of human PSC-derived CMs is considered 
as one of the powerful parameters for determining cardiac 
safety and effi cacy of various drugs [ 205 ]. AP analysis of 
hESC-CMs generated from the hESC line H7 by sequential 
treatment with activin A and BMP-4 revealed that their elec-
trophysiological phenotype was closer to the embryonic than 
adult myocytes [ 150 ]. The evidence for early developmental 
stage of PSC-derived CMs is provided by fi ndings that trans-
verse tubules are absent in mouse and human ESC-CMs 
[ 206 ]. Gap junctions contain, in addition to connexin 43, also 
the connexin 45, which is expressed in early stages of in vivo 
CMs. PSC-CMs express smooth muscle actin, which is nor-
mally found only in embryonic and fetal CMs, and dose–
response curves in response to isoprenaline are similar to 
those of the fetal heart [ 207 ]. 

 Inhibition of voltage-gated potassium channels of the 
hERG type, which mediate the IKr current by using the exper-
imental class III antiarrhythmic drug E4031, induced early 
afterdepolarizations (EADs) in hESC-CMs [ 170 ,  205 ,  208 , 
 209 ]. EADs could also be triggered in hESC-CMs by cis-
apride, a compound that was marketed as a gastrokinetic 
agent, but was withdrawn from the market because it also 
blocks hERG [ 170 ,  205 ,  208 ,  209 ]. Using voltage patch 
clamp, Jonsson and coworkers demonstrated that densities 
(pA/pF) of ion currents I(Kr), I(Ks), I(Na, peak), I(Na, late), 
and I(Ca, L) in hESC-CM were comparable to adult CM. 
However, I(f) density was larger and I(K1) not existent or very 
small in hESC-CM. Thus, hESC-CMs exhibit rather imma-
ture electrophysiological phenotype and lack of functional 
I(K1) channels and aberrant I(Na) channel activation may 
limit the potential of these cells to be used for testing pro-
arrhythmic drugs other than hERG inhibitors [ 170 ,  205 ,  208 , 
 209 ]. However, human PSC-derived CMs have been shown to 
respond to many experimental and therapeutic cardiac drugs 
in a highly predictable manner, suggesting that these cells 
may represent a suitable model for assessing the effi cacy and 
toxicity of many existing and novel compounds [ 207 ]. 

 The central event regulating cardiac muscle contraction is 
a rapid, transient elevation of cytosolic Ca 2+  resulting from 
Ca 2+ -induced Ca 2+  release (CICR). In this process, depolar-
izing AP induces a small infl ux of Ca 2+  through the plasma-
lemmal voltage-gated calcium channels (CaV1.2), triggering, 
in turn, much larger cytosolic release of Ca 2+  from the sarco-
plasmic reticulum (SR) into the cytosol through type 2 
ryanodine receptors (RYR2). ESC and iPSC-derived CMs 
were reported to have functional SR as demonstrated by the 
existence of a functional CICR, spontaneous local Ca 2+  
events, and caffeine-releasable Ca 2+  stores [ 210 ]. The load of 
RYR-mediated Ca 2+  stores increases during in vitro matura-
tion of ESC-CMs [ 211 ]. 

 Pillekamp et al. introduced the fi rst in vitro cardiac trans-
plantation model where hESC-CMs (from H1 hESC line) 
were isolated and transplanted into ischemically damaged 

  Fig. 4    Immunocytochemical analysis of cardiomyocytes derived from human ( a ) and murine ( b ) iPSCs. Cardiomyocytes were stained with alpha- 
actinin antibodies to show their typical sarcomeric cross striations.         
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ventricular slices of murine hearts [ 212 ]. This allowed the 
study of the functional integration and the isometric force 
development of mechanically loaded contraction of hESC- 
CMs using an isometric force transducer. In this model, 
hESC-derived cardiac clusters integrated in vitro into the 
matrix of damaged myocardial tissue with features that 
resembled irreversible ischemic injury in vivo. The hESC- 
CMs conferred force to the damaged myocardium and 
showed a positive length-dependent increase in tension. 
Force developed by cardiac clusters transplanted early after 
the onset of beating exhibited an immature phenotype. This 
model is well suited to assess the mechanical properties and 
functional integration of CMs into host that is suggested for 
cardiac replacement strategies.   

    In Vitro Disease Modeling 

 Tightly regulated temporal and spatial pathways represent-
ing electrical activation and subsequent mechanical contrac-
tion of CMs are essential for the functioning of a normal 
heart. Any disturbances may lead to serious life-threatening 
conditions or sudden death. Inherited cardiac disorders, 
such as the long QT syndrome, the Brugada syndrome, pro-
gressive cardiac conduction defect (Lenegre disease), cate-
cholaminergic polymorphic ventricular tachycardia 
(CPVT), dilated cardiomyopathy (DCM), and others, are 
caused by mutations in genes coding for specifi c ion chan-
nels or structural proteins. Some of these diseases are known 
to have an extremely high degree of genetic heterogeneity. 
A single clinical phenotype may have different genetic 
background and a single gene may cause very different phe-
notypes acting through different pathways. Until recently, 
genetically engineered mice were the only experimental 
tools to investigate the molecular mechanisms responsible 
for human genetic diseases. Several murine models harbor-
ing human gene mutations leading to electrical and struc-
tural cardiac disorders have been developed, including 
channelopathies, familial conduction disorders, cardiomy-
opathies, and other inherited cardiac disorders [ 213 ]. 
However, the serious limitation of these animal models is 
that they cannot reliably reproduce the human pathology, 
especially when the genetic basis of the disease is extremely 
heterogeneous, the penetrance of the mutated gene is incom-
plete and the species- dependent differences in heart physi-
ology and morphology exist   . Another possibility to 
investigate human-inherited heart diseases is established by 
in vitro culture of human CMs obtained from patient-spe-
cific iPSCs. Such CMs may be also beneficial in drug 
discovery platforms to identify novel drugs and assess their 
toxicity. hiPSC models have been established for a number of 
inherited cardiac diseases encompassing cardiomyopathies 

and channelopathies, which will be discussed below [ 96 , 
 176 ,  214 – 217 ]. 

    Cardiomyopathies 

 In cardiomyopathies, there is insuffi cient or loss of cardiac 
muscle function that leads to heart failure. The two most com-
mon forms of inherited myopathies are hypertrophic (HCM) 
and dilated (DCM) cardiomyopathy. Various mutations in 
key sarcomere- or myofi lament-related genes such as MYH7 
coding for cardiac β-myosin heavy chain and MYBPC3 cod-
ing for myosin-binding protein C are associated with cardiac 
myopathy [ 218 ]. Lack of in vitro cardiac disease models had 
affected the understanding of mechanism behind the specifi c 
gene mutations and their resulting phenotypes. 

 Recently, patient-specifi c iPSC lines of LEOPARD syn-
drome (an acronym formed from its main features: lentigi-
nes, electrocardiographic abnormalities, ocular 
hypertelorism, pulmonary valve stenosis, abnormal genita-
lia, retardation of growth, and deafness) were established to 
serve as a model for investigating the pathophysiology of 
hypertrophic cardiomyopathy associated with it and identi-
fying novel therapeutic measures [ 94 ,  219 ]. LEOPARD syn-
drome iPSC-derived CMs displayed large cell size, higher 
sarcomeric organization, and a preferential nuclear localiza-
tion of the transcription factor NFATC4 (nuclear factor of 
activated T-cells, cytoplasmic 4) when compared to hESCs 
and wild-type hiPSC-CMs. The NFATC4 is known as an 
important regulator of cardiac hypertrophy. Active 
 calcineurin dephosphorylates NFAT transcription factors and 
translocates them into nucleus. LEOPARD syndrome hiP-
SCs, the disease phenotype, resulted from a mutation in 
PTPN11 gene, which encodes for protein tyrosine phospha-
tase Shp2, and a defective Ras-MAPK pathway due to aber-
rant phosphorylation of several component proteins. 
Previously, Wu et al. established that Shp2 plays a role in 
modulation of intracellular signaling pathways that initiate 
differentiation in both hESCs and mESCs. A small molecu-
lar inhibitor of Shp2 or deletion of this gene resulted in 
impaired ESC differentiation [ 220 ]. 

 Sun et al. have generated and characterized patient- 
specifi c iPSC for familial DCM [ 96 ]. Mutations in sarco-
meric, cytoskeletal, mitochondrial, and nuclear membrane 
proteins along with R173W in sarcomeric cardiac troponin T 
gene (TNNT2) are the underlying mechanisms in DCM. 
Decreased Ca 2+  sensitivity of myofi laments and Ca 2+  ATPase 
activity (SERCA2a) decrease or impair force generation by 
CMs. Exogenous SERCA2 rescued the R173W mutation in 
DCM-iPSC-CMs. This study showed that abnormalities in 
Ca 2+  sensitivity occur at an early stage of development in 
DCM-iPSC-CMs.  
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    Channelopathies 

 Inherent, congenital, autosomal dominant cardiac channelo-
pathies are associated with mutations in cardiac ion chan-
nels, which impair ion transport across the membrane 
ultimately resulting in changes in AP dynamics, arrhythmia, 
and heart failure [ 218 ]. They can also be acquired or induced 
by electrolytes, drugs, and genetic predisposition. Heritable 
cardiac channelopathies include the long QT syndrome 
(LQTS), short QT syndrome (SQTS), Brugada syndrome, 
CPVT, cardiac conduction disease, and sinus node dysfunc-
tion [ 221 ]. Mutations in the genes encoding potassium 
(KCNQ1, KCNH2), sodium (SCN5A), and calcium 
(CACNA1C) channels are the most common cause of the 
LQT syndrome. Ion channels are essentially transmembrane 
(TM) proteins, which form a pore in the membrane and con-
trol voltage gradients by selective and directional fl ow of 
ions. A cycle of depolarizing and repolarizing ion currents 
passing via these specialized ion channels produces AP in 
CMs [ 222 ]. Mutations in genes encoding any of these chan-
nel proteins will lead to the loss of function or loss of cell-to- 
cell electrical coupling through gap junctions and can evoke 
life-threatening cardiac arrhythmias, the most common 
cause of sudden cardiac death. 

 So far, patient-specifi c iPSC-CMs could be derived from 
patients with long QT syndrome [ 208 ,  215 – 217 ,  223 – 226 ], 
CPVT [ 227 ], LEOPARD syndrome [ 94 ], and Timothy syn-
drome [ 228 ]. LQTS is the most common electrophysiologi-
cal disease with prevalence of 1 in every 7,000 people and 
has about 12 different subtypes [ 222 ]. Genetic and drug- 
induced LQTS are of foremost concern to patients and phar-
maceutical companies because of a high risk of sudden 
cardiac death due to ventricular tachyarrhythmia. LQTS is 
associated with prolongation of the QT interval as seen on an 
ECG. Mouse models are not suitable since the resting heart-
beat rate is 10 times greater than that of humans. Thus, 
human models must be used to scaling up high-throughput 
platforms for screening libraries of small molecules and drug 
sensitivity studies. The potential candidate drugs obtained 
are used in either ameliorating or reversing the disease phe-
notype to elucidate underlying molecular mechanisms in 
pathological diseases. 

 An autosomal dominant missense mutation (R190Q) in 
KCNQ1, a repolarizing potassium channel mediating the 
delayed rectifi er I(Ks) current, resulted in type 1 LQTS 
(LQTS1). Patient-specifi c LQTS1-hiPSCs were generated 
from dermal fi broblasts from members of a family affected 
by LQTS1 and then induced to differentiate into LQTS1-
hiPSC- CMs. The patient-derived cells recapitulated the elec-
trophysiological features of the disorder by exhibiting 
characteristic APs, a signifi cant reduction in I(Ks) current 
and altered channel properties [ 229 ]. 

 Itzhaki et al. [ 215 ] generated disease-specifi c hiPSC line 
from a patient with type 2 LQTS (A614V missense mutation 
in the KCNH2 gene, codes for a potassium channel). Detailed 
analysis using patch-clamp technique and extracellular mul-
tielectrode recording revealed a prolonged AP because of 
reduced potassium current. These cells also exhibited EAD 
and triggered arrhythmias. This model evaluated the effects 
of existing and novel drugs that may either aggravate (e.g., 
potassium-channel blockers E-4031 and cisapride) or ame-
liorate the disease phenotype (e.g., calcium-channel blocker 
nifedipine, potassium ATP-channel opener pinacidil, and 
late sodium-channel blocker ranolazine) [ 215 ]. 

 Yazawa et al. [ 228 ] generated and analyzed Timothy syn-
drome (TS) patient-specifi c iPSCs from dermal fi broblasts 
carrying a missense mutation in the  L -type calcium channel 
Ca(V)1.2 leading to LQTS in these patients. 
Electrophysiological studies revealed that TS-iPSC-CMs 
possess irregular contractions, excess Ca 2+  infl ux, prolonged 
APs, irregular electrical activity, and abnormal Ca 2+  tran-
sients in ventricular-like cells. Roscovitine was identifi ed as 
a new compound that increases the voltage-dependent inacti-
vation of Ca(V)1.2 channel and rescues electrical and Ca 2+  
signaling properties of TS-iPSC-CMs. 

 Novel heterozygous autosomal dominant mutation p.
F2483I in the cardiac ryanodine receptor type 2 gene (RYR2) 
leads to type 1 CPVT (CPVT1), which is a highly lethal form 
of inherited arrhythmias. It is characterized by stress-induced 
ventricular arrhythmia frequently followed by sudden car-
diac death in young individuals. We have generated iPSCs 
from a patient with CPVT1 carrying the p.F2483I mutation 
in RYR2 [ 227 ]. Patch-clamp recordings of CPVT1-iPSC- 
CMs after catecholaminergic stimulation revealed arrhyth-
mias and delayed after-depolarizations (DADs). hiPSCs are 
suitable in modeling RYR2-related cardiac disorders in vitro. 
Novak et al. [ 95 ] generated hiPSC-CMs from a type 2 CPVT 
(CPVT2) carrying a missense mutation p.D307H in the car-
diac calsequestrin gene CASQ2 that causes an autosomal 
recessive form of the CPVT. CPVT2-hiPSCs were generated 
to investigate catecholamine-induced arrhythmias in the 
CASQ2-mutated cells. Isoproterenol caused DADs, oscilla-
tory arrhythmic prepotentials, after-contractions, and dia-
stolic [Ca 2+ ]i rise in CPVT-hiPSC-CMs. Therefore, these 
patient-specifi c mutated iPSC-CMs are suitable for studying 
electrophysiological mechanisms underlying CPVT. 

 Davis et al. [ 230 ] demonstrated that both mESC- and 
hiPSC-CMs recapitulated the characteristics of genetic dis-
order affecting the Na +  current INa with a combined gain and 
loss of function mutation in the Na +  channel gene SCN5A by 
generating multiple iPSC lines. hiPSCs were generated from 
a patient with equivalent SCN5A (1795insD/+) mutation 
while mESCs were generated from mice carrying 
(1798insD/+) (Scn5a-het) mutation in Scn5a. 
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 In a chemical screen, Peal et al. identifi ed two compounds: 
fl urandrenolide and the novel compound 2-methoxy-N-
(4-methylphenyl) benzamide (2-MMB). Both rescued type 2 
LQTS in zebra fi sh model. Both of them shortened ventricu-
lar AP duration. A novel patient-derived LQTS-hiPSC model 
could analyze, establish, and confi rm the toxicology profi le 
of above-mentioned compounds [ 225 ].   

    Implications in Drug Discovery 

 Cardiovascular-targeting drugs and cardiotoxins have shown 
to have effects on the heart functions that involve changes in 
the contractility, cardiac rhythm, blood pressure, and isch-
emia. Such toxic effects have led these drugs to be with-
drawn, requiring development of stringent rules on 
cardiotoxic testing. In vitro cardiotoxic testing applications 
using hESC-CMs are particularly advantageous and comple-
mentary to the existing repeat dose toxicity applications 
[ 231 ]. A balanced, concerted activity of several cardiac ion 
channels is vital in ventricular repolarization and any altera-
tions may lead to ventricular arrhythmias [ 232 ]. Therefore, 
electrophysiological analysis of the proarrhythmic potential 
of a new drug is relevant and necessary in cardiotoxicity 
assays. Capacity for the in vitro development of calcium- 
handling mechanism, ion channels, and regulatory proteins, 
which are essential for a mature repolarization phenotype in 
CMs, is well established [ 231 ]. 

 Cardiac toxicities such as ventricular arrhythmias that 
lead to life-threatening torsades de pointes (TdP) are a main 
concern during development of novel cardiac therapies [ 201 , 
 232 ]. Early and accurate detection of such potential cardiac 
toxicities could save the pharmaceutical industry millions of 
dollars at an early stage. Cell-based screening with pheno-
typic endpoints has been successful [ 233 ,  234 ]. hESC-CMs 
represent a novel platform for electrophysiological drug 
screening and in vitro toxicity testing as the cells respond to 
a number of cardiac [ 208 ] and noncardiac drugs and the pro-
cess is scalable using high-throughput technologies [ 232 , 
 235 ]. Cardiotoxicity is analyzed in vitro using metabolic 
activity, membrane leakage, and energy content and intracel-
lular calcium concentration. The evaluation of QT interval 
liability and the torsadogenic potential of novel chemical 
entities involve the analysis of ionic currents from engi-
neered cell lines that express hERG, prolongation of the 
action potential from isolated, arterially perfused rabbit ven-
tricular wedge preparation or canine Purkinje fi bers, and 
rates of arrhythmia in animals [ 231 ]. Cardiotoxicity testing 
in vivo involves parameters such as blood pressure, heart 
rate, electrocardiogram (ECG), repolarization, conductance 
abnormalities, cardiac output, ventricular contractility, and 
vascular resistance. 

 hESCs and hiPSCs show unrestricted proliferation 
and, therefore, serve as an unlimited source for CMs. Stem 

cell- derived models will eventually reduce, replace, or refi ne 
current models of cardiotoxicity. For many toxicology appli-
cations, PSCs offer a homogeneously defi ned population. An 
in vitro toxicology platform for the hESC-CMs has been 
developed because of the lack of availability of human pri-
mary tissue material for cardiotoxic testing and their ability 
to overcome species variability [ 123 ]. 

 Matsa et al. derived hiPSCs from skin fi broblasts of 
patients with a KCNH2 (IKr potassium ion channel) G1681A 
mutation, which were subsequently differentiated into func-
tional CMs. Relative to controls, MEA and patch-clamp 
electrophysiology of LQTS2–hiPSC-CMs showed pro-
longed fi eld/AP duration [ 208 ]. When LQT2–hiPSC-CMs 
were exposed to E4031 (an IKr blocker), arrhythmias devel-
oped and these presented as EADs in the APs. Isoprenaline 
treatment of LQT2–hiPSC-CMs also resulted in EADs and 
β-blockers propranolol and nadolol reversed this effect. 
Treatment of CMs with experimental potassium channel 
enhancers, nicorandil and PD118057, caused AP shortening 
and abolished EADs. Findings from this study demonstrate 
that patient LQT2–hiPSC-CMs respond appropriately to 
clinically relevant pharmacology and will be a valuable and 
novel human in vitro cardiac drug evaluation system.  

    Applications in Cardiac Repair 

 Müller-Ehmsen et al. [ 236 ] investigated the retention capac-
ity of transplanted fetal CMs into the myocardium and found 
out that ~ 80 % of them disappeared between day 1 and 4 
weeks after injection. Such loss or washout is probably 
caused by lack of adhesive ability of CMs toward ECM. This 
idea is supported by our fi ndings that purifi ed murine ESC- 
derived CMs were not capable of attaching quantitatively to 
any of 16 different two-dimensional biomaterials and did not 
morphologically or functionally integrate into collagen 
sponges, and dissociated cardiomyocytes did not reaggregate 
in hanging drops in the absence of collagen matrix or sup-
portive MEFs or cardiac fi broblasts [ 237 ]. Lafl amme et al. 
[ 150 ] used a proapoptotic cocktail to improve survival of 
transplanted cells and Kolossov et al. [ 238 ] have co- 
transplanted CMs with MEFs to improve survivability. 
Hattori et al. have reaggregated purifi ed CMs into small balls 
of cells and these have resisted washing out and anoikis 
[ 239 ]. This strategy has improved the survivability and func-
tionality of CMs by 90 % up to 8 weeks of posttransplanta-
tion into the myocardium of the immunodefi cient mice. 
Paracrine factors are thought to be responsible for the 
improvement of function.    Growth factors like FGF, EGF, 
PDGF-BB, and endothelin-1 stimulate the proliferation of 
connective tissue, smooth muscle cells, mesenchymal, glial 
and epithelial cells. These CM clusters exhibited growth and 
elongation after transplantation and reformed into intramyo-
cardial sheet-like structures [ 164 ,  239 ]. 
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 One crucial clinical application of hESC-CMs is to repair 
heart damage in myocardial infarction by grafting (cell ther-
apy). When uninjured hearts of immunocompromised 
nonprimates received transplants of hESC-CMs, the human 
myocardium exhibited grafting [ 138 ,  240 ,  241 ]. The ability 
of hESC-CMs to proliferate and form graft shows that if 
transplanted in subtherapeutic dose, they may be suffi cient to 
reach a functionally meaningful cardiac implant over time. 
As reviewed in [ 20 ,  242 ,  243 ], transplantation of mESC- 
CMs improved contractile function of the infracted mouse 
heart. Lafl amme et al. [ 150 ] have shown that, once grafted, 
partial remuscularization and attenuation of heart failure 
occur and it appears to normalize electrical conduction all 
through the infarct, manifested by reduced ventricular dila-
tion, and improved global function (fractional shortening 
and ejection fraction). Most hESC-CMs grafted into infracted 
heart died, but the discovery of pro-survival cocktail helped 
the grafted CMs to survive [ 150 ]. Kehat et al. generated beat-
ing CM tissue from hESCs and showed that it integrates 
structurally, electrically, and mechanically with surrounding 
myocytes [ 244 ]. 

 Nelson et al. showed that intramyocardial delivery of 
undifferentiated iPSCs into the infarcted hearts of mice fol-
lowing ligation of the left anterior descending artery yielded 
progeny that properly engrafted without disrupting cytoar-
chitecture [ 245 ]. In another proof-of-concept study, Mauritz 
et al. showed that injection of murine iPSC-derived Flk-1 +  
progenitor cells into the ischemic myocardium of mice 
improved cardiac function after MI and these Flk-1 positive 
cells differentiated into cardiovascular lineages (cardiac tis-
sue) in vitro and in vivo [ 177 ]. Hence, iPSC-CMs are an 
autologous source as they can form a part of the myocardium 
and revascularize it. 

 Nearly three million people, now, harbor a man-made 
implanted pacemaker for cardiac rhythm disturbances world-
wide and that number is predicted to increase in the future 
[ 246 ]. Liabilities like shorter battery life, discomfort, and 
lack of intrinsic responses to neural and hormonal regula-
tions have led to recent interest in “biological pacemaker” 
via transplantation of CMs with pacemaking abilities [ 240 ]. 
Biological pacing concept is very close to being an alterna-
tive to the electronic pacemakers [ 247 ]. 

 As a proof of principle, Kehat et al. [ 240 ], Xue et al. 
[ 248 ], and Potpova et al. [ 246 ] transplanted hESC-CMs, 
which survived, integrated, and functioned in vivo as they 
paced the ventricle in the swine model with complete atrio-
ventricular block. iPSC-derived biological pacer can inte-
grate with the host myocardial tissue and generate the 
electrical impulses. Ventricles of pigs with complete MI took 
implants of CMs derived from hESCs and the results [ 249 ] 
indicated that transplanted hESC-CMs successfully coupled 
with the host myocardium and were able to transiently pace 
the pig heart in an ectopic manner.  

    Challenges for Clinical Applications 

 Many challenges have slowed down the translation of stem 
cell models to human clinical trials. 

    Safety 

 Crucial safety concern using ESCs or iPSCs is their potential 
to form tumors upon transplantation. If the cells are injected 
directly into the organ, then undifferentiated hESCs or hiP-
SCs residing within differentiated cell population can pro-
duce teratomas at the host’s transplanted site. Systemic 
administration of cells may result in development of dissem-
inated teratomas in different organs [ 250 ]. This could be 
overcome by improving purifi cation protocols that isolate 
homogenous populations of common progenitors. 

 Undifferentiated hESCs or hiPSCs should be destroyed, 
separated, or removed from their differentiated cell popula-
tions [ 250 ]. To ensure that no undifferentiated hESCs or hiP-
SCs are transplanted together with the hESC- or 
hiPSC-derived tissue to prevent teratoma formation, reliable 
methods are needed to eliminate contaminating undifferenti-
ated hESCs or hiPSCs and to develop sensitive assays to 
detect such contamination in hESC- or hiPSC-differentiated 
tissues prior to transplantation [ 32 ,  250 ]. Encapsulation of 
hESCs and mESCs with membranes of 2.2 % barium  alginate 
prevented the formation of teratomas up to 4 weeks and 3 
months, respectively. The mESCs formed aggregates within 
the alginate capsules, but not the hESCs [ 251 ]. 

 Transplantation therapy requires pure cells to eliminate 
the risk of teratoma formation. Phenotype-based purifi cation 
approaches such as beating of CMs, reporter gene expres-
sion, and density-gradient centrifugation have enriched the 
purity by only fi ve- to tenfold, but they are not scalable [ 2 , 
 150 ]. In addition, selective pluripotent apoptotic agents like 
the ceramide analogues (sphingosine fatty acid family) are 
harmless potent selective apoptosis-inducing agents. 
Bieberich et al. [ 252 ] showed that a portion of proliferating 
Oct-4 positive ESCs in EB-derived cells could be eliminated 
by apoptosis-inducing ceramide or its analogues. The most 
widely used approach for isolation of pure CMs from ESCs 
includes genetic modifi cation of ESCs to express a drug 
resistance and/or fl uorescent marker protein under the 
 control of a cardiac-specifi c promoter [ 187 ,  238 ,  253 – 257 ]. 
This strategy allows for isolation of CMs at purities around 
99 % by either drug selection or fl uorescence-activated cell 
sorting (FACS), and this method is highly scalable to biore-
actors. However, the main drawback here is the need for 
insertion of an antibiotic selection cassette into the parental 
genome. Recently, protocols employing magnetic or fl uo-
rescent cell sorting based on expression of the cell surface 
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marker ALCAM on CMs [ 258 ] or their high mitochondrial 
activity [ 239 ] have also been described. The enrichment of 
CMs using FACS using mitochondria-specifi c fl orescent 
dyes resulted in >99 % purity in murine and human ESC 
differentiations. Although these strategies have the advan-
tage of requiring no genetic modifi cation of ESCs for 
enrichment of CMs, they suffer from limited specifi city of 
ALCAM expression on CMs and FACS purifi cation is not 
high-throughput and scalable enough. In addition, cells 
with less number of mitochondria such as immature hESC-
CMs are diffi cult to be distinguished from other types of 
cells [ 259 ]. Dubois et al. identifi ed the signal-regulatory 
protein alpha (SIRPA; CD172) as another cell surface 
marker, which enables isolation and purifi cation of CMs 
from PSC cultures by FACS or MACS [ 259 ]. Alternatively, 
depletion of SIRPA-negative non-myocytes using their spe-
cifi c cell surface molecules using FACS can enrich SIRPA-
positive cells. Uosaki et al. identifi ed vascular cell adhesion 
molecule 1 (VCAM1) as a potent cell surface marker for 
robust, effi cient, and scalable purifi cation of CMs from 
hESCs/hiPSCs [ 260 ].  

    Yield 

 Yield of many desired cell types from undifferentiated PSCs 
is still very variable and ineffi cient, and factors affecting lin-
eage specifi cation are not suffi ciently known. Considering 
that approximately 108–109 cells will be required for treat-
ment of each patient [ 261 ], effi cient protocols for reproduc-
ible differentiation of PSCs toward functionally intact CM at 
suffi cient, clinically useful quantities are needed. Directed 
differentiation using BMP4 and activin A or BMP-2 and 
bFGF inhibitor can promote differentiation of hESCs into 
CMs. Upregulation of the Wnt3a signaling pathway resulted 
in expansion of the multipotent Isl11 progenitor cells. More 
robust cardiopoietic extrinsic factors and surface markers of 
specifi c cardiac progenitors are needed for purifi cation, 
expansion, and differentiation. 

 Only one report on differentiation of human ESCs toward 
CM in large scale in fully controlled stirred suspension bio-
reactor has been reported to date [ 262 ]. This study demon-
strated the importance of initial EB size and physicochemical 
parameters (oxygen tension) for successful CM differentia-
tion. However, the cell yield was still low, and the differen-
tiation was performed in serum-containing medium, which 
necessitates further adaptations of this protocol to GMP- 
compatible conditions. Steiner and coworkers showed that 
human ESC clusters propagated in suspension could be eas-
ily differentiated into neural spheres in suspension [ 263 ]. 
Small molecules will be crucial in developing defi ned media 
for large-scale production of CMs from human PSCs. A 
number of such molecules have been identifi ed (e.g., cardio-
genol, ascorbic acid, prostaglandin I2, p38 mitogen-activated 

protein kinase inhibitor SB203580, and cyclosporine A), but 
their broad applicability for clinically relevant cells in biore-
actor systems has not yet been tested. 

 Current techniques for expansion of human PSCs in the 
undifferentiated state most commonly rely on adherent 
growth of PSC colonies on human feeders [ 264 ,  265 ], autol-
ogous feeders [ 266 ], and poorly defi ned and xenogeneic sub-
strates (e.g., MEFs, Matrigel) [ 20 ,  267 ], and require 
mechanical dissociation for passaging, but can also be 
adapted to robotics [ 268 ]. These methods may expose human 
PSCs to xenogeneic factors and are labor intensive, ineffi -
cient, irreproducible, and thus not amenable to GMP- 
compatible industrial production of cells for preclinical and 
clinical studies. Culturing and expanding the human PSCs in 
suspension can circumvent these problems. These 
3- dimensional culture systems included simple suspension 
[ 263 ,  269 ,  270 ] and microcarrier-based methods [ 271 ,  272 ] 
in combination with bioreactors [ 273 ]. These studies estab-
lished the grounds for further development of culture tech-
nologies that are suitable for clinical application of human 
PSCs. The discovery of small molecules that increase the 
survival of human PSCs after dissociation into single cells, 
such as Rho-associated kinase inhibitor (ROCKi) Y-27632 
and Thiazovivin, and the formulation of chemically defi ned 
culture media (e.g., mTeSR1 and E8 medium) [ 274 ] play a 
crucial role in establishment of these culture conditions. 

 Although these reports fi rmly established that human 
PSCs can be maintained as suspension aggregates in the 
undifferentiated state for a number of passages, the adapta-
tion of these systems to fully controlled stirred suspension 
bioreactors has not yet been achieved. Furthermore, the 
maintenance of pluripotency over prolonged passages, cell 
viability, and yield are still not satisfactory. Whether current 
suspension cultures of PSCs promote any epigenetic or 
genetic changes that may affect the characteristics of PSCs 
and their therapeutic derivatives has also not been estab-
lished. In addition, the variability in ability of different PSC 
lines to expand and maintain pluripotency in certain suspen-
sion cultures has been observed, emphasizing the need for 
assessment of the broad applicability of each reported 
method [ 273 ]. Therefore, conditions that allow mass expan-
sion of PSC in suspension and their large-scale differentia-
tion in controlled bioreactors require further development.  

    Immunological Rejection 

 Immunorejection of stem cell-derived cell populations in 
allogeneic settings is a major challenge. Immunosuppression 
by drugs becomes mandatory because any mismatch between 
the donor and the recipient cells would result in the rejection 
of graft. By establishing global repositories of large numbers 
of diverse human leukocyte antigen (HLA)-typed ESC 
lines for closest tissue match for a specifi c patient or by 
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reprogramming stem cells or derivatives to an embryonic 
state via patient-specifi c hiPSCs, one can overcome immu-
norejection. Since hESCs do not belong to the patient, immu-
nosuppression is preferred. In case of patient-specifi c 
iPSC-CMs, immunosuppression may not be required [ 250 , 
 275 ]. However, recent studies revealed that even iPSCs, and 
their derivatives, may be immunogenic and rejected from 
syngeneic hosts [ 276 ] presumably due to abnormal gene 
expression in some cells differentiated from iPSCs, which 
can induce T-cell-dependent immune response in syngeneic 
recipients. Therefore, the immunogenicity of autologous 
iPSCs should be evaluated before their clinic application. 

 Human iPSCs offer an ideal autologous source of cells for 
generation of desired therapeutic cell types for each individ-
ual patient. However, the feasibility of developing and apply-
ing autologous iPSCs in clinical practice will be greatly 
limited because of the complex, time-consuming, and costly 
nature of iPSC generation and the regulatory process required 
for approval of each individual cell line and derived prod-
ucts. Therefore, heterologous HLA-matched hiPSC lines 
may secure broad accessibility of iPSC derivatives to patients 
that would otherwise not be able to afford the individualized 
approach. In allogeneic transplantation, immunological 
rejection is due to mismatches in histocompatibility anti-
gens, and the degree of immunological response from allo-
geneic transplants correlates with the extent of matching of 
HLA genes. Even a partial match in HLA types may result in 
benefi cial HLA matching, thus reducing the dose require-
ment for immunosuppressive drugs. HLA genes are co- 
dominantly expressed, and the ones deemed the most 
important for matching are HLA-A, HLA-B, and HLA- 
DRB1. Derivation of iPSC lines from donors with homozy-
gous HLA loci at the three main A, B, and DR sites, and their 
collection in the so-called HaploBank, thus represents a 
promising but yet to be validated strategy to make available 
clinically approved cellular products to the majority of a 
patient population on demand, and at affordable costs, while 
limiting the risk of immunological rejection.  

    Engraftment 

 Once suffi cient amounts of transplantable cells can be pro-
duced at high purity, these cells must be reconstituted into 
injured or diseased tissues and organs with the purpose to 
engraft quantitatively, mechanically, and functionally for 
long periods. As mentioned above, the survival of murine 
and human ESC derivatives is very poor even if injected into 
healthy organ of a genetically identical recipient. In recent 
report, transplanted human ESC-derived CMs could be 
detected in only 18 % of infarcted rat hearts [ 150 ]. This 
observation illustrates the importance of developing strate-
gies to minimize cell loss after transplantation. Engraftment 

of delivered cells could be increased by preconditioning the 
cells prior to transplantation to become more resistant to 
stress, by minimizing infl ammation at the site of injection, 
and by co-injecting the cells with pro-survival factors or sup-
portive noncardiac cell types to inhibit cell death and facili-
tate cell integration in the tissue [ 150 ]. In addition, it will be 
crucial to select the most appropriate method of cell delivery 
into diseased organ to avoid mechanical cell loss immedi-
ately after injection. 

 Excessive fi brogenesis by hESC-CMs is a major issue in 
engraftment [ 277 – 279 ]. The host can prevent integration of the 
graft by triggering electrophysiological uncoupling and increas-
ing the risk of arrhythmias. A difference in electrophysiological 
properties and beating rate between grafted hESC-CMs and the 
myocardium of the host results in functional disintegration. 
Scar formation around the graft and graft healing could be pro-
moted with the use of angiotensin- converting enzyme (ACE) 
inhibitor or angiotensin receptor blocker (angiotensin II pro-
motes cardiac fi brosis) [ 277 – 279 ]. Expression of connexin 4 
(Cx4) has been identifi ed between the graft and the rat myocar-
dium, suggesting the integration of remaining hESC-CMs that 
could survive into the rat heart [ 277 – 279 ].   

    Conclusions 

 Many studies [ 116 ,  144 ,  145 ,  163 ,  185 ] have revealed the 
overall similarity of gene expression and proteome profi les 
between undifferentiated ESCs and iPSCs and their deriva-
tives such as CMs, while only a few studies have reported 
subtle differences in DNA methylation, RNA levels, and dif-
ferentiation potential. Also, similarity of hESC- and hiPSC- 
CMs at the protein level remains to be explored in greater 
detail. Posttranscriptional and posttranslational modifi ca-
tions of proteins tend to control expression of cell pheno-
types. This analysis needs to be extrapolated to studying 
differentiated CMs from both hESCs and iPSCs. Careful and 
systemic analyses of differences at RNA, miRNA, protein, 
phosphoprotein, and DNA methylation profi les will deepen 
the understanding of the molecular and functional properties 
of PSC-derived CMs and their suitability for experimental 
and therapeutic applications.     
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     Abbreviations 

   Aldh1L1    Aldehyde dehydrogenase 1 family, member L1   
  AP2γ    Activating enhancer binding protein 2 gamma   
  BBB    Blood–brain barrier   
  BBB    Blood–brain barrier   
  bHLH    Basic-helix–loop–helix   
  BLBP    Brain lipid binding protein   
  BMP    Bone morphogenic protein   
  CNS    Central nervous system   
  CSF    Cerebrospinal fl uid   
  CSPG    Chondroitin sulfate proteoglycan   
  DSD-1-PG    Dermatan sulfate-dependent proteoglycan1   
  E    Embryonic day   
  ECM    Extracellular matrix   
  EGF    Epidermal growth factor   
  EGFR    Epidermal growth factor receptor   
  Emx2    Empty spiracles homeobox 2   
  FACS    Fluorescence-activated cell sorting   
  FGF    Fibroblast growth factor   
  GFAP    Glial fi brillary acidic protein   
  GFP    Green fl uorescent protein   
  GLAST    Glutamate aspartate transporter   

  GM    Grey matter   
  GS    Glutamine synthetase   
  Gsx1,2    Genomic screened homeobox 1, 2   
  Hes1,5    Hairy and enhancer of split 1, 5   
  HSPG    Heparan sulfate proteoglycan   
  LIF    Leukemia inhibitory factor   
  NPC    Neural progenitor cell   
  NSC    Neural stem cell   
  OB    Olfactory bulb   
  OPC    Oligodendrocyte progenitor cell   
  Olig1,2    Oligodendrocyte lineage transcription factor 1, 2   
  oSVZ    Outer subventricular zone   
  Pax6,7    Paired Box 6, 7   
  PDGFα    Platelet-derived growth factor alpha   
  PEDF    Pigment epithelium-derived growth factor   
  PLp    Proteolipid protein   
  RFP    Red fl uorescent protein   
  RPTPβ    Receptor protein tyrosine phosphatase beta   
  SGZ    Subgranular zone   
  SHH    Sonic hedgehog   
  SVZ    Subventricular zone   
  Tbr2    T-box brain protein 2   
  TGFα    Transforming growth factor alpha   
  TNC    Tenascin-C   
  VEGF    Vascular endothelial growth factor   
  VZ    Ventricular zone   
  WM    White matter    

         Introduction 

    Glial Cells of the Central Nervous System 

 Glial cells develop at the same time as neurons forming neural 
networks accumulate, and their number increases signifi cantly 
during phylogeny [ 1 – 3 ]. In the early nineteenth century, 
Camillo Golgi identifi ed glial cells as a distinct morphological 
cell type within brain tissue, and Rudolf Virchow was the fi rst 
to describe glia as the connective tissue of the brain and called 
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them the “nervenkitt” or “neuroglia” [ 4 ]. Although the name 
survived, the original concept of cells fi lling the space between 
neurons was changed signifi cantly with the identifi cation of 
various glial subtypes (Fig.  1 ) and their functional specifi ca-
tion and diversifi cation. Microglia were identifi ed as mesoder-
mally derived cells of the macrophage lineage that enter the 
brain at early developing stages and remain there as resident 
microglia comprising between 2 and 5 % of all glial cells in 
various brain regions [ 5 ]. These tiny cells are the major phago-
cytic cells that provide the fi rst line of defense for the CNS, 
acting as scavengers of cell debris, following either natural 
cell death or injury (for review, see [ 5 ,  6 ]).

   In the years to come, several glial cell types of neuroecto-
dermal origin, summarized as macroglial cells, were 
 characterized as astrocytes, NG2 glia, oligodendrocytes, and 
ependymal cells with each of these cell types performing 

highly specifi c functions [ 7 ]. Astrocytes are among the most 
abundant glial cells in the adult mammalian CNS and possess 
many fi ne processes enwrapping synapses as well as contact-
ing the basement membrane surrounding blood vessels and 
capillaries. Thereby, astrocytes form the link between synap-
tic transmission and blood fl ow, acting as connective units 
between capillaries and neurons. Astrocytes also control the 
level of ions in the extracellular space and have major roles 
in the function of the blood–brain barrier (BBB), which pro-
tects the CNS from unwanted substances in the general circu-
lation [ 8 ]. In addition, astrocytes are an intricate part of 
synaptic transmission as part of the tripartite synapse consist-
ing of the pre- and postsynaptic terminals and the astrocyte 
processes which remove and recycle neurotransmitters fol-
lowing release from nerve terminals and infl uence synaptic 
transmission in multiple ways (for review, see [ 9 ]). 

  Fig. 1    Diversity of glial cell types in the adult mammalian brain. Glial 
cells of neuroectodermal origin, summarized as macroglial cells, were 
characterized as astrocytes (protoplasmic astrocytes are visualized in 
the cerebral cortex of the  Tg Aldh1L1-GFP transgenic mice, expressing 
a green fl uorescent protein (GFP) under the astrocyte-specifi c promoter 
of the gene encoding the aldehyde dehydrogenase 1 family, member L1 
(Aldh1l1)), NG2 glia (immunostained for the carbohydrate-epitopes 
NG2 in the cerebral cortex), and oligodendrocytes (visualized in the 

cerebral cortex of the  Tg Plp-DsRed transgenic mice, expressing a red 
fl uorescent protein under the control of the proteolipid protein (Plp) 
promoter). Microglial cells are the major phagocytotic population in the 
adult brain and are derived from the mesoderm (immunostained in the 
cerebral cortex for the ionized calcium-binding adaptor molecule 1 
(Iba1) that is specifi cally expressed in macrophages/microglia). All cell 
nuclei were counterstained with bisbenzimide and are shown in  blue . 
Scale bar: 50 μm       

 

M. Götz and S. Sirko



349

 Oligodendrocytes, the other type of macroglial cells, form 
the myelin sheath, a highly specialized cellular structure 
consisting of tightly packed lipid bilayers thereby insulating 
axons and enhancing nerve fi ber conduction velocity for 
rapid transmission of electrical signals in the brain as well as 
supporting axons by various intercellular signals (for review, 
see [ 2 ,  10 ]). Oligodendrocytes originate from NG2 glia, the 
progenitors of the oligodendroglial lineage that all express 
the transcription factors Olig1 and 2 and the proteoglycan 
NG2, and increase in number during vertebrate phylogeny 
[ 11 ]. This highly branched population of macroglial cells is 
distributed throughout the grey matter (GM) and white mat-
ter (WM) of the adult brain parenchyma, where they estab-
lish contacts to neurons, but also act as life-long 
oligodendrocyte progenitor cells (OPCs). Interestingly, they 
comprise the only progenitor population in the adult mam-
malian brain outside the neurogenic niches, and constantly 
generate new myelinating oligodendrocytes [ 12 – 14 ]. Finally, 
ependymal cells are the specialized glial cells lining the brain 
ventricle in vertebrates, possessing multiple motile cilia 
which may contribute to the local fl ow of the cerebrospinal 
fl uid (CSF) and sometimes bearing long radial processes 
resembling radial glial cells from the developing brain [ 15 ]. 

 Thus, all these glial cell types, of which further subtypes 
are constantly discovered, are highly specialized and per-

form distinct roles way beyond being a mere “glue” in the 
nervous system.  

    Glia as Neural Stem Cells: The Neurosphere 
Assay 

 In addition to the above described functions, glial cells also 
act as progenitors and even neural stem cells (NSCs) during 
development and in the neurogenic niches of the adult brain 
[ 16 – 19 ,  21 – 24 ]. For both, radial glia in the developing brain 
and adult NSCs, in vitro assays were fi rst used to identify 
their surprising neurogenic lineage and even multipotency 
[ 18 ,  25 ]. Surprisingly, when two groups dissociated cells 
from the adult rodent forebrain and grew these cells in 
medium containing growth factors, such as the epidermal 
growth factor or the fi broblast growth factor 2, they observed 
the formation of small spheres, i.e., single cells had prolifer-
ated to generate a cell cluster (Fig.  2 ) [ 25 ,  26 ]. Most impor-
tantly, these cells exhibited the stem cell hallmarks of 
self-renewal and multipotency as they could be passaged 
many times and differentiated into neurons, astrocytes, 
and oligodendroglia when exposed to differentiation condi-
tions [ 22 ,  25 – 27 ]. This was the discovery of cells with the 
potential to generate neurons even in the adult mammalian 

  Fig. 2    The neurosphere assay—“the gold standard” to evaluate the 
cells with neural stem cell properties. Schematic outline of the neuro-
sphere assay that examines two fundamental characteristics of neural 
stem cells: self- renewal (passage number) and multipotency (differen-
tiation into multiple lineages). Single radial glial cells as well as the 
adult neural stem cells form free-fl oating clusters (small spheres, i.e., 
single cells had proliferated to generate a cell cluster) when removed 
from its normal environment in vivo and plated in a serum-free culture 

containing growth factors, such as the epidermal growth factor and the 
fi broblast growth factor 2 (EGF + FGF2, respectively). Some cells 
obtained from the dissociated primary neurospheres could be passaged 
for many times in a culture medium (self-renew), containing growth 
factors that promote proliferation. An individual neurosphere differen-
tiates into neurons, astrocytes, and oligodendrocytes (multipotency), 
when exposed to differentiation conditions in a culture medium that 
promote cell differentiation       
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brain. The neurosphere-forming assay has now become “the 
gold standard” to evaluate the potential of a cell to behave as 
a stem cell when removed from its normal environment as it 
assays for self-renewal (passage number) and multipotency 
(differentiation into multiple lineages) (for recent review and 
technical concerns, see [ 27 ]). Notably, various cell sources 
with this NSC potential have by now been identifi ed in the 
adult brain parenchyma, including NG2 glia and astrocytes, 
as well as ependymal cells lining the ventricle [ 24 ,  28 – 31 ].

   While this in vitro assay probes for potential, the source 
of these cells with NSC properties and their lineage in vivo 
became then the focus of attention. First, the hippocampus 
was identifi ed as region of adult neurogenesis in the mam-
malian brain [ 32 ], then Doetsch and colleagues identifi ed 
cells from the adult subependymal zone as source of neuro-
sphere formation with astroglia/radial glia-like cells at the 
base of an adult neurogenic lineage in this region in rodents 
[ 16 ,  17 ,  32 ,  33 ]. Malatesta and colleagues soon after identi-
fi ed radial glial cells from the developing brain as a popula-
tion comprising neuronal progenitors as well as NSCs 
generating neurons and glia [ 18 ], an observation confi rmed 
immediately thereafter by live imaging in slice preparations 
in vitro [ 34 ,  35 ]. Finally, Seri and colleagues unraveled the 
radial glia nature of NSCs in the hippocampal dentate gyrus 
[ 36 ,  37 ]. Thus, while radial glial cells, a type of embryonic 
astroglia, are transient and largely disappear from the paren-
chyma of the mammalian brain at postnatal stages, a limited 
number of radial glial cells remain present in the adult neu-
rogenic niches where they are the source of neurogenesis. 

 These exciting fi ndings prompted great hopes for using 
NSCs from the adult brain for neural repair strategies (for 
review, see [ 24 ,  38 ]). However, most neurosphere-derived 
cells, or even neuroblasts isolated from the adult neurogenic 
niches convert to gliogenesis when transplanted outside the 
neurogenic niches [ 39 – 41 ]. Likewise, neuroblasts recruited 
from the sites of neurogenesis towards injury often succumb 
to cell death [ 38 ], highlighting the gliogenic environment 
throughout the adult brain parenchyma. Conversely, these 
data suggest that cells with a broader potential for neurogen-
esis might be hidden in the adult brain parenchyma, but fail 
to give rise to neurons due to their adverse environment. 
Indeed, such cells were discovered from various glial sources 
and will be subject of discussion below [ 24 ].   

    Astroglia as Stem Cells in the CNS 
of Vertebrates 

    Radial Glia as Stem and Progenitor Cells 
During CNS Development 

 The CNS forms from neuroepithelium lining the fl uid-fi lled 
ventricle of the neural tube. This densely packed cell layer is 
initially composed of proliferative neuroepithelial cells, 

which maintain apico-basal polarity by contacting both the 
ventricular lumen and the pial surface with their radially 
extending cell processes. Neuroepithelial cells are coupled at 
the apical side by adherence junctions containing cadherins 
(fi rst the epithelial, E-cadherin, later the neural N-cadherin) 
[ 42 – 46 ]. The decrease in the junctional proteins E-cadherin 
and occludin at the onset of neurogenesis (from embryonic 
day 8–9 in mouse embryos) is part of the developmental 
transition from self-renewing neuroepithelial to radial glial 
cells [ 44 ,  47 ,  48 ]. This transition constitutes a critical event 
in regulating the balance between brain growth and differen-
tiation of the neural cell types. One of the key factors regulat-
ing this transition are the basic-helix–loop–helix (bHLH) 
transcription factors Hes1 and Hes5, both essential for the 
maintenance of radial glial cells, indicating signifi cant dif-
ferences between neuroepithelial and radial glial cells [ 49 ]. 
Notably, also at later developmental stages, Hes1-regulated 
activity of the Notch pathway plays a critical role in main-
taining radial glial cells in an undifferentiated state in the 
developing mouse brain [ 50 – 52 ]. 

 But why are radial glial cells referred to as glial cells? 
This is because they possess many hallmarks of astroglial 
cells, including gap junction-mediated intercellular commu-
nication, contact with blood vessels [ 53 – 57 ], and expression 
of Vimentin [ 58 ], astrocyte-specifi c glutamate transporter 
(GLAST), brain lipid-binding protein (BLBP) [ 18 ,  59 – 61 ], 
glutamine synthetase (GS) [ 62 ], tenascin-C (TNC) [ 63 ], and 
the receptor protein tyrosine phosphatase β long (RPTPβ 
long) [ 64 ]. They may also contain cytoplasmic glycogen 
granules [ 65 ] and glial fi brillary acidic protein (GFAP), an 
intermediate fi lament protein that is expressed in early radial 
glial cells of some species [ 66 ,  67 ]. During the later stages of 
rodent brain development (around E15 in mice or E17 in rat), 
most radial glial cells start to replace Vimentin expression 
with GFAP, consistent with radial glia having astrocyte-like 
properties [ 68 ,  69 ]. All these astroglia-specifi c molecular 
and ultrastructural criteria together serve to classify radial 
glial cells as the earliest type of astroglial cells, and the lack 
of these characteristics in neuroepithelial cells demonstrates 
the distinct nature of radial glia and neuroepithelial cells. 

 However, radial glial cells also still share some aspects 
with the former neuroepithelial cells [ 48 ]. For example, both 
cell populations share the expression of the intermediate fi la-
ment protein Nestin and its posttranslationally modifi ed iso-
form RC2 [ 61 ,  67 ,  70 – 73 ], as well as morphological features 
such as a radially oriented position between the ventricular 
zone (VZ) and the basement membrane at the pial surface 
[ 74 – 76 ]. To acknowledge both the    radial morphology and 
glial nature of these cells, Pasco Rakic in the early 1970s 
coined the term “radial glia” of the previously termed “epi-
thelial cells” or “spongioblasts” [ 77 ]. 

 Both populations also are highly proliferative and exhibit 
interkinetic nuclear migration with the nucleus moving along 
the longitudinal cellular axis during the various phases of the 
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cell cycle. But, in contrast to neuroepithelial cells, the nuclear 
migration in radial glial cells no longer encompasses the entire 
length of the cytoplasm, and is restricted to the region lining the 
ventricle, the VZ [ 48 ,  78 – 80 ]. Interestingly, radial glial cells 
never withdraw their radial processes retaining a long radial 
process even throughout the cell cycle, which also enables them 
to guide simultaneously migrating neuroblasts [ 35 ,  81 ,  82 ]. 

 Cell division of radial glial cells takes place at the apical 
surface, yet the mode of division and, hence, the nature of 
resulting progenitors depends on various signals, timing, and 
intrinsic fate determinants. Prospective isolation of radial 
glial cells by fl uorescence-activated cell sorting (FACS) fi rst 
demonstrated a notable heterogeneity among radial glial cells 
isolated from the developing mouse cerebral cortices at mid-
neurogenesis [ 18 ]. While most radial glial cells generated 
only neurons, others generated only glia including further 
radial glia, and yet others generated both neurons and glial 
cells [ 18 ,  48 ,  83 ]. These differences in lineage and potential 
are defi ned by molecular determinants specifying the intrin-
sic responsiveness of dividing radial glial cells, the stage of 
the development and the local environment [ 83 – 90 ]. Indeed, 
the lineage of radial glial cells changes in the course of devel-
opment towards more and more glial progeny, until neuro-
genesis is over at the time of birth in mice, a lineage that is 
accompanied by profound changes in the genome- wide tran-
scriptome of these cells [ 83 ,  91 ]. Interestingly, radial glia 
biased to gliogenesis or neurogenesis can also be prospec-
tively isolated by FACS at earlier stages, implying their coex-
istence at mid-neurogenesis [ 83 ,  92 ] and allowing to unravel 
candidate genes regulating this behavior by transcriptome 
analysis [ 83 ]. Moreover, distinct subsets of radial glial cells 
can be isolated in regard to generating neurons directly ver-
sus generating an intermediate set of progenitors, the Tbr2-
positive basal progenitors [ 83 ]. Indeed, molecular regulators 
of these distinct lineages have emerged from this transcrip-
tome analysis and proven to be highly functionally relevant, 
such as the transcription factor AP2γ [ 83 ,  92 ]. 

 In addition, radial glial cells differ profoundly in different 
brain regions [ 91 ,  93 ]. For instance, radial glial cells in dis-
tinct CNS regions express different transcription factors 
involved in patterning of the CNS, such as Pax6 and Emx2 in 
the dorsal telencephalon which are both essential factors for 
specifying the features of the cerebral cortex [ 94 ], whereas 
they express Gsx1 and Gsx2 in the ventral telencephalon, 
key regulators of this region [ 93 ]. Interestingly, in this region 
radial glial cells also express retinoic acid binding proteins, 
while radial glial cells in the ventral telencephalon and ven-
tral midbrain, in the fl oor plate region, express and secrete 
the key morphogen sonic hedgehog (SHH) [ 85 ,  93 – 97 ]. The 
regional differences between radial glial cells in the spinal 
cord and those in the telencephalon are given not only by 
differential expression of particular transcription factors 
(e.g., Pax7), but also in the fate of their progeny that are 

restricted to the glial lineage, while the neuroepithelial cells 
are the major neuronal progenitors in the developing spinal 
cord [ 60 ,  98 – 101 ]. Heterogeneity of radial glial cells further 
extends to heterogeneity in expression of RC2, GLAST, and 
BLBP, with, e.g., one-third expressing all these three pro-
teins and a smaller subset expressing only some of them at 
mid-neurogenesis in the developing mouse telencephalon 
[ 61 ]. In addition, radial glial cells differ in regard to their 
mode of cell division (symmetric self-renewing or asymmet-
ric) [ 35 ,  82 ,  102 ]. During neurogenesis, most radial glial 
cells undergo asymmetric divisions, generating one self- 
renewing radial glial cell and either a young neuron or an 
intermediate progenitor cell [ 34 ,  35 ,  48 ,  82 ,  102 ]. 

 Interestingly, during corticogenesis of the more evolved 
cerebral cortices, such as ferrets or primates, a further type of 
radial glia-like cells, the outer or basal radial glia, resides at 
some distance from the ventricle in the outer subventricular 
zone (oSVZ) [ 103 – 106 ]. These cells have morphological 
similarity to radial glia cells and contact the pial surface by a 
basal process, but they lack apical processes and, hence, do 
not contact the ventricular surface. Contact to the basement 
membrane appears critical for proliferative capacity of these 
cells [ 104 ], which seem to contribute to neurogenesis [ 103 ], 
as well as to gliogenesis [ 105 ,  107 ]. Their amplifi cation pro-
vides additional radial glial processes to guide migrating 
neurons, whose number is increased in brains undergoing 
gyrifi cation [ 107 ]. Thus, understanding radial glial cell func-
tion and diversity is critical to understand brain ontogeny 
and evolution. 

 In most mammals, neurogenesis comes to an end in most 
brain regions at late embryonic or early postnatal stages. 
Radial glial cells disappear by various means at this stage. 
Either they are depleted by symmetric differentiative divi-
sions generating two postmitotic neurons [ 82 ] or largely con-
vert to gliogenesis, a change refl ected by down-regulation of 
Nestin, but maintenance of GLAST and BLBP at the end of 
the neurogenic period [ 18 ]. While some radial glial cells dif-
ferentiate at the ventricular site into ependymal cells, others 
delaminate from this surface as glial progenitors generating 
either oligodendrocyte progenitors or astrocyte progenitors, 
which then distribute throughout the brain parenchyma by 
migration and proliferation [ 11 ,  82 ,  108 – 117 ]. Modifi cation 
of the ECM together with expression changes in intrinsic 
fate determinants, such as up-regulation of Olig2, and cell 
surface receptors, as well as in growth factor responsiveness 
have been proposed as multiple molecular events orchestrat-
ing the timing of cell fate and the later onset of gliogenesis 
[ 83 ,  118 ,  119 ]. Of particular relevance in regard to the transi-
tion of radial glial cells into astrocytes are the signaling path-
ways mediated by Notch-, ErbB2-, and FGF signaling, all of 
which have been implicated in the maintenance of radial 
glial cells, and are proposed to be particularly high in glio-
genic radial glial subtype [ 87 ,  110 ,  112 ,  120 ,  121 ]. 
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 Thus, at the end of neurogenesis, the VZ vanishes while 
the subventricular zone (SVZ) enlarges. This region exists 
only in some forebrain areas during development, where it 
contains intermediate basal progenitors enlarging the num-
ber of neurons generated (for review, see [ 122 ]). At the end 
of neurogenesis, however, it becomes apparent throughout 
the CNS and comprises largely glial progenitors. The VZ 
conversely diminishes in size and becomes largely composed 
of multiciliated ependymal cells, generated from radial glial 
cells during development [ 123 – 127 ]. 

 Interestingly, in the CNS of nonmammalian vertebrates, 
such as amphibians and fi sh, radial glia are maintained into 
adulthood and continue to line the ventricle [ 128 – 132 ]. This 
population of radial glial cells in zebrafi sh retains access to 
the ventricle their entire lifetimes and act as progenitors for 
adult neurogenesis also in amphibians, reptiles, and birds 
[ 129 – 134 ]. In contrast, in the mammalian CNS, the telence-
phalic radial glial cells are transient, and disappear or trans-
form as described above with some also directly transforming 
into astrocytes [ 74 ,  125 ,  135 – 139 ]. The generation of all 
neuronal and major glial cells, i.e., astroglial, oligodendrog-
lial and ependymal cells from radial glial cells underlines 
that radial glial cells may be considered less a specialized 
glial cell type and be considered more as precursors, or even 
stem cells as they are self-renewing and some are also multi-
potent. While only a small subset of them persists through-
out the neonatal CNS, these then act as the source of the 
NSCs in the adult brain.  

    Adult Neural Stem Cells: A Unique Population 
of Astroglial Cells in the Neurogenic Niches 
of the Adult Mammalian Brain 

 While the adult NSCs resemble radial glia [ 31 ] and remain 
anchored at the ventricular surface of the lateral wall of the 
lateral ventricle, their progeny of fast proliferating transit- 
amplifying progenitors and neuroblasts form a densely pop-
ulated SVZ [ 23 ,  31 ]. Also in the dentate gyrus, the other 
brain region where adult neurogenesis has been suggested 
for a long time in rodents [ 140 ] and more recently confi rmed 
in many species [ 141 – 143 ], it is a radial glia-like or radial 
astrocyte-like cell that is at the source of adult neurogenesis 
[ 20 ,  36 ,  37 ]. In both regions, these cells have close contact 
with blood vessels via their endfeets [ 21 ,  124 ,  150 – 154 ] and 
have been identifi ed as astroglia based on expression of 
GFAP, GLAST, calcium-binding protein S100β, glutamine 
synthetase, DSD-1-PG, TNC, and ultrastructural hallmarks 
(for review, see [ 16 ,  17 ,  20 ,  24 ,  33 ,  64 ,  144 – 149 ]). Moreover, 
the similarity between adult NSCs from the SVZ and glial 
cells has been confi rmed by genome- wide expression analy-
sis showing more similarities of NSCs with mature astro-
cytes and ependymal cells, rather than radial glia from the 

embryonic brain [ 23 ]. This is particularly surprising as adult 
NSCs share several aspects also with radial glial cells, such 
as expression of GLAST, Nestin, or Sox2 (for review, see 
[ 23 ,  83 ,  91 ]) and could be isolated by FACS using the same 
characteristics used for isolation of radial glial cells from the 
embryonic brain described above [ 83 ], namely the expres-
sion of GFAP and the membrane protein prominin1 at the 
apical membrane domain [ 23 ,  155 ]. The coexpreesion of 
GFAP and prominin1 is particularly important for separation 
of NSCs from other astrocytes present in the adult SVZ 
(“niche astrocytes”) and the surrounding brain parenchyma. 

    Beyond these common anatomical and molecular fea-
tures, NSCs are involved in homeostasis and gliotransmis-
sion, and display typical glial properties, such as a passive 
current profi le, lack of action potentials, hyperpolarized rest-
ing potentials, gap junction coupling, expression of connexin 
43 and hemichannels important for the propagation of Ca 2+  
waves in radial glia and astrocytes (for review, see [ 156 –
 160 ]). The expression of the K +  inward rectifying channels 
Kir2.1 and Kir4.1 in GFAP- and GLAST- positive NSCs are 
both important for the regulation of extracellular K + -
concentration. These hallmarks, together with the expression 
of transmitter receptors, such as GABA A , but the lack of 
AMPA-type glutamate receptors led to the concept that 
GFAP/GLAST-positive cells in SVZ display a unique set of 
the cell biological and functional characteristics intermediate 
between astrocytes and radial glia [ 159 ,  161 ]. GFAP and 
GLAST co-expressing astroglial cells, partially embedded in 
the ependymal layer and possessing a radial glial-like mor-
phology as well as a primary cilium projecting into the lumen 
of the lateral ventricle, are in fact the source of adult neuro-
genesis, and are able to self-renew in vivo and give rise to 
multipotent neurospheres in vitro [ 19 – 23 ]. In vivo, NSCs 
proliferate and give rise to neurons throughout life, whereby 
neurons born in the SVZ migrate a long distance through the 
rostral migratory stream to the olfactory bulb (OB), and 
enable the turnover of the olfactory neurons, while neurons 
born locally in the SGZ migrate a short distance to integrate 
into the dentate gyrus (for review, see [ 162 ,  163 ]). 

 In addition to their function as primary precursors of new 
neurons, astrocyte-like NSCs by themselves and together 
with supporting cells within the niche, also participate in the 
creation of the specialized microenvironment that stimulates 
neurogenesis. In this regard genome-wide expression analy-
sis of genes specifi cally enriched in the SVZ NSCs revealed 
the dominant importance of genes involved in intercellular 
signaling, such as cilia-mediated signaling and Ca-signaling 
[ 23 ]. This is consistent with several signaling pathways 
infl uencing adult NSC proliferation which require cilia to 
mediate these signals, such as SHH, which also infl uences 
the progeny of NSCs such as transit-amplifying progenitors 
and neuroblasts and regulates patterning [ 164 – 168 ] or the 
platelet-derived growth factor alpha (PDGFα) [ 169 ,  170 ]. 
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In addition, fi broblast growth factor (FGF), epidermal 
growth factor (EGF), vascular endothelial growth factor 
(VEGF), transforming growth factor alpha (TGFα), and pig-
ment epithelium- derived growth factor (PEDF) all have 
been shown to regulate proliferation of SVZ NSCs [ 171 –
 181 ]. Especially the role of EGF has led to the concept of 
activated and quiescent NSCs in the SVZ, suggesting that 
the activated NSCs express the EGF receptor and are respon-
sive to EGF, while quiescent NSCs do not express it [ 182 , 
 183 ]. In addition EGF mediates other functions such as pro-
liferation and migration of neural progenitor cells (NPCs) in 
the SVZ [ 184 ]. The functional cell–cell interplay between 
transit amplifying NPCs and NSCs through a non-cell-
autonomous mechanism involving EGFR-mediated regula-
tion of Notch signaling has an essential role in maintaining 
the balance between these cell populations in the SVZ, 
which is critical to supply the brain with specifi c neural 
 populations [ 52 ]. 

 Bone morphogenic protein (BMP) signaling plays a key 
role for the progression of neurogenesis in the adult CNS. 
BMP signaling acts at endogenous levels as a proneurogenic 
stimulus within the SVZ [ 185 ] while, at the same time, it is 
important for NSC self-renewal in the SGZ [ 186 ]. The effects 
of BMP are age-dependent. In embryonic stem cells, BMPs 
act in combination with LIF to suppress differentiation and 
maintain self-renewal [ 187 ]. In addition to the signaling 
pathways described above, and in similarity to the nature of 
parenchymal astrocytes outside the neurogenic niches, NSCs 
(and other cells in the niche) contribute to the structure of the 
adult niche. They provide a source of ECM containing col-
lagen IV, laminins, perlecan, and in some cases chondroitin 
sulfate and heparan sulfate proteoglycans (CSPGs and 
HSPGs, respectively). The latter two likely serve as impor-
tant signals to the stem cells, including the presentation of 
FGF or EGF to receptors, and hence they promote either cell 
proliferation or cell fate determination, as has been shown 
for embryonic radial glial cells [ 118 ,  119 ,  188 ,  189 ]. 

 Also soluble carbohydrate-binding protein lectins, such 
as Galectin 1 and 3, are involved in the molecular mecha-
nisms that regulate behavior of the adult NSCs. Galectin 1 is 
expressed in a subset of slowly dividing adult NSCs in the 
SVZ and promotes the proliferation of these cells by the 
interaction with Integrin β1, thereby plays an important role 
in regulating the number of adult NPCs through mechanisms 
including cell adhesion [ 190 – 192 ]. Moreover, Galectin 3 is 
highly and specifi cally enriched in NSCs of the SVZ [ 23 ], 
suggesting that these two Galectins are a prominent hallmark 
of NSCs in this region. As such, NSCs provide a niche for 
their progeny, such as neuroblasts, which are affected in their 
migration in Galectin knock-out mice [ 193 ]. 

 Since NSCs are also in contact with the cavity of the lat-
eral ventricle via their apical primary cilia, a further potential 
source of regulatory signals in the SVZ is the CSF. Although 

the CSF has been shown to maintain survival, proliferation, 
and differentiation of neuroepithelial cells in vitro, the role 
of CSF in the regulation of adult NSC behavior in vivo is 
largely unknown [ 194 ,  195 ]. The fl ow of the CSF, generated 
by multiciliated ependymal cells in the adult CNS, is itself 
critical for the establishment of a molecular gradient, such as 
Slit, which is an important coordinator of directional migra-
tion of neuroblasts in the adult SVZ (for review, see [ 196 , 
 197 ]). 

 Taken together, accumulating knowledge regarding the 
orchestration of astrocytic-like NSCs behavior already 
refl ects the combinatorial nature of signaling in the regula-
tion of their maintenance. Thus, cells classically considered 
to be of astroglial lineage, appear to serve as NSCs, and their 
function as primary precursors for new neurons is closely 
related to that of embryonic radial glia.  

    Reactive Astrocytes: A Novel Source 
of Cells with Stem Cell Potential within 
the Injured CNS 

 While the glial nature of NSCs in the developing and adult 
brain has been a challenge for the traditional view of glia as 
differentiated cell types, the recent discovery that apparently 
mature glial cells seemingly dedifferentiate into cells with 
stem cell hallmarks after brain injury is even more challeng-
ing the traditional view of glial cells. As the major cell type 
of macroglia, astrocytes occupy almost all regions of the 
CNS and are essential for the proper functioning of the CNS 
by maintaining the extracellular milieu in regard to ion 
homeostasis, clearance of extracellular glutamate, water 
transport, secretion of pro- or anti-infl ammatory cytokines 
and chemokines, production of growth factors, glucose and 
other energy metabolites, as well as release and scavenging 
of free radicals [ 198 – 202 ]. Also in response to pathological 
changes astrocytes react with a wide spectrum of morpho-
logical and functional changes [ 148 ,  203 ]. This reaction of 
astroglia is, in general, referred to as reactive gliosis that is 
characterized by a phenotypic change in macroglial and 
microglia cells that occur in response to all forms of CNS 
injury or disease ranging from amyloid plaque deposition to 
infl ammation or invasive damage. The basic process of reac-
tive gliosis appears similar in vertebrates reminiscent of the 
wound healing response in other organs. In contrast to other 
organs, the access of hematogenous cells, immune cells, or 
other extrinsic cells as well as large immunoproteins is 
restricted by the BBB in the healthy brain or noninvasive 
injuries [ 204 – 207 ]. Therefore, the astrocytes have to take on 
some tasks  performed otherwise by connective tissue cells 
and these features have been acquired during the evolution 
and during the maturation of the CNS (for review, see [ 206 , 
 208 ]). 
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 In the last 150 years much work has been done to eluci-
date the functions of reactive astrocytes, and both harmful 
and benefi cial activities have been attributed to these cells. 
The initial anatomical description of reactive astrogliosis, 
called “fi brous gliosis,” was performed by Rudolf Virchow 
in the nineteenth century, (according to Bignami and Dahl 
[ 209 ]), and it was Ramon y Cajal, who fi rst proposed an 
abortive effect of “fi brous gliosis” on the growing axons. 
Following a series of studies by aid of the classical impreg-
nation techniques, the major breakthrough came with the 
discovery of GFAP as “the marker” of astroglia. A general 
acceptance in the investigations of the glial reaction was 
gained with the immunohistochemical labeling for GFAP, 
revealing that “fi brous gliosis” was accompanied by the 
accumulation of this intermediate fi lament protein. This fea-
ture quickly became the standard marker for reactive astro-
cytes, providing a hallmark of the reactive gliosis and a 
highly sensitive, even though nonspecifi c indicator for brain 
injury [ 209 ]. 

 It then became more and more clear that the glial reaction 
including the astrocyte reaction differs profoundly in differ-
ent pathological conditions in regard to alterations in gene 
expression, morphological reorganization, and in some 
cases, proliferation [ 14 ,  148 ,  200 ,  210 – 215 ]. A key aspect of 
reactive astrogliosis, in regard to scar formation and sealing 
an invasive injury site, as well as in regard to a potential 
dedifferentiation, is their increase at the injury site, which 
has been suggested to be a result of proliferation and/or ori-
ented migration towards the damaged tissue [ 14 ,  148 ,  211 , 
 212 ,  216 – 218 ]. Given that astrocytes in uninjured adult CNS 
rarely divide outside the adult stem cell niches [ 14 ], the 
pathophysiological conditions seemingly trigger prolifera-
tion in previously quiescent or postmitotic astrocytes. Indeed, 
genetic fate mapping combined with viral vector injections 
demonstrated that the proliferating reactive astrocytes are 
not derived from the NSC niche of the SVZ or SGZ, but 
rather originate in the local grey matter of the cerebral cortex 
[ 24 ,  211 ]. Interestingly, the proliferative reaction of astro-
cytes occurs with a delay (5–7 days after the insult) com-
pared to microglia starting to proliferate within hours after 
an insult or the NG2 glia that increase proliferative activity 
within 1–3 days [ 14 ,  211 ,  212 ,  219 ]. 

 Notably, there is a profound difference between NG2 glia 
that constantly proliferate, albeit slowly, in the adult fore-
brain parenchyma, while astrocytes do not do so [ 12 ,  14 ]. 
Therefore reactive astrocytes enter the cell cycle de novo 
upon injury. In addition they reexpress proteins present in 
radial glia at earlier stages of development or in adult NSCs, 
but absent in mature astrocytes in the adult brain, such as 
Nestin, BLBP, Vimentin, DSD-1-proteoglycan, and TNC, as 

well as both lectins, Galectin 1 and 3 (Fig.  3 ) [ 14 ,  17 ,  33 ,  36 , 
 37 ,  211 ,  212 ,  215 ,  218 ,  220 – 224 ]. This prompted the analy-
sis of their stem cell potential by dissociating the tissue sur-
rounding an invasive injury site and culturing the cells in 
neurosphere conditions as described above. Indeed, in this 
assay a limited fraction of reactive astrocytes shows long- 
term self-renewal and multipotency, suggesting that patho-
physiological stimuli may trigger dedifferentiation of some 
mature astrocytes into NSCs [ 148 ,  211 ,  212 ,  218 ,  225 – 228 , 
 235 ]. Interestingly, this potential to form self-renewing and 
multipotent neurospheres occurs in a time-dependent man-
ner progression closely correlating to the proliferative reac-
tion of astrocytes described above. For instance in response 
to acute injury (such as stab wound and focal laser lesion) or 
ischemia, the ability of reactive astrocytes to form neuro-
spheres strongly increases during early post-injury stages 
(3–5 days after injury), but rapidly declines thereafter, such 
that neurospheres can be no longer observed as 14 days after 
injury [ 148 ,  211 ,  212 ,  228 ,  235 ]. Most importantly, genetic 
fate mapping using GLAST::CreER T2  mice revealed that 
neurosphere-forming cells originate from grey matter astro-
cytes both after stab wound injury and in amyloidosis condi-
tions [ 211 ,  217 ,  235 ]. These cells exhibit stem cell hallmarks 
as they self-renew for many passages [ 211 ,  212 ] and approx-
imately half of them are multipotent, since they are able to 
generate some neurons as well as astrocytes and oligoden-
drocytes in vitro [ 235 ].

   While these data are very exciting in regard to a local ori-
gin of cells with NSC potential, it remains to be determined 
how this potential can be fully activated in vivo. While cul-
tured reactive astrocytes derived from the injured nervous 
system fi t the operational defi nition of NSCs—multipotency 
and the ability to self-renew—to which extent they are simi-
lar or differ from NSCs of the endogenous stem cell niches, 
the SVZ and SGZ, remains to be determined. Genome-wide 
expression analysis will certainly be a major step forward, 
and the recent analysis of adult NSCs [ 23 ], astrocytes from 
the normal brain parenchyma [ 229 ] and reactive astrocytes 
[ 215 ] paves the way towards a thorough understanding of the 
similarities and differences of these cells. Together with 
increasing knowledge on the molecular mechanisms mediat-
ing neurogenesis from adult NSCs and radial glia in the 
embryo [ 230 – 233 ], it has become more and more feasible to 
activate the neurogenic potential of reactive glia also in vivo 
[ 212 ,  217 ,  225 ,  234 ]. Thus, research on glia cells and NSCs 
is merging to unravel the key hallmarks of the wound reac-
tion after injury and separate the benefi cial from adverse 
function with one of the benefi cial roles being a rejuvenated 
set of glia, which provide local sources for novel repair 
strategies.      
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  Fig. 3    Progression in development of the cell heterogeneity within 
neural tissue and the reaction of parenchymal astrocytes to brain injury. 
A schematic summary outlining the progression in development of the 
cell heterogeneity within neural tissue and highlights the reaction of 
parenchymal astrocytes to injury with focus on the molecular character-
istics they share with radial glial cells and adult neural stem cells 
(NSCs), but absent in mature astrocytes in the adult healthy brain. 
During prenatal development, radial glial cells, which have cell bodies 
in the ventricular zone and radial fi bers that reach the outer surface 
undergo cell division multiple times and gives rise to neurons, astro-
cytes, and oligodendrocytes. As development proceeds, some of radial 

glial cells persist into the adult brain and act as adult NSCs in the adult 
SVZ and hippocampal SGZ, where they proliferate to produce both 
neurons and glia. As consequence of brain injury, some mature paren-
chymal astrocytes become hypertrophic and upregulate the expression 
of intermediate fi laments, including GFAP, nestin, vimentin as well as 
brain lipid-binding protein (BLBP), Galectin 1 and 3, proteoglycans, 
such as the DSD-1-proteoglycan and tenascin C (TNC). The patho-
physiological conditions seemingly trigger changes in gene expression 
in mature parenchymal astrocytes indicative of dedifferentiation to a 
developmental, radial glia-like or adult NSCs state       

 

Potential of Glial Cells



356

   References 

    1.    Hartline DK. The evolutionary origins of glia. Glia. 
2011;59(9):1215–36.  

    2.    Baumann N, Pham-Dinh D. Biology of oligodendrocyte and 
myelin in the mammalian central nervous system. Physiol Rev. 
2001;81(2):871–927.  

    3.    Azevedo FA, Carvalho LR, Grinberg LT, Farfel JM, Ferretti RE, 
Leite RE, et al. Equal numbers of neuronal and nonneuronal cells 
make the human brain an isometrically scaled-up primate brain. J 
Comp Neurol. 2009;513(5):532–41.  

    4.    Virchow R. Über das granulierte Ansehen der Wandungen der 
Gehirnventrikel. M In Allg Psychiatr. 1846;3:242–50.  

     5.    Tian L, Ma L, Kaarela T, Li Z. Neuroimmune crosstalk in the 
central nervous system and its signifi cance for neurological dis-
eases. J Neuroinfl ammation. 2012;9(1):155.  

    6.    Rivest S. Regulation of innate immune responses in the brain. Nat 
Rev Immunol. 2009;9:429–39.  

    7.    Kettenmann H, Ransom BR. Neuroglia. Oxford: Oxford Univ 
Press; 2005.  

    8.    Carmignoto G, Gomez-Gonzalo M. The contribution of astrocyte 
signalling to neurovascular coupling. Brain Res Rev. 
2010;63:138–48.  

    9.    Nedergaard M, Verkhratsky A. Artifact versus reality–how astro-
cytes contribute to synaptic events. Glia. 2012;60(7):1013–23.  

    10.    Ben Achour S, Pascual O. Astrocyte-neuron communication: 
functional consequences. Neurochem Res. 2012;37(11):2464–73.  

     11.    Nishiyama A, Komitova M, Suzuki R, Zhu X. Polydendrocytes 
(NG2 cells): multifunctional cells with lineage plasticity. Nat Rev 
Neurosci. 2009;10:9–22.  

     12.    Dimou L, Simon C, Kirchhoff F, Takebayashi H, Götz M. Progeny 
of Olig2-expressing progenitors in the gray and white matter of 
the adult mouse cerebral cortex. J Neurosci. 2008;28(41): 
10434–42.  

   13.    Kang SH, Fukaya M, Yang JK, Rothstein JD, Bergles DE. NG2+ 
CNS glial progenitors remain committed to the oligodendrocyte 
lineage in postnatal life and following neurodegeneration. Neuron. 
2010;68(4):668–81.  

          14.    Simon C, Götz M, Dimou L. Progenitors in the adult cerebral 
 cortex: cell cycle properties and regulation by physiological stim-
uli and injury. Glia. 2011;59(6):869–81.  

    15.    Reichenbach A, Wolburg H. Astrocytes and ependymal glia. In: 
Kettenmann H, Ransom BR, editors. Neuroglia, vol. 2. New York: 
Oxford Univ Press; 2005. p. 19–35.  

      16.    Doetsch F, Caille I, Lim DA, Garcia-Verdugo JM, Alvarez-Buylla 
A. Subventricular zone astrocytes are neural stem cells in the adult 
mammalian brain. Cell. 1999;97:703–16.  

      17.    Doetsch F, Garcia-Verdugo JM, Alvarez-Buylla A. Regeneration 
of a germinal layer in the adult mammalian brain. Proc Natl Acad 
Sci U S A. 1999;96:11619–24.  

         18.    Malatesta P, Hartfuss E, Gotz M. Isolation of radial glial cells by 
fl uorescent-activated cell sorting reveals a neuronal lineage. 
Development. 2000;127:5253–63.  

     19.    Garcia AD, Doan NB, Imura T, Bush TG, Sofroniew MV. GFAP- 
expressing progenitors are the principal source of constitutive 
neurogenesis in adult mouse forebrain. Nat Neurosci. 
2004;7(11):1233–41.  

     20.    Ninkovic J, Mori T, Gotz M. Distinct modes of neuron addition in 
adult mouse neurogenesis. J Neurosci. 2007;27:10906–11.  

     21.    Mirzadeh Z, Merkle FT, Soriano-Navarro M, Garcia-Verdugo JM, 
Alvarez-Buylla A. Neural stem cells confer unique pinwheel 
architecture to the ventricular surface in neurogenic regions of the 
adult brain. Cell Stem Cell. 2008;3:265–78.  

    22.    Chojnacki AK, Mak GK, Weiss S. Identity crisis for adult periven-
tricular neural stem cells: subventricular zone astrocytes, ependy-
mal cells or both? Nat Rev Neurosci. 2009;10:153–63.  

           23.    Beckervordersandforth R, Tripathi P, Ninkovic J, Bayam E, Lepier 
A, Stempfhuber B, et al. In vivo fate mapping and expression 
analysis reveals molecular hallmarks of prospectively isolated 
adult neural stem cells. Cell Stem Cell. 2010;7(6):744–58.  

         24.    Robel S, Berninger B, Götz M. The stem cell potential of glia: 
lessons from reactive gliosis. Nat Rev Neurosci. 
2011;12(2):88–104.  

      25.    Reynolds BA, Weiss S. Generation of neurons and astrocytes from 
isolated cells of the adult mammalian central nervous system. 
Science. 1992;255:1707–10.  

    26.    Richards LJ, Kilpatrick TJ, Bartlett PF. De novo generation of 
neuronal cells from the adult mouse brain. Proc Natl Acad Sci U 
S A. 1992;89(18):8591–5.  

     27.    Pastrana E, Silva-Vargas V, Doetsch F. Eyes wide open: a critical 
review of sphere-formation as an assay for stem cells. Cell Stem 
Cell. 2011;8(5):486–98.  

    28.    Johansson CB, Momma S, Clarke DL, Risling M, Lendahl U, 
Frisen J. Identifi cation of a neural stem cell in the adult mamma-
lian central nervous system. Cell. 1999;96:25–34.  

   29.    Belachew S, Chittajallu R, Aguirre AA, Yuan X, Kirby M, 
Anderson S, Gallo V. Postnatal NG2 proteoglycan-expressing 
progenitor cells are intrinsically multipotent and generate func-
tional neurons. J Cell Biol. 2003;161(1):169–86.  

   30.    Coskun V, Wu H, Blanchi B, Tsao S, Kim K, Zhao J, et al. CD133+ 
neural stem cells in the sependyma of mammalian postnatal fore-
brain. Proc Natl Acad Sci USA. 2008;105:1026–31.  

      31.    Kriegstein A, Alvarez-Buylla A. The glial nature of embryonic 
and adult neural stem cells. Annu Rev Neurosci. 
2009;32:149–84.  

     32.    Gage FH, Ray J, Fisher LJ. Isolation, characterization, and use of 
stem cells from the CNS. Annu Rev Neurosci. 1995;18:159–92.  

      33.    Doetsch F. The glial identity of neural stem cells. Nat Neurosci. 
2003;6:1127–34.  

     34.    Noctor SC, Flint AC, Weissman TA, Dammerman RS, Kriegstein 
AR. Neurons derived from radial glial cells establish radial units 
in neocortex. Nature. 2001;409(6821):714–20.  

       35.    Miyata T, Kawaguchi A, Okano H, Ogawa M. Asymmetric inheri-
tance of radial glial fi bers by cortical neurons. Neuron. 
2001;31:727–41.  

      36.    Seri B, García-Verdugo JM, McEwen BS, Alvarez-Buylla A. 
Astrocytes give rise to new neurons in the adult mammalian hip-
pocampus. J Neurosci. 2001;21(18):7153–60.  

      37.    Seri B, García-Verdugo JM, Collado-Morente L, McEwen BS, 
Alvarez-Buylla A. Cell types, lineage, and architecture of the ger-
minal zone in the adult dentate gyrus. J Comp Neurol. 
2004;478(4):359–78.  

     38.    Lindvall O, Kokaia Z. Stem cell research in stroke: how far from 
the clinic? Stroke. 2011;42(8):2369–75.  

    39.    Shear DA, Tate MC, Archer DR, Hoffman SW, Hulce VD, Laplaca 
MC, et al. Neural progenitor cell transplants promote long-term 
functional recovery after traumatic brain injury. Brain Res. 
2004;1026:11–22.  

   40.    Goldman S. Stem and progenitor cell-based therapy of the human 
central nervous system. Nat Biotechnol. 2005;23:862–71.  

    41.    Seidenfaden R, Desoeuvre A, Bosio A, Virard I, Cremer H. Glial 
conversion of SVZ-derived committed neuronal precursors after 
ectopic grafting into the adult brain. Mol Cell Neurosci. 
2006;32(1–2):187–98.  

    42.    Hatta K, Takagi S, Fujisawa H, Takeichi M. Spatial and temporal 
expression pattern of N-cadherin cell adhesion molecules corre-
lated with morphogenetic processes of chicken embryos. Dev 
Biol. 1987;120:215–27.  

M. Götz and S. Sirko



357

   43.    Duband JL, Volberg T, Sabanay I, Thiery JP, Geiger B. Spatial and 
temporal distribution of the adherens-junction-associated adhe-
sion molecule A-CAM during avian embryogenesis. Development. 
1988;103:325–44.  

    44.    Aaku-Saraste E, Hellwig A, Huttner WB. Loss of occludin and 
functional tight junctions, but not ZO-1, during neural tube clo-
sure—remodeling of the neuroepithelium prior to neurogenesis. 
Dev Biol. 1996;180(2):664–79.  

   45.    Radice GL, Rayburn H, Matsunami H, Knudsen KA, Takeichi M, 
Hynes RO. Developmental defects in mouse embryos lacking 
N-cadherin. Dev Biol. 1997;181:64–78.  

    46.    Hirano S, Suzuki ST, Redies C. The cadherin superfamily in neu-
ral development: diversity, function and interaction with other 
molecules. Front Biosci. 2003;8:d306–55.  

    47.    Redies C. Cadherin expression in the developing vertebrate CNS: 
from neuromeres to brain nuclei and neural circuits. Exp Cell Res. 
1995;220(2):243–56.  

        48.    Götz M, Huttner WB. The cell biology of neurogenesis. Nat Rev 
Mol Cell Biol. 2005;6(10):777–88.  

    49.    Hatakeyama J, Bessho Y, Katoh K, Ookawara S, Fujioka M, 
Guillemot F, et al. Hes genes regulate size, shape and histogenesis 
of the nervous system by control of the timing of neural stem cell 
differentiation. Development. 2004;131:5539–50.  

    50.    Gaiano N, Nye JS, Fishell G. Radial glial identity is promoted by 
Notch1 signaling in the murine forebrain. Neuron. 2000;26:395–404.  

   51.    Kamakura S, Oishi K, Yoshimatsu T, Nakafuku M, Masuyama N, 
Gotoh Y. Hes binding to STAT3 mediates crosstalk between Notch 
and JAK-STAT signalling. Nat Cell Biol. 2004;6:547–54.  

     52.    Aguirre A, Rubio ME, Gallo V. Notch and EGFR pathway interac-
tion regulates neural stem cell number and self-renewal. Nature. 
2010;467:323–7.  

    53.    Decker RS, Friend DS. Assembly of gap junctions during amphib-
ian neurulation. J Cell Biol. 1974;62(1):32–47.  

   54.    Choi BH. Radial glia of developing human fetal spinal cord: 
Golgi, immunohistochemical and electron microscopic study. 
Brain Res. 1981;227(2):249–67.  

   55.    Bruzzone R, Ressot C. Connexins, gap junctions and cell-cell sig-
naling in the nervous system. Eur J Neurosci. 1997;9:1–6.  

   56.    Nadarajah B, Alifragis P, Wong RO, Parnavelas JG. Neuronal 
migration in the developing cerebral cortex: observations based on 
real-time imaging. Cereb Cortex. 2003;13(6):607–11.  

    57.    Elias LA, Turmaine M, Parnavelas JG, Kriegstein AR. Connexin 
43 mediates the tangential to radial migratory switch in ventrally 
derived cortical interneurons. J Neurosci. 2010;30(20):7072–7.  

    58.    Schnitzer J, Franke WW, Schachner M. Immunocytochemical 
demonstration of vimentin in astrocytes and ependymal cells of 
developing and adult mouse nervous system. J Cell Biol. 
1981;90(2):435–47.  

    59.    Feng L, Hatten ME, Heintz N. Brain lipid-binding protein 
(BLBP): a novel signaling system in the developing mammalian 
CNS. Neuron. 1994;12(4):895–908.  

    60.    Shibata T, Yamada K, Watanabe M, Ikenaka K, Wada K, Tanaka 
K, et al. Glutamate transporter GLAST is expressed in the radial 
glia-astrocyte lineage of developing mouse spinal cord. J Neurosci. 
1997;17(23):92129.  

      61.    Hartfuss E, Galli R, Heins N, Gotz M. Characterization of CNS 
precursor subtypes and radial glia. Dev Biol. 2001;229:15–30.  

    62.    Akimoto J, Itoh H, Miwa T, Ikeda K. Immunohistochemical study 
of glutamine synthetase expression in early glial development. 
Brain Res Dev Brain Res. 1993;72:9–14.  

    63.    Götz M, Bolz J, Joester A, Faissner A. Tenascin-C synthesis and 
infl uence on axonal growth during rat cortical development. Eur J 
Neurosci. 1997;9(3):496–506.  

     64.    von Holst A, Sirko S, Faissner A. The unique 
473HD-Chondroitinsulfate epitope is expressed by radial glia and 
involved in neural precursor cell proliferation. J Neurosci. 
2006;26:4082–94.  

    65.    Gadisseux JF, Evrard P. Glial-neuronal relationship in the devel-
oping central nervous system. A histochemical-electron micro-
scope study of radial glial cell particulate glycogen in normal and 
reeler mice and the human fetus. Dev Neurosci. 1985;7:12–32.  

    66.    Rakic P. Mode of cell migration to the superfi cial layers of fetal 
monkey neocortex. J Comp Neurol. 1972;145(1):61–83.  

     67.    Mori T, Buffo A, Gotz M. The novel roles of glial cells revisited: 
the contribution of radial glia and astrocytes to neurogenesis. Curr 
Top Dev Biol. 2005;69:67–99.  

    68.    Dahl D, Rueger DC, Bignami A, Weber K, Osborn M. Vimentin, 
the 57 000 molecular weight protein of fi broblast fi laments, is the 
major cytoskeletal component in immature glia. Eur J Cell Biol. 
1981;24(2):191–6.  

    69.    Rickmann M, Amaral DG, Cowan WM. Organization of radial 
glial cells during the development of the rat dentate gyrus. J Comp 
Neurol. 1987;264(4):449–79.  

    70.    Misson JP, Edwards MA, Yamamoto M, Caviness Jr VS. 
Identifi cation of radial glial cells within the developing murine 
central nervous system: studies based upon a new immunohisto-
chemical marker. Brain Res Dev Brain Res. 1988;44(1):95–108.  

   71.    Edwards MA, Yamamoto M, Caviness Jr VS. Organization of 
radial glia and related cells in the developing murine CNS: an 
analysis based upon a new monoclonal antibody marker. 
Neuroscience. 1990;36(1):121–44.  

   72.    Chanas-Sacre G, Rogister B, Moonen G, Leprince P. Radial glia 
phenotype: origin, regulation, and transdifferentiation. J Neurosci 
Res. 2000;61:357–63.  

    73.    Park D, Xiang AP, Zhang L, Mao FF, Walton NM, Choi SS, et al. 
The radial glia antibody RC2 recognizes a protein encoded by 
Nestin. Biochem Biophys Res Commun. 2009;382(3):588–92.  

     74.    Levitt P, Rakic P. Immunoperoxidase localization of glial fi brillary 
acidic protein in radial glial cells and astrocytes of the developing 
rhesus monkey brain. J Comp Neurol. 1980;193:815–40.  

   75.    Bentivoglio M, Mazzarello P. The history of radial glia. Brain Res 
Bull. 1999;49:305–15.  

    76.    Cameron RS, Rakic P. Glial cell lineage in the cerebral cortex: a 
review and synthesis. Glia. 1991;4:124–37.  

    77.    Rakic P. Guidance of neurons migrating to the fetal monkey neo-
cortex. Brain Res. 1971;33(2):471–6.  

    78.    Sauer FC. Mitosis in the neural tube. J Comp Neurol. 
1935;62:377–405.  

   79.    Sauer ME, Walker BE. Radioautographic study of interkinetic 
nuclear migration in the neural tube. Proc Soc Exp Biol Med. 
1959;101(3):557–60.  

    80.    Misson JP, Edwards MA, Yamamoto M, Caviness Jr VS. Mitotic 
cycling of radial glial cells of the fetal murine cerebral wall: a 
combined autoradiographic and immunohistochemical study. 
Brain Res. 1988;466(2):183–90.  

    81.    Tamamaki N, Nakamura K, Okamoto K, Kaneko T. Radial glia is 
a progenitor of neocortical neurons in the developing cerebral cor-
tex. Neurosci Res. 2001;41:51–60.  

        82.    Noctor SC, Martinez-Cerdeno V, Ivic L, Kriegstein AR. Cortical 
neurons arise in symmetric and asymmetric division zones and 
migrate through specifi c phases. Nat Neurosci. 2004;7(2):136–44.  

             83.    Pinto L, Mader MT, Irmler M, Gentilini M, Santoni F, Drechsel D, 
et al. Prospective isolation of functionally distinct radial glial sub-
types—lineage and transcriptome analysis. Mol Cell Neurosci. 
2008;38:15–42.  

   84.    Chambers CB, Peng Y, Nguyen H, Gaiano N, Fishell G, Nye JS. 
Spatiotemporal selectivity of response to Notch1 signals in mam-
malian forebrain precursors. Development. 2001;128(5):689–702.  

    85.    Malatesta P, Hack MA, Hartfuss E, Kettenmann H, Klinkert W, 
Kirchhoff F, et al. Neuronal or glial progeny: regional differences 
in radial glia fate. Neuron. 2003;37(5):751–64.  

   86.    Anthony TE, Klein C, Fishell G, Heintz N. Radial glia serve as 
neuronal progenitors in all regions of the central nervous system. 
Neuron. 2004;41(6):881–90.  

Potential of Glial Cells



358

    87.    Yoon K, Nery S, Rutlin ML, Radtke F, Fishell G, Gaiano N. 
Fibroblast growth factor receptor signaling promotes radial glial 
identity and interacts with Notch1 signaling in telencephalic pro-
genitors. J Neurosci. 2004;24:9497–506.  

   88.    Mizutani K, Yoon K, Dang L, Tokunaga A, Gaiano N. Differential 
Notch signalling distinguishes neural stem cells from intermediate 
progenitors. Nature. 2007;449(7160):351–5.  

   89.    Del Bene F, Wehman AM, Link BA, Baier H. Regulation of neu-
rogenesis by interkinetic nuclear migration through an apical- 
basal notch gradient. Cell. 2008;134(6):1055–65.  

    90.    Shimizu T, Kagawa T, Inoue T, Nonaka A, Takada S, Aburatani H, 
et al. Stabilized beta-catenin functions through TCF/LEF proteins 
and the Notch/RBP-Jkappa complex to promote proliferation and 
suppress differentiation of neural precursor cells. Mol Cell Biol. 
2008;28(24):7427–41.  

      91.    Pinto L, Gotz M. Radial glial cell heterogeneity-the source of 
diverse progeny in the CNS. Prog Neurobiol. 2007;83(1):2–23.  

     92.    Pinto L, Drechsel D, Schmid MT, Ninkovic J, Irmler M, Brill MS, 
et al. AP2gamma regulates basal progenitor fate in a region- and 
layer-specifi c manner in the developing cortex. Nat Neurosci. 
2009;12:1229–37.  

      93.    Campbell K, Götz M. Radial glia: multi-purpose cells for verte-
brate brain development. Trends Neurosci. 2002;25:235–8.  

    94.    Muzio L, DiBenedetto B, Stoykova A, Boncinelli E, Gruss P, 
Mallamaci A. Conversion of cerebral cortex into basal ganglia in 
Emx2(−/−) Pax6(Sey/Sey) double-mutant mice. Nat Neurosci. 
2002;5:737–45.  

   95.    Toresson H, Mata de Urquiza A, Perlmann T, Campbell K. 
Retinoids are produced by glia in the lateral ganglionic eminence 
and regulate striatal neuron differentiation. Development. 
1999;126:1317–26.  

   96.    Hatakeyama J, Sakamoto S, Kageyama R. Hes1 and Hes5 regulate 
the development of the cranial and spinal nerve systems. Dev 
Neurosci. 2006;28:92–101.  

    97.    Bonilla S, Hall AC, Pinto L, Attardo A, Götz M, Huttner WB, 
Arenas E. Identifi cation of midbrain fl oor plate radial glia-like 
cells as dopaminergic progenitors. Glia. 2008;56(8):809–20.  

    98.    Barry D, McDermott K. Differentiation of radial glia from radial 
precursor cells and transformation into astrocytes in the develop-
ing rat spinal cord. Glia. 2005;50:187–97.  

   99.    McDermott KW, Barry DS, McMahon SS. Role of radial glia in 
cytogenesis, patterning and boundary formation in the developing 
spinal cord. J Anat. 2005;207(3):241–50.  

   100.    Ogawa Y, Takebayashi H, Takahashi M, Osumi N, Iwasaki Y, 
Ikenaka K. Gliogenic radial glial cells show heterogeneity in the 
developing mouse spinal cord. Dev Neurosci. 2005;27:364–77.  

    101.    McMahon SS, McDermott KW. Developmental potential of radial 
glia investigated by transplantation into the developing rat 
 ventricular system in utero. Exp Neurol. 2007;203(1):128–36.  

     102.    Miyata T, Kawaguchi A, Saito K, Kawano M, Muto T, Ogawa M. 
Asymmetric production of surface-dividing and non-surface- 
dividing cortical progenitor cells. Development. 2004;131:
3133–45.  

     103.    Hansen DV, Lui JH, Parker PR, Kriegstein AR. Neurogenic radial 
glia in the outer subventricular zone of human neocortex. Nature. 
2010;464(7288):554–61.  

    104.    Fietz SA, Kelava I, Vogt J, Wilsch-Bräuninger M, Stenzel D, Fish 
JL, et al. OSVZ progenitors of human and ferret neocortex are 
epithelial-like and expand by integrin signaling. Nat Neurosci. 
2010;13(6):690–9.  

    105.    Reillo I, de Juan RC, García-Cabezas MÁ, Borrell V. A role for 
intermediate radial glia in the tangential expansion of the mam-
malian cerebral cortex. Cereb Cortex. 2011;21(7):1674–94.  

    106.    Shitamukai A, Konno D, Matsuzaki F. Oblique radial glial divisions 
in the developing mouse neocortex induce self-renewing progeni-

tors outside the germinal zone that resemble primate outer subven-
tricular zone progenitors. J Neurosci. 2011;31(10):3683–95.  

     107.    Borrell V, Reillo I. Emerging roles of neural stem cells in cerebral 
cortex development and evolution. Dev Neurobiol. 2012;72(7): 
955–71.  

    108.    Voigt T. Development of glial cells in the cerebral wall of ferrets: 
direct tracing of their transformation from radial glia into astro-
cytes. J Comp Neurol. 1989;289:74–88.  

   109.    Anton ES, Cameron RS, Rakic P. Role of neuron-glial junctional 
domain proteins in the maintenance and termination of neuronal 
migration across the embryonic cerebral wall. J Neurosci. 
1996;16:2283–93.  

    110.    Anton ES, Marchionni MA, Lee KF, Rakic P. Role of GGF/neu-
regulin signaling in interactions between migrating neurons and 
radial glia in the developing cerebral cortex. Development. 
1997;124:3501–10.  

   111.    Goldman JE. Developmental origins of astrocytes. In: Jessen KR, 
Richardson WD, editors. Glial cell development: basic principles 
and clinical relevance. 2nd ed. New York: Oxford University 
Press; 2001. p. 55–74.  

    112.    Schmid RS, McGrath B, Berechid BE, Boyles B, Marchionni M, 
Sestan N, et al. Neuregulin 1-erbB2 signaling is required for the 
establishment of radial glia and their transformation into astro-
cytes in cerebral cortex. Proc Natl Acad Sci U S A. 
2003;100:4251–6.  

   113.    Li H, Babiarz J, Woodbury J, Kane-Goldsmith N, Grumet M. 
Spatiotemporal heterogeneity of CNS radial glial cells and their 
transition to restricted precursors. Dev Biol. 2004;271:225–38.  

   114.    Nishiyama A, Yang Z, Butt A. Astrocytes and NG2-glia: what’s in 
a name? J Anat. 2005;207(6):687–93.  

   115.    Rowitch DH, Kriegstein AR. Developmental genetics of verte-
brate glial-cell specifi cation. Nature. 2010;468(7321):214–22.  

   116.    Tsai HH, Li H, Fuentealba LC, Molofsky AV, Taveira-Marques R, 
Zhuang H, et al. Regional astrocyte allocation regulates CNS syn-
aptogenesis and repair. Science. 2012;337(6092):358–62.  

    117.    Ge WP, Miyawaki A, Gage FH, Jan YN, Jan LY. Local generation 
of glia is a major astrocyte source in postnatal cortex. Nature. 
2012;484(7394):376–80.  

     118.    Sirko S, von Holst A, Wizenmann A, Götz M, Faissner A. 
Chondroitin sulfate glycosaminoglycans control proliferation, 
radial glia cell differentiation and neurogenesis in neural stem/
progenitor cells. Development. 2007;134(15):2727–38.  

     119.    von Sirko S, Holst A, Weber A, Wizenmann A, Theocharidis U, 
Götz M, et al. Chondroitin sulfates are required for fi broblast 
growth factor-2-dependent proliferation and maintenance in neu-
ral stem cells and for epidermal growth factor-dependent migra-
tion of their progeny. Stem Cells. 2010;28:775–87.  

    120.    Patten BA, Peyrin JM, Weinmaster G, Corfas G. Sequential sig-
naling through Notch1 and erbB receptors mediates radial glia dif-
ferentiation. J Neurosci. 2003;23:6132–40.  

    121.    Patten BA, Sardi SP, Koirala S, Nakafuku M, Corfas G. Notch1 
signaling regulates radial glia differentiation through multiple 
transcriptional mechanisms. J Neurosci. 2006;26:3102–8.  

    122.    Fish JL, Dehay C, Kennedy H, Huttner WB. Making bigger 
brains-the evolution of neural-progenitor-cell division. J Cell Sci. 
2008;121(Pt 17):2783–93.  

    123.    Brazel CY, Romanko MJ, Rothstein RP, Levison SW. Roles of the 
mammalian subventricular zone in brain development. Prog 
Neurobiol. 2003;69:49–69.  

    124.    Spassky N, Merkle FT, Flames N, Tramontin AD, Garcia-Verdugo 
JM, Alvarez-Buylla A. Adult ependymal cells are postmitotic 
and are derived from radial glial cells during embryogenesis. 
J Neurosci. 2005;25:10–8.  

    125.    Bonfanti L, Peretto P. Radial glial origin of the adult neural stem 
cells in the subventricular zone. Prog Neurobiol. 2007;83:24–36.  

M. Götz and S. Sirko



359

   126.    Ihrie RA, Alvarez-Buylla A. Lake-front property: a unique germi-
nal niche by the lateral ventricles of the adult brain. Neuron. 
2011;70(4):674–86.  

    127.    Cappello S, Böhringer CR, Bergami M, Conzelmann KK, Ghanem 
A, Tomassy GS, et al. A radial glia-specifi c role of RhoA in dou-
ble cortex formation. Neuron. 2012;73(5):911–24.  

    128.    Stevenson JA, Yoon MG. Mitosis of radial glial cells in the optic 
tectum of adult goldfi sh. J Neurosci. 1981;1:862–75.  

    129.    Echeverri K, Tanaka EM. Ectoderm to mesoderm lineage switch-
ing during axolotl tail regeneration. Science. 2002;298:1993–6.  

   130.    Garcia-Verdugo JM, Ferron S, Flames N, Collado L, Desfi lis E, 
Font E. The proliferative ventricular zone in adult vertebrates: a 
comparative study using reptiles, birds, and mammals. Brain Res 
Bull. 2002;57:765–75.  

   131.    Adolf B, Chapouton P, Lam CS, Topp S, Tannhauser B, Strahle U, 
et al. Conserved and acquired features of adult neurogenesis in the 
zebrafi sh telencephalon. Dev Biol. 2006;295:278–93.  

    132.    Grandel H, Kaslin J, Ganz J, Wenzel I, Brand M. Neural stem cells 
and neurogenesis in the adult zebrafi sh brain: origin, proliferation 
dynamics, migration and cell fate. Dev Biol. 2006;295:263–77.  

   133.    Alvarez-Buylla A. Mechanism of neurogenesis in adult avian 
brain. Experientia. 1990;46:948–55.  

    134.    März M, Chapouton P, Diotel N, Vaillant C, Hesl B, Takamiya M, 
et al. Heterogeneity in progenitor cell subtypes in the ventricular 
zone of the zebrafi sh adult telencephalon. Glia. 2010;58(7):870–88.  

    135.    Schmechel DE, Rakic P. A Golgi study of radial glial cells in devel-
oping monkey telencephalon: morphogenesis and transformation 
into astrocytes. Anat Embryol (Berl). 1979;156(2):115–52.  

   136.    Schmechel DE, Rakic P. Arrested proliferation of radial glial cells 
during midgestation in rhesus monkey. Nature. 1979;277(5694): 
303–5.  

   137.    Alvarez-Buylla A, Garcia-Verdugo JM, Tramontin AD. A unifi ed 
hypothesis on the lineage of neural stem cells. Nat Rev Neurosci. 
2001;2:287–93.  

   138.    Merkle FT, Tramontin AD, Garcia-Verdugo JM, Alvarez-Buylla 
A. Radial glia give rise to adult neural stem cells in the subven-
tricular zone. Proc Natl Acad Sci U S A. 2004;101:17528–32.  

    139.    Gubert F, Zaverucha-do-Valle C, Pimentel-Coelho PM, Mendez- 
Otero R, Santiago MF. Radial glia-like cells persist in the adult rat 
brain. Brain Res. 2009;1258:43–52.  

    140.    Altman J, Das GD. Autoradiographic and histological evidence of 
postnatal hippocampal neurogenesis in rats. J Comp Neurol. 
1965;124(3):319–35.  

    141.    Gage FH, Kempermann G, Palmer TD, Peterson DA, Ray J. 
Multipotent progenitor cells in the adult dentate gyrus. J Neurobiol. 
1998;36(2):249–66.  

   142.    Eriksson PS, Perfi lieva E, Bjork-Eriksson T, Alborn AM, 
Nordborg C, Peterson DA, et al. Neurogenesis in the adult human 
hippocampus. Nat Med. 1998;4:1313–7.  

    143.    Amrein I, Dechmann DK, Winter Y, Lipp HP. Absent or low rate 
of adult neurogenesis in the hippocampus of bats (Chiroptera). 
PLoS One. 2007;2(5):e455.  

    144.    Capela A, Temple S. LeX/ssea-1 is expressed by adult mouse 
CNS stem cells, identifying them as nonependymal. Neuron. 
2002;35:865–75.  

   145.    Alvarez-Buylla A, Garcia-Verdugo JM. Neurogenesis in adult 
subventricular zone. J Neurosci. 2002;22:629–34.  

   146.    Morshead CM, van der Kooy D. Disguising adult neural stem 
cells. Curr Opin Neurobiol. 2004;14:125–31.  

   147.    Sofroniew MV. Molecular dissection of reactive astrogliosis and 
glial scar formation. Trends Neurosci. 2009;32:638–47.  

        148.    Sofroniew MV, Vinters HV. Astrocytes: biology and pathology. 
Acta Neuropathol. 2010;119:7–35.  

    149.    Richardson WD, Young KM, Tripathi RB, McKenzie I. NG2-glia 
as multipotent neural stem cells: fact or fantasy? Neuron. 
2011;70(4):661–73.  

    150.    Altman J. Autoradiographic and histological studies of postnatal 
neurogenesis. IV. Cell proliferation and migration in the anterior 
forebrain, with special reference to persisting neurogenesis in the 
olfactory bulb. J Comp Neurol. 1969;137(4):433–57.  

   151.    Sturrock RR, Smart IH. A morphological study of the mouse sub-
ependymal layer from embryonic life to old age. J Anat. 
1980;130(Pt 2):391–415.  

   152.    Weigmann A, Corbeil D, Hellwig A, Huttner WB. Prominin, a novel 
microvilli-specifi c polytopic membrane protein of the apical surface 
of epithelial cells, is targeted to plasmalemmal protrusions of non-
epithelial cells. Proc Natl Acad Sci U S A. 1997;94: 12425–30.  

   153.    Shen Q, Wang Y, Kokovay E, Lin G, Chuang SM, Goderie SK, 
et al. Adult SVZ stem cells lie in a vascular niche: a quantitative 
analysis of niche cell-cell interactions. Cell Stem Cell. 
2008;3(3):289–300.  

    154.    Tavazoie M, Van der Veken L, Silva-Vargas V, Louissaint M, 
Colonna L, Zaidi B, et al. A specialized vascular niche for adult 
neural stem cells. Cell Stem Cell. 2008;3(3):279–88.  

    155.    Fischer J, Beckervordersandforth R, Tripathi P, Steiner-Mezzadri 
A, Ninkovic J, Götz M. Prospective isolation of adult neural stem 
cells from the mouse subependymal zone. Nat Protoc. 
2011;6(12):1981–9.  

    156.    Walz W. Role of astrocytes in the clearance of excess extracellular 
potassium. Neurochem Int. 2000;36:291–300.  

   157.    Filippov V, Kronenberg G, Pivneva T, Reuter K, Steiner B, Wang 
LP, et al. Subpopulation of nestin-expressing progenitor cells in 
the adult murine hippocampus shows electrophysiological and 
morphological characteristics of astrocytes. Mol Cell Neurosci. 
2003;23:373–82.  

   158.    Weissman TA, Riquelme PA, Ivic L, Flint AC, Kriegstein AR. 
Calcium waves propagate through radial glial cells and modulate 
proliferation in the developing neocortex. Neuron. 
2004;43(5):647–61.  

    159.    Liu X, Bolteus AJ, Balkin DM, Henschel O, Bordey A. GFAP- 
expressing cells in the postnatal subventricular zone display a 
unique glial phenotype intermediate between radial glia and astro-
cytes. Glia. 2006;54:394–10.  

    160.    Wang DD, Bordey A. The astrocyte odyssey. Prog Neurobiol. 
2008;86(4):342–67.  

    161.    Olsen M. Examining potassium channel function in astrocytes. 
Methods Mol Biol. 2012;814:265–81.  

    162.    Gage FH. Mammalian neural stem cells. Science. 
2000;287:1433–8.  

    163.    Landgren H, Curtis MA. Locating and labeling neural stem cells 
in the brain. J Cell Physiol. 2011;226(1):1–7.  

    164.    Palma V, Ruiz i Altaba A. Hedgehog-GLI signaling regulates the 
behavior of cells with stem cell properties in the developing neo-
cortex. Development. 2004;131:337–45.  

   165.    Ahn S, Joyner AL. In vivo analysis of quiescent adult neural stem 
cells responding to Sonic hedgehog. Nature. 2005;437:894–7.  

   166.    Balordi F, Fishell G. Hedgehog signaling in the subventricular 
zone is required for both the maintenance of stem cells and the 
migration of newborn neurons. J Neurosci. 2007;27(22): 
5936–47.  

   167.    Garcia AD, Petrova R, Eng L, Joyner AL. Sonic hedgehog regu-
lates discrete populations of astrocytes in the adult mouse fore-
brain. J Neurosci. 2010;30:13597–608.  

    168.    Ihrie RA, Shah JK, Harwell CC, Levine JH, Guinto CD, Lezameta 
M, et al. Persistent sonic hedgehog signaling in adult brain deter-
mines neural stem cell positional identity. Neuron. 
2011;71(2):250–62.  

    169.    Jackson EL, Garcia-Verdugo JM, Gil-Perotin S, Roy M, Quinones- 
Hinojosa A, Vandenberg S, et al. PDGFR alpha-positive B cells 
are neural stem cells in the adult SVZ that form glioma-like 
growths in response to increased PDGF signaling. Neuron. 
2006;51:187–99.  

Potential of Glial Cells



360

    170.    Chojnacki AK, Mak G, Weiss S. PDGFRα expression distin-
guishes GFAP-expressing neural stem cells from PDGF- 
responsive neural precursors in the adult periventricular area. 
J Neurosci. 2011;31(26):9503–12.  

    171.    Craig CG, Tropepe V, Morshead CM, Reynolds BA, Weiss S, van 
der Kooy D. In vivo growth factor expansion of endogenous sub-
ependymal neural precursor cell populations in the adult mouse 
brain. J Neurosci. 1996;16:2649–58.  

   172.    Liu B, Neufeld AH. Activation of epidermal growth factor recep-
tors in astrocytes: from development to neural injury. J Neurosci 
Res. 2007;85:3523–9.  

   173.    Kuhn HG, Winkler J, Kempermann G, Thal LJ, Gage FH. 
Epidermal growth factor and fi broblast growth factor-2 have dif-
ferent effects on neural progenitors in the adult rat brain. J 
Neurosci. 1997;17:5820–9.  

   174.    Wagner JP, Black IB, DiCicco-Bloom E. Stimulation of neonatal 
and adult brain neurogenesis by subcutaneous injection of basic 
fi broblast growth factor. J Neurosci. 1999;19:6006–16.  

   175.    Jin K, Zhu Y, Sun Y, Mao XO, Xie L, Greenberg DA. Vascular 
endothelial growth factor (VEGF) stimulates neurogenesis in vitro 
and in vivo. Proc Natl Acad Sci U S A. 2002;99:11946–50.  

   176.    Ramírez-Castillejo C, Sánchez-Sánchez F, Andreu-Agulló C, 
Ferrón SR, Aroca-Aguilar JD, Sánchez P, et al. Pigment 
epithelium- derived factor is a niche signal for neural stem cell 
renewal. Nat Neurosci. 2006;9(3):331–9.  

   177.    Andreu-Agulló C, Morante-Redolat JM, Delgado AC, Fariñas I. 
Vascular niche factor PEDF modulates Notch-dependent stemness 
in the adult subependymal zone. Nat Neurosci. 2009;12(12): 
1514–23.  

   178.    Namba T, Yabe T, Gonda Y, Ichikawa N, Sanagi T, Arikawa- 
Hirasawa E, et al. Pigment epithelium-derived factor up- regulation 
induced by memantine, an N-methyl-D-aspartate receptor antago-
nist, is involved in increased proliferation of hippocampal pro-
genitor cells. Neuroscience. 2010;167(2):372–83.  

   179.    Zhang Q, Liu G, Wu Y, Sha H, Zhang P, Jia J. BDNF promotes 
EGF-induced proliferation and migration of human fetal neural 
stem/progenitor cells via the PI3K/Akt pathway. Molecules. 
2011;16(12):10146–56.  

   180.    Iguchi H, Mitsui T, Ishida M, Kanba S, Arita J. cAMP response 
element-binding protein (CREB) is required for epidermal growth 
factor (EGF)-induced cell proliferation and serum response ele-
ment activation in neural stem cells isolated from the forebrain 
subventricular zone of adult mice. Endocr J. 2011;58(9):747–59.  

    181.    Galvez-Contreras AY, Gonzalez-Castaneda RE, Luquin S, 
Gonzalez-Perez O. Role of fi broblast growth factor receptors in 
astrocytic stem cells. Curr Signal Transduct Ther. 2012;7(1):81–6.  

    182.    Pastrana E, Cheng LC, Doetsch F. Simultaneous prospective puri-
fi cation of adult subventricular zone neural stem cells and their 
progeny. Proc Natl Acad Sci U S A. 2009;106:6387–92.  

    183.    Costa MR, Ortega F, Brill MS, Beckervordersandforth R, Petrone 
C, Schroeder T, et al. Continuous live imaging of adult neural stem 
cell division and lineage progression in vitro. Development. 
2011;138:1057–68.  

    184.    Kim Y, Comte I, Szabo G, Hockberger P, Szele FG. Adult mouse 
subventricular zone stem and progenitor cells are sessile and epi-
dermal growth factor receptor negatively regulates neuroblast 
migration. PLoS One. 2009;4(12):e8122.  

    185.    Colak D, Mori T, Brill MS, Pfeifer A, Falk S, Deng C, et al. Adult 
neurogenesis requires Smad4-mediated bone morphogenic pro-
tein signalling in stem cells. J Neurosci. 2008;28:434–46.  

    186.    Mira H, Andreu Z, Suh H, Lie DC, Jessberger S, Consiglio A, 
et al. Signaling through BMPR-IA regulates quiescence and long- 
term activity of neural stem cells in the adult hippocampus. Cell 
Stem Cell. 2010;7(1):78–89.  

    187.    Ying QL, Nichols J, Chambers I, Smith A. BMP induction of Id 
proteins suppresses differentiation and sustains embryonic stem 

cell self-renewal in collaboration with STAT3. Cell. 
2003;115:281–92.  

    188.    Mercier F, Kitasako JT, Hatton GI. Anatomy of the brain neuro-
genic zones revisited: fractones and the fi broblast/macrophagenet-
work. J Comp Neurol. 2002;451:170–88.  

    189.    Kerever A, Schnack J, Vellinga D, Ichikawa N, Moon C, Arikawa- 
Hirasawa E, et al. Novel extracellular matrix structures in the neu-
ral stem cell niche capture the neurogenic factor FGF-2 from the 
extracellular milieu. Stem Cells. 2007;25:2146–57.  

    190.    Sakaguchi M, Shingo T, Shimazaki T, Okano HJ, Shiwa M, 
Ishibashi S, et al. A carbohydrate-binding protein, Galectin-1, 
promotes proliferation of adult neural stem cells. Proc Natl Acad 
Sci U S A. 2006;103(18):7112–7.  

   191.    Sakaguchi M, Imaizumi Y, Shingo T, Tada H, Hayama K, Yamada 
O, et al. Regulation of adult neural progenitor cells by Galectin-1/
beta1 Integrin interaction. J Neurochem. 2010;113(6):1516–24.  

    192.    Sakaguchi M, Okano H. Neural stem cells, adult neurogenesis, 
and galectin-1: from bench to bedside. Dev Neurobiol. 
2012;72(7):1059–67.  

    193.    Comte I, Kim Y, Young CC, van der Harg JM, Hockberger P, 
Bolam PJ, et al. Galectin-3 maintains cell motility from the sub-
ventricular zone to the olfactory bulb. J Cell Sci. 2011;124(Pt 14): 
2438–47.  

    194.    Gato A, Moro JA, Alonso MI, Bueno D, De La Mano A, Martin C. 
Embryonic cerebrospinal fl uid regulates neuroepithelial survival, 
proliferation, and neurogenesis in chick embryos. Anat Rec A 
Discov Mol Cell Evol Biol. 2005;284:475–84.  

    195.    Miyan JA, Zendah M, Mashayekhi F, Owen-Lynch PJ. 
Cerebrospinal fl uid supports viability and proliferation of cortical 
cells in vitro mirroring in vivo development. Cerebrospinal Fluid 
Res. 2006;3:2.  

    196.    Zappaterra MW, Lehtinen MK. The cerebrospinal fl uid: regulator 
of neurogenesis, behavior, and beyond. Cell Mol Life Sci. 
2012;69(17):2863–78.  

    197.    Sawamoto K, Wichterle H, Gonzalez-Perez O, Cholfi n JA, 
Yamada M, Spassky N, et al. New neurons follow the fl ow of cere-
brospinal fl uid in the adult brain. Science. 2006;311:629–32.  

    198.    Faden AI. Neuroprotection and traumatic brain injury: theoretical 
option or realistic proposition. Curr Opin Neurol. 2002;15(6): 
707–12.  

   199.    Chen Y, Swanson RA. Astrocytes and brain injury. J Cereb Blood 
Flow Metab. 2003;23(2):137–49.  

    200.    Kettenmann H, Hanisch UK, Noda M, Verkhratsky A. Physiology 
of microglia. Physiol Rev. 2011;91(2):461–553.  

   201.    Myer DJ, Gurkoff GG, Lee SM, Hovda DA, Sofroniew MV. 
Essential protective roles of reactive astrocytes in traumatic brain 
injury. Brain. 2006;129:2761–72.  

    202.    Halassa MM, Fellin T, Haydon PG. Tripartite synapses: roles for 
astrocytic purines in the control of synaptic physiology and behav-
ior. Neuropharmacology. 2009;57:343–6.  

    203.    Pekny M, Nilsson M. Astrocyte activation and reactive gliosis. 
Glia. 2005;50:427–34.  

    204.    Brodkey JA, Gates MA, Laywell ED, Steindler DA. The complex 
nature of interactive neuroregeneration-related molecules. Exp 
Neurol. 1993;123(2):251–70.  

   205.    Eddleston M, Mucke L. Molecular profi le of reactive astrocytes–
implications for their role in neurologic disease. Neuroscience. 
1993;54(1):15–36.  

    206.    Lawson LJ, Perry VH. The unique characteristics of infl ammatory 
responses in mouse brain are acquired during postnatal develop-
ment. Eur J Neurosci. 1995;7(7):1584–95.  

    207.    Bechmann I. Failed central nervous system regeneration: a down-
side of immune privilege? Neuromolecular Med. 2005;7(3): 
217–28.  

    208.    Abbott NJ. Astrocyte–endothelial interactions and blood–brain 
barrier permeability. J Anat. 2002;200:629–38.  

M. Götz and S. Sirko



361

     209.    Bignami A, Dahl D. The astroglial response to stabbing. 
Immunofl uorescence studies with antibodies to astrocyte-specifi c 
protein (GFA) in mammalian and submammalian species. 
Neuropathol Appl Neurobiol. 1976;2:99–l10.  

    210.    Wetherington J, Serrano G, Dingledine R. Astrocytes in the epi-
leptic brain. Neuron. 2008;58(2):168–78.  

           211.    Buffo A, Rite I, Tripathi P, Lepier A, Colak D, Horn AP, et al. 
Origin and progeny of reactive gliosis: a source of multipotent 
cells in the injured brain. Proc Natl Acad Sci U S A. 
2008;105:3581–6.  

          212.    Sirko S, Neitz A, Mittmann T, Horvat-Bröcker A, von Holst A, 
Eysel UT, et al. Focal laser-lesions activate an endogenous popu-
lation of neural stem/progenitor cells in the adult visual cortex. 
Brain. 2009;132:2252–64.  

   213.    Li L, Lundkvist A, Andersson D, Wilhelmsson U, Nagai N, Pardo 
AC, et al. Protective role of reactive astrocytes in brain ischemia. 
J Cereb Blood Flow Metab. 2008;28(3):468–81.  

   214.    Parpura V, Haydon PG. Astrocytes in (patho) physiology of the 
nervous system. New York: Springer; 2009.  

      215.    Zamanian JL, Xu L, Foo LC, Nouri N, Zhou L, Giffard RG, et al. 
Genomic analysis of reactive astrogliosis. J Neurosci. 
2012;32(18):6391–410.  

    216.    Etienne-Manneville S. Polarity proteins in glial cell functions. 
Curr Opin Neurobiol. 2008;18(5):488–94.  

     217.    Robel S, Bardehle S, Lepier A, Brakebusch C, Götz M. Genetic 
deletion of cdc42 reveals a crucial role for astrocyte recruitment to 
the injury site in vitro and in vivo. J Neurosci. 
2011;31(35):12471–82.  

      218.    Shimada IS, Peterson BM, Spees JL. Isolation of locally derived 
stem/progenitor cells from the peri-infarct area that do not migrate 
from the lateral ventricle after cortical stroke. Stroke. 
2010;41(9):e552–60.  

    219.    Bergles DE. NG2+ CNS glial progenitors remain committed to 
the oligodendrocyte lineage in postnatal life and following neuro-
degeneration. Neuron. 2010;68:668–81.  

    220.    Temple S, Alvarez-Buylla A. Stem cells in the adult mammalian 
central nervous system. Curr Opin Neurobiol. 1999;9(1):135–41.  

   221.    Fawcett JW, Asher RA. The glial scar and central nervous system 
repair. Brain Res Bull. 1999;49(6):377–91.  

   222.    Ridet JL, Malhotra SK, Privat A, Gage FH. Reactive astrocytes: 
cellular and molecular cues to biological function. Trends 
Neurosci. 1997;20(12):570–7.  

   223.    Pekny M, Pekna M. Astrocyte intermediate fi laments in CNS 
pathologies and regeneration. J Pathol. 2004;204:428–37.  

    224.    Zawadzka M, Rivers LE, Fancy SP, Zhao C, Tripathi R, Jamen F, 
et al. CNS-resident glial progenitor/stem cells produce Schwann 
cells as well as oligodendrocytes during repair of CNS demyelin-
ation. Cell Stem Cell. 2010;6(6):578–90.  

     225.    Buffo A, Vosko MR, Ertürk D, Hamann GF, Jucker M, Rowitch D, 
et al. Expression pattern of the transcription factor Olig2 in 
response to brain injuries: implications for neuronal repair. Proc 
Natl Acad Sci U S A. 2005;102(50):18183–8.  

   226.    Nakagomi T, Taguchi A, Fujimori Y, Saino O, Nakano-Doi A, 
Kubo S, et al. Isolation and characterization of neural stem/pro-
genitor cells from post-stroke cerebral cortex in mice. Eur J 
Neurosci. 2009;29(9):1842–52.  

   227.    Nakayama D, Matsuyama T, Ishibashi-Ueda H, Nakagomi T, 
Kasahara Y, Hirose H, et al. Injury-induced neural stem/progeni-
tor cells in post-stroke human cerebral cortex. Eur J Neurosci. 
2010;31(1):90–8.  

     228.    Shimada IS, Lecomte MD, Granger JC, Quinlan NJ, Spees JL. 
Self-renewal and differentiation of reactive astrocyte-derived neu-
ral stem/progenitor cells isolated from the cortical peri-infarct 
area after stroke. J Neurosci. 2012;32(23):7926–40.  

    229.    Cahoy JD, Emery B, Kaushal A, Foo LC, Zamanian JL, 
Christopherson KS, et al. A transcriptome database for astrocytes, 
neurons, and oligodendrocytes: a new resource for understanding 
brain development and function. J Neurosci. 2008;28: 264–78.  

    230.    Heins N, Malatesta P, Cecconi F, Nakafuku M, Tucker KL, Hack 
MA, et al. Glial cells generate neurons: the role of the transcrip-
tion factor Pax6. Nat Neurosci. 2002;5(4):308–15.  

   231.    Hack MA, Saghatelyan A, de Chevigny A, Pfeifer A, 
Ashery- Padan R, Lledo PM, et al. Neuronal fate determinants of 
adult olfactory bulb neurogenesis. Nat Neurosci. 2005;8(7): 
865–72.  

   232.    Gohlke JM, Armant O, Parham FM, Smith MV, Zimmer C, Castro 
DS, et al. Characterization of the proneural gene regulatory net-
work during mouse telencephalon development. BMC Biol. 
2008;6:15.  

    233.    Guillemot F. Cell fate specifi cation in the mammalian telencepha-
lon. Prog Neurobiol. 2007;83(1):37–52.  

    234.    Nakatomi H, Kuriu T, Okabe S, Yamamoto S, Hatano O, Kawahara 
N, et al. Regeneration of hippocampal pyramidal neurons after 
ischemic brain injury by recruitment of endogenous neural pro-
genitors. Cell. 2002;110(4):429–41.  

       235.    Sirko S, Behrendt G, Johansson PA, Tripathi P, Costa M, Bek S, 
et al. Reactive glia in the injured brain acquire stem cell properties 
in response to sonic hedgehog. Cell Stem Cell. 2013;12(4):426–39.    

Potential of Glial Cells



363S. Sell (ed.), Stem Cells Handbook, DOI 10.1007/978-1-4614-7696-2_25,
© Springer Science+Business Media New York 2013

           Introduction 

    The Stem Cell Theory of Aging 

 With age, the ability to maintain organ homeostasis and 
cellular regenerative capacity diminishes. The stem cell the-
ory of aging posits that this decline in homeostasis occurs 
when stem cells can no longer maintain their functionality, as 
defi ned by two characteristics, self-renewal and potency. 
Self renewal refers to the ability of a stem cell to divide 
asymmetrically such that one daughter cell is an exact copy 
that retains stemness, while the other daughter becomes a 
progenitor cell that gives rise to rapidly dividing precursors, 
which will eventually differentiate and perform specifi c 
functions [ 1 ]. Potency refers to the ability of a stem cell to 
give rise to a range of differentiated cell types. According to 
the stem cell theory of aging, the functional depletion of the 
adult stem cell pool by death, injury, senescence, cell cycle 
arrest, or differentiation results in an inability to regenerate 
old or injured tissues, leading to the organ dysfunction com-
monly observed in aged individuals. 

 The functionality of the adult stem cell pool depends upon 
conserved molecular pathways, which ensure the optimal bal-
ance between self-renewal, quiescence, and differentiation. 
In this chapter, we focus on molecular events that converge 
on a fi nal common path through the tumor suppressor p53 
and its downstream target, the cell cycle inhibitor p21Cip1/
Waf1 (p21). Both intrinsic, nuclear defects such as 
unrepaired DNA damage or laminopathies that disturb the 
integrity of the nuclear membrane and chromatin, and extrinsic 

defects in the stem cell milieu that are transmitted to the stem 
cell by receptor-mediated signaling cascades, can activate 
p53 and turn on p21 transcription in stem cells. The increased 
load of p21 inhibits the regenerative potential of stem cells, 
limiting cell turnover, maintenance of tissue function, and, 
ultimately, life span.  

    p21 and Stem Cells: The Goldilocks Effect 

 As the story goes, Goldilocks found the papa bear’s porridge 
too hot and the mamma bear’s porridge too cold, but the baby 
bear’s porridge was just right. Eating the porridge that was 
just right sustained and rejuvenated her. Similarly, stem cells 
require just the right amount of p21 for long-term regenera-
tive capacity, as illustrated in Fig.  1 . In the absence of p21, 
stem cells fail to maintain quiescence, resulting in hyper- 
proliferation and expansion of the progenitor cell population, 
followed by exhaustion of the stem cell pool. We discuss the 
essential role of p21 in maintaining stem cell quiescence in 
the next section. When stem cells accumulate excess p21, on 
the other hand, they can enter a state of prolonged or perma-
nent quiescence, resulting in hypo-proliferation of stem and 
progenitor cells and exhaustion of differentiated progeny by 
attrition. We explore the consequences of having too much 
p21, a far more likely situation to arise during the normal 
course of aging, in a later section. Together, these examples 
illustrate how either too little or too much p21 can impair 
stem cell regenerative capacity and limit healthy life span.

        Cell Cycle Arrest and the Maintenance 
of Stem Cell Quiescence by p21 

 Over the course of a lifetime, stem cell quiescence is critically 
important for the maintenance of tissue homeostasis and to 
prevent premature exhaustion of the stem cell pool under 
various conditions of stress [ 2 ]. p21, a member of the CIP/KIP 
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  Fig. 1    p21 and the Goldilocks effect. Too much p21 leads to senescence and impaired proliferation, while too little p21 leads to the loss of 
quiescence and increased apoptosis. Both decrease stem cell regenerative capacity and compromise optimal life span       

family of cyclin-dependent kinase inhibitors, appears to play 
a signifi cant role in the protection of the stem cell pool by 
ensuring cell cycle arrest during quiescence. In small 
amounts, p21 acts as a positive cell cycle controller in that it 
is actually necessary for formation of the cyclinD/CDK4 
complex [ 3 ,  4 ] and transit from G0 into G1. When expressed 
in amounts beyond what is needed for complex formation, 
however, it has a universally inhibitory role by blocking the 
activity of cyclin-dependent kinases (CDKs) necessary for 
cell cycle progression [ 5 – 8 ]. It does this in several ways 
(reviewed in [ 9 ]), as illustrated in Fig.  2 . p21 prevents CDKs 
from working with their respective cyclin to phosphorylate 
the Rb protein, thus blocking the release of the E2F tran-
scription factor and subsequent transcription of the E2F 
responsive genes needed for transit from G0 into G1 and 
from G1 into S phase [ 10 ] (Fig.  2a, b, and d ). p21 can also 
function as a cofactor with other DNA binding proteins, such 
as transcription factors, to control the expression of genes 
essential for cell cycle progression. For example, p21 can 
interact with E2F directly and block transcriptional activa-
tion of the cyclin A promotor [ 11 ] (Fig.  2c ). p21 can also 
bind the mismatch repair factor DNA polδ, inactivating 
PCNA-mediated DNA replication [ 12 ] (Fig.  2e ). In addition, 
p21 indirectly affects transit from G2 into M by binding to 
and inhibiting CDK-activating kinase (CAK), which phos-
phorylates CDK1 on Thr161 and activates the CDK1-cyclin 
B complex (Fig.  2f ). Inhibition of CAK is crucial for G2/M 
checkpoint activation [ 13 ].

   Cell cycle control by p21 appears to play a particularly 
important role in stem cells. Studies on the hematopoietic 
stem cells (HSCs) and neural stem cells (NSCs) of p21- 
defi cient mice provide convincing evidence of the protective 
role of p21 in the preservation of stem cell pools [ 14 ]. In the 

absence of p21, for example, the profi le of hematopoietic 
cells in the adult mouse is maintained despite decreased 
cytokine-mediated proliferation of bone marrow progenitor 
cells [ 15 – 18 ], suggesting that p21 might play a dual role, 
simultaneously increasing progenitor cell proliferation while 
preventing stem cell proliferation. In a test of this hypothe-
sis, Cheng et al. compared the time spent in G0 (quiescence) 
and G1 (cycling) phases of the cell cycle in stem cells from 
p21-defi cient and wild-type mice. They found that p21- 
defi cient HSCs spent less time in G0 and exhibited reduced 
repopulation capacity following 5-fl uorouracil (5-FU) deple-
tion of cycling bone marrow cells, as determined by 
cobblestone- forming assays    (CAFC). Importantly, serial 
transplantation of p21-defi cient bone marrow cells into 
lethally irradiated recipients resulted in greatly reduced sur-
vival compared to that conferred by normal bone marrow 
cells. Rather than remaining quiescent, p21-defi cient stem 
cells prematurely differentiated, exhausting the pool of self- 
renewing stem cells and demonstrating the important role of 
p21 in maintaining HSC quiescence during times of stress. 

 Under steady state conditions, HSC quiescence appears 
to be maintained not by p21 but by growth factors, such as 
angiopoietin or thrombopoietin, which act through AKT or 
JAK/STAT pathways [ 19 – 21 ]. However, in NSCs, p21 
appears to maintain quiescence under both steady state and 
stressed conditions. There are more NSCs in p21-defi cient 
mice between postnatal days 60–240 than in their wild-type 
counterparts, and this is due to higher proliferation rates. At 
16 months of age, however, NSC numbers drop in p21- 
defi cient mice and display limited self-renewal in vitro, sur-
viving only several passages before exhaustion [ 22 ]. This 
study highlights the contribution of p21 to the relative quies-
cence of adult NSCs, which might be more important than 
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indefi nite proliferation capacity for the life-long mainte-
nance of NSC self-renewal. 

 By triggering cell cycle arrest and limiting transmission 
of damaged DNA, p21 can also protect against cell death 
[ 111 ], repressing caspases and other proteins needed for 
apoptosis [ 13 ] [ 23 ,  24 ]. In the case of cancer, this ability of 
p21 to repress apoptosis can maintain stem cells pools, with 
obvious deleterious  consequences. In leukemogenesis, for 
example, p21 is actually critical for maintaining the leuke-
mic stem cell pool [ 24 ]. A molecular model has been pro-
posed in which the  CDKN1A  promoter is positively regulated 
by the tumor suppressors Miz and p53, which promote p21 
expression and suppress apoptosis, and negatively regulated 
by the oncogene Myc (reviewed in [ 25 ]). When Myc is acti-
vated, it interacts with and suppresses Miz, blocking 

p53-mediated transactivation of  CDKN1A  and inducing 
apoptosis. Point mutations in Myc that render it unable to 
bind to Miz inhibit the induction of apoptosis in human 
fi broblasts [ 26 ]. When p21 was reexpressed in Myc-
transformed cells, apoptosis was inhibited. When Zbtb4, a 
suppressor of Miz, was depleted in cell culture by siRNA, 
activation of p53 by vincristine promoted cell cycle arrest 
over apoptosis [ 27 ]. 

 In summary, stem cells lacking p21 fail to maintain quies-
cence, resulting in expansion of the progenitor cell popula-
tion and exhaustion of the stem cell pool.  Cdkn1a -defi cient 
mice exhibit defi cits in HSC and NSC quiescence, leading 
ultimately to tissue deterioration and loss of function. Several 
tumor suppressors and oncogenes coordinately regulate the 
activity of the  CDKN1A  promoter, with potentially deleterious 

  Fig. 2    p21 and the cell cycle. ( a ) p21 is required for complex forma-
tion of Cyclin D/CDK 4/6. This complex participates in the partial 
phosphorylation of Rb, reducing its binding affi nity with E2F and 
allowing transcription of genes such as Cyclin E. p21 in amounts 
greater than the minimum for complex formation has an inhibitory 
effect on the process. ( b ) p21 inhibits the Cyclin E/CDK2 complex 
from completing the phosphorylation of Rb. This allows transcription 

of the Cyclin A gene and the G1/S transition. ( c ) p21 associates with 
E2F, directly inhibiting the transcription of Cyclin A. ( d ) p21 inhibits 
Cyclin A/CDK2 complex, preventing transcription of E2F responsive 
genes. ( e ) p21 inhibits PCNA, blocking polδ from replicating damaged 
DNA. ( f ) p21 inhibits phosphorylation and activation of CDK1 by 
CAK. As a result, transcription of E2F responsive genes is inhibited, 
blocking the G2/M transition       
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effects on the ability of the organism to limit the regenerative 
capacity of tumor stem cells. In the next section, we explore 
the consequences on stem cell regenerative capacity of 
having too much p21 and how that can limit healthy life span.  

    Chronic Activation of p21 and Aging 

 Events that can result in excess p21 in stem cells fall into two 
broad classes, nuclear damage and damage to receptor- 
activated signaling pathways. With age, DNA mutations and 
epimutations can accumulate, the result of defective repair 
processes or a compromised nuclear membrane, for example, 
and cause chronic activation of the p53–p21 axis. 
Experimental hyperactivation of p53 in mice gives rise to a 
progeroid syndrome closely resembling normal aging at an 
accelerated rate. Pharmacologic inhibition of downstream 
effects of activated p53 returns p21 levels to normal and 
reverses senescence in fi broblasts derived from these mice. 
Mouse models of Hutchinson-Gilford progeria, a human 
progeroid syndrome, which are driven by defects in nuclear 
lamins, can be rescued by eliminating p53, which simultane-
ously normalizes p21 levels in fi broblasts and prevents 
senescence. 

 Age can also damage the microenvironment resulting in 
altered intracellular signaling pathways. For example, fl uc-

tuating levels of TGFb in the systemic circulation, coupled 
with defective Notch mobilization in the muscle stem cell, 
can upset the balance between activation and suppression of 
p21 and compromise muscle repair. The various effects of 
age that can chronically activate p21 in stem cells or their 
environment are represented in Fig.  3  and discussed in more 
detail in the following sections.

      Nuclear Defects and the p53: p21 Pathway 
in Stem Cells 

 Nuclear damage, including single- and double-stranded 
breaks, telomere shortening, chromosome rearrangements, 
excessive mitogenic signals from oncogenes, and damage by 
reactive oxygen species [ 28 – 32 ], can trigger activation of the 
tumor suppressor p53 and induce p21 expression, with power-
ful consequences on cell proliferation [ 33 ]. The p53–p21 path-
way is one of the two pathways that can induce cellular 
senescence (the other is p16–Rb), a cell culture phenomenon 
fi rst characterized by Hayfl ick and colleagues, who demon-
strated that normal cells had a fi nite capacity to proliferate in 
culture [ 34 ]. At the end of their proliferative life span, cells 
permanently halt cell division and become resistant to cell 
death (reviewed in [ 35 ]). Senescent cells can exhibit 
senescence- associated β-galactosidase    activation [ 36 ] and 

  Fig. 3    Molecular mechanisms of p21    activation in aging stem cells. 
Cell intrinsic defects, such as the loss of nuclear architecture, which 
jeopardize the integrity of the genome or epigenome, activate p53, the 
principal means by which p21 is induced in stem cells. Surface recep-
tors transduce extrinsic defects that affect the niche, such as a rise in 

systemic TGFb, to modulate critical intracellular pathways governing 
p21 expression. Both Wnt and Notch act in part through Myc, a trans-
repressor of the  CDKN1A  promoter.     , nuclear (intrinsic) defects.  ùùé   , 
receptor-mediated environmental defects (“niche”)       
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senescence-associated DNA damage foci (reviewed in [ 35 , 
 37 ]) that can cause the loss of both potency and the ability to 
self-renew [ 38 ,  39 ]. We will discuss cellular senescence in the 
context of mouse models of progeroid syndromes that illus-
trate not only how induction of p21 by p53 can impair cellular 
regenerative capacity but also how constitutive activation of 
this pathway can limit organ homeostasis and life span. 

    Stabilization of p53 by D40p53 Causes Chronic 
Activation of p21 
 The fi rst of these models was generated by introducing an 
ectopic, mutant allele of  p53  that codes for a protein missing 
the fi rst 40 amino acids of full-length p53 into a background 
of wild-type p53 [ 40 ]. This protein, Δ40p53, is one of several 
naturally occurring isoforms of p53 normally produced by 
alternate promoter usage or alternative splicing [ 41 ]. Δ40p53 
is unique in that its primary mode of production is by alterna-
tive translation initiation at a start site in exon 4 immediately 
downstream of an internal ribosome initiation site (IRES) 
[ 42 ]. Full-length p53 initiates at a start site in exon 2, result-
ing in the addition of 40 amino acids at the N-terminus of the 
protein, which make up the primary transactivation domain 
and the overlapping binding site for Mdm2. Other than this, 
p53 and Δ40p53 are identical, including in the tetrameriza-
tion domain, where p53 monomers interact to generate the 
tetrameric form of p53 that binds DNA and functions as a 
transcription factor. The absence of the N-terminal domain 
and the loss of the Mdm2 binding site in Δ40p53 contribute 
to its longer half-life compared to p53 [ 43 ] and the increased 
stability of p53 in heterotetramers with Δ40p53 [ 44 ,  45 ]. 

 p44Tg mice have two normal  p53  alleles that code for the 
full complement of p53 isoforms, as well as the ectopic allele 
on the transgene that codes for Δ40p53. The increased dos-
age of Δ40p53 in p44Tg mice leads to a progeroid syndrome 
characterized by a premature aging phenotype that can be 
observed as early as 4 months of age and results in an overall 
reduction in both mean and maximal life span by about 25% 
[ 40 ]. In addition, cells from p44Tg mice exhibit impaired 
proliferation, which results in fewer than the normal number 
of cells in adult organs as well as in embryos at all stages of 
development, and can be attributed at least in part to an 
increase in cellular senescence [ 40 ]. A model was proposed 
in which the extra dose of Δ40p53 in cells derived from 
p44Tg mice stabilized p53 and induced high levels of p21 
[ 40 ], resulting in the state of permanent cell cycle arrest, 
resistance to apoptosis, and altered gene expression that 
defi nes cellular senescence [ 35 ]. 

 This model was tested in NSCs and the effect of impaired 
proliferative capacity on their ability to contribute to the 
regenerative process of adult neurogenesis. Neurogenesis 
occurs throughout life in the subventricular zone (SVZ) of 
the lateral ventricles and the subgranular zone (SGZ) of the 
dentate gyrus of the hippocampus of the mammalian brain 

[ 46 ,  47 ]. In the SVZ, stem cells generate neural precursor 
cells, which then go on to migrate along the rostral migratory 
stream (RMS) until they reach the olfactory bulb (OB) where 
differentiation into granule cells and periglomerular inter-
neurons occurs [ 47 – 49 ]. In the SGZ, stem cells generate 
intermediate precursors that eventually undergo differentia-
tion into granule cells in the dentate gyrus (DG) [ 46 ,  50 – 52 ]. 
The continuous generation of neurons from these stem cells 
throughout life is crucial for maintaining odor discrimination 
and for learning and memory, functions subserved by the OB 
and DG, respectively [ 53 – 56 ]. 

 Using BrdU incorporation into replicating DNA as a 
marker of NSC proliferation, p44Tg mice were found to 
exhibit signifi cantly reduced proliferative capacity in both 
progenitor cell and stem cell populations with age [ 57 ]. At 
2–4 months of age, there were no differences in the number 
of labeled cells in the SVZ, but between 9 and 12 months, 
there was a signifi cant decrease in the p44Tg mice that did 
not occur in the NT mice until much later (30 months, 
Medrano and Scrable, unpublished data). In neurosphere 
(NS) culture, SVZ cells from p44Tg mice gave rise to fewer 
and smaller NS that could be serially passaged fewer times 
compared to cells from age-matched NT mice. NS from both 
prematurely old p44Tg mice [ 57 ] and normally aged NT 
mice (30 months, Medrano and Scrable, unpublished data) 
exhibited signifi cantly higher levels of activated (Ser15 
phosphorylated) p53 and p21 compared to controls. This can 
account for the 37 % increase in the length of the cell cycle 
that characterized p44Tg NSCs. 

 Consequences of impaired NSC proliferation were seen 
at all stages of neurogenesis, from reductions in the number 
of migrating neuroblasts in the RMS and new neurons in the 
OB to reduced density in the granule cell layer as dead or 
damaged cells failed to be replaced. The fi nal consequence 
was a pronounced decrease in olfactory acuity in p44Tg 
mice relative to normal mice [ 57 ]. Thus, the loss of prolifera-
tive capacity of neurogenic cells in the SVZ can be linked 
directly to loss of function in the region of the brain they 
supply with new neurons, a clear validation of the stem cell 
theory of aging.  

    Defects in Nuclear Lamins Activate p53 
and Chronically Induce p21 
 Hutchinson-Gilford progeria syndrome (HGPS) is the result 
of a mutation in the gene coding for lamin A ( LMNA  
1824C>T) in 90% of cases [ 58 ,  59 ]. The nuclear lamina is 
vital to maintaining the shape and size of the nucleus and is 
instrumental in regulating fundamental processes such as 
DNA replication, transcription, and repair [ 60 ]. These pro-
cesses are compromised by progressive changes in nuclear 
lamina morphology that occur as a consequence of normal 
aging [ 43 ] and can explain the inevitable accumulation of cells 
with unrepaired DNA damage [ 61 ]. HGPS has been partially 
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recreated in mice by causing a defi ciency in the gene coding 
for Zmpste24, a homolog of the zinc metallopeptidase STE24 
found in yeast. STE24/Zmpste24 post- translationally cleaves 
prelamin A into mature lamin A, a necessary step in the gen-
eration of the nuclear lamina. Predictably, loss of Zmpste24 
in mice led to profound  abnormalities in the nuclear envelope, 
resulting in irregularly shaped nuclei with herniation-like 
blebs [ 62 ]. Similar defects have been shown to evoke a 
p53-mediated response, resulting in apoptosis or senescence 
[ 63 ]. And, in fact,  Zmpste24 - defi cient  mice exhibit increased 
numbers of senescent cells in tissues such as kidney and in 
cultured adult fi broblasts [ 64 ]. 

 A second murine model of HGPS was generated by intro-
ducing a transgene expressing the most common  LMNA  
mutation (1824C>T) under the control of a tet-inducible pro-
moter [ 65 ]. Here, too, senescence was evident, this time in 
epidermal skin sections, consistent with depletion of adult 
epidermal stem cells and loss of regenerative capacity as 
early as 13 weeks after induction of mutant lamin A expres-
sion [ 66 ]. In addition to increased SA-b-galactosidase activ-
ity [ 36 ], isolated keratinocytes exhibited increased numbers 
of g−H2AX foci, evidence of increased unrepaired DNA 
double-stranded breaks [ 66 ]. 

 In normal cells, recruitment of the DNA repair machinery to 
sites of double-stranded breaks is facilitated by acetylation of 
lysine 16 on histone H4 (H4K16), which converts the chroma-
tin to a more relaxed state [ 67 ]. This chromatin modifi cation is 
carried out by the histone acetyltransferase MOF in association 
with lamin A in the nuclear matrix [ 68 ]. Like keratinocytes 
from mice with inducible mutant lamin A expression, mouse 
embryonic fi broblasts (MEFs) from  Zmpste24 -defi cient mice 
exhibit defective DNA repair. In the presence of excess prela-
min A, there is reduced binding of MOF to the nuclear matrix 
and hypoacetylation of H4K16 [ 69 ]. 

 The observation that cells from healthy elderly humans 
also exhibit nuclear abnormalities, prelamin A accumula-
tion, and unrepaired DNA damage links progeroid laminopa-
thies like HGPS and their mouse models to normal aging 
[ 70 – 72 ]. The same cryptic splice site that is used constitu-
tively in Hutchinson-Gilford progeria to generate mutant 
lamin A (Δ50 lamin A or  progerin )[ 58 ,  59 ] is used sporadi-
cally in old cells from normally aging humans [ 70 ]. 
Fibroblasts from individuals ranging in age from 81 to 96 
years resembled cells from patients with HGPS, with 
increased numbers of g-H2AX foci at sites of unrepaired 
DNA damage, mislocalization of lamin A at the nuclear 
periphery, and nuclear abnormalities. Among the targets 
affected by abnormal lamin A processing in cells from nor-
mally aging elderly individuals, p21 was signifi cantly 
increased. Inhibition of the cryptic splice site that gives rise 
to progerin using a morpholino oligonucleotide reversed 

these age-related defects, returned p21 levels to normal, and 
restored proliferative capacity [ 70 ].  

    Other Examples of Nuclear Changes 
That Increase p21 in Stem Cells 
 Aging affects processes in the chromatin such as DNA meth-
ylation and posttranslational modifi cations of histones, both 
of which are now thought to be reversible [ 73 ]. The epig-
enome is greatly affected by extrinsic factors, like diet, and 
intrinsic factors, such as double-stranded DNA breaks [ 74 –
 76 ]. Increased DNA methylation, much of it at CpG islands 
in gene promoters, has been observed in intestinal, colon, 
and mesenchymal stem cells (MSCs) from old humans and 
mice [ 77 – 79 ]. Changes in histone methylation with age 
appear to be tied closely to the self-renewal and proliferation 
of stem cells because of their effects on the expression of cell 
cycle inhibitors, like p21. Polycomb group (PcG) and tritho-
rax group (TrxG) complexes catalyze methylation of specifi c 
lysine residues on histones, resulting in repression or activa-
tion of gene expression, respectively [ 80 ,  81 ]. PcG and TrxG 
have been linked to organismal and stem cell aging [ 82 ,  83 ]. 
One such PcG that has been extensively studied is BMI1 can 
repress p21. Acute reduction of this protein by shRNA 
knockdown caused p21-mediated defects in adult mouse 
NSC self-renewal [ 82 ]. In human HSCs, loss of BMI1 
affected the ability of HSCs to retain multi-potency by caus-
ing premature differentiation [ 84 ]. 

 In summary, nuclear changes that occur with normal 
aging or with premature aging syndromes, such as HGPS, 
support the stem cell theory of aging.  Zmpste 24 -defi cient 
mice exhibit osteoporosis, growth retardation, and premature 
death [ 62 ,  85 ], as well as reduced BrdU incorporation and 
cell proliferation and defects in cell cycle profi les [ 64 ], a 
phenotype very similar to that of p44Tg mice [ 40 ]. As with 
p44Tg mice, these defects are associated with activation of 
p53 and upregulation of p53 target genes, such as  Cdkn1a  
[ 64 ]. p21 also appears to be a critically important target of 
aberrant lamin A splicing in normally aged cells, where it is 
associated with unrepaired DNA damage and reduced prolif-
eration [ 70 – 72 ]. Loss of the chromatin modifi er BMI1 in 
aging stem cells causes derepression of the  CDKN1A  gene 
promoter and increased expression of p21, resulting in 
defects in NSC and HSC self-renewal. Collectively, these 
examples highlight the central role of the cell cycle inhibitor 
p21 in mediating the effects of nuclear damage on the ability 
of cells, particularly stem cells, to maintain tissue homeosta-
sis and healthy aging. That it is, in fact, an axis that acts 
through p53 to turn on p21 in affected cells is brought into 
even sharper focus by the fi nding that the phenotypes of both 
 Zmpste24 -defi cient and p44Tg mice, including the increase 
in p21, are signifi cantly rescued in the absence of  p53  [ 64 ].   
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    Receptor-Mediated Transmission of Defects 
in the Microenvironment to Stem Cells 

 In addition to intrinsic changes to stem cells, such as break-
down of the nuclear membrane or impaired chromatin struc-
ture, age has important consequences on the availability of 
soluble ligands for several key signaling pathways, as illus-
trated in Fig.  3 . We focus on one ligand, TGFb, which 
directly and indirectly controls p21 expression in stem cells, 
and two major pathways, Wnt and Notch, that modulate this 
activity of TGFb in stem cells. Notch blocks the binding of 
the TGFb effector Smad to the  CDKN1A  promoter, suppress-
ing p21 expression. As Notch levels decrease with age, sup-
pression is lost and p21 levels go up. On the other hand, 
TGFb counteracts the effects of an age-associated increase in 
Wnt levels by blocking transactivation of the  MYC  gene by 
the Wnt effector β-catenin. As systemic TGFb levels go up, 
increased suppression of Myc, which transrepresses the 
 CDKN1A  promoter, indirectly results in increased p21 
expression. Thus, increased TGFb in the systemic “niche,” 
combined with intrinsic defects in Wnt and Notch pathways 
in stem cells, results in impaired stem cell proliferation and 
regenerative capacity as the organism ages. 

    Decreased Notch Signaling Releases the Block 
on p21 Transcription Induced by TGFb 
 Notch is a transmembrane protein that is activated by contact 
of its extracellular domain with the extracellular domain of a 
transmembrane protein of the Delta family expressed on the 
surface of a second cell. Although the Delta–Notch pathway 
is known primarily for its role in specifying cell fate during 
development, it is also the critical mediator of muscle regen-
eration following injury [ 75 ,  86 – 91 ]. Notch is expressed on 
the surface of muscle stem cells (satellite cells), and Delta is 
expressed on both stem cells and myofi bers [ 92 ], which 
make up the stem cell niche in adult muscle. With age, regen-
erative capacity is lost due to decreased Notch signaling in 
satellite cells, which in turn has been linked to reduced Delta 
expression in old muscle [ 86 ]. 

 The interaction of a cell expressing Delta with a cell 
expressing Notch leads to cleavage of Notch into a transcrip-
tionally active intracellular domain, which acts as a nuclear 
transcription factor for a number of genes, including  MYC  
[ 93 ]. Myc acts as a pro-proliferative signal in part by sup-
pressing expression of p21 [ 94 ]. Thus, in old satellite cells, 
one consequence of decreased Notch activation is reduced 
transrepression of the  CDKN1A  promoter by Myc, and ele-
vated levels of p21. A second, and perhaps more signifi cant 
consequence is on stem cell proliferation, which requires 
antagonism of TGFb-dependent upregulation of CDK inhib-
itors, including p21, by phosphorylated SMAD3. Young 
satellite cells display high levels of active Notch, which 
blocks binding of SMAD3 to the p21 promoter [ 95 ]. In old 

satellite cells with reduced Notch activity, this block is 
removed. Furthermore, p53 synergizes with SMAD3 to 
coordinately regulate the  CDKN1A  promoter, which requires 
p53 for full transcriptional activation [ 96 ]. The increase in 
p53 with age, as described in the previous section, along with 
systemic increases in TGFb, which occur in older mice and 
humans [ 97 ], would serve to increase promoter activation. In 
old stem cells, then, decreased Notch activity leads to 
increased p21 expression by both an indirect mechanism 
(reduced transrepression by Myc) and a direct mechanism 
(increased transactivation by SMAD3 and p53), the latter a 
direct consequence of age-dependent increases in the level of 
TGFb in the circulation. 

 In addition to these effects on p21 transcription, Notch 
and p53 also exert reciprocal effects on each other’s signal-
ing pathways (reviewed in [ 98 ]) that are not only sensitive to 
age but also can help to explain some of their age-associated 
defects. For example, one of the targets of Notch is  MDM2 , 
which binds to and ubiquitinates p53 [ 99 ], resulting in its 
proteasomal degradation. Decreased Notch signaling with 
age would result in less Mdm2-mediated p53 degradation 
and stabilization of the protein, which could help to explain 
the increases in p53 levels seen in aging cells. On the other 
hand, one of the targets of p53 is  PSEN1 , the gene encoding 
the catalytic component of g-secretase. g-secretase is the 
enzyme that cleaves Notch following its interaction with 
Delta, releasing the transcriptionally active Notch intracel-
lular domain. p53 can suppress presenilin-1 expression by 
competing with Ets transcription factors for binding to the 
 PSEN1  promoter [ 100 ] or by binding to the  CDKN1A  pro-
moter and inducing p21 expression [ 101 – 103 ]. Like p53, 
p21 is a negative regulator of presenilin-1 transcription [ 103 , 
 104 ]. One result of age-associated increases in p53 and/or 
the p53–p21 axis would be decreased expression of preseni-
lin- 1, decreased catalytic activity of g-secretase, and 
decreased nuclear Notch activity. This in turn could account 
for the relative inactivity of Notch signaling seen in old satel-
lite cells compared to young [ 86 ].  

   TGFb Can Induce p21 Transcription Even 
in the Presence of Increased Wnt Signaling 
 Wnt is a glycoprotein signaling molecule that binds to the 
Frizzled receptor and activates the transcription of cell cycle 
promoting genes, such as c-Myc, by β-catenin [ 105 ]. In an 
environment of increased Wnt, both intestinal crypt progeni-
tor cells [ 106 ] and HSCs [ 107 ] are rapidly exhausted, pre-
sumably by an intrinsic mechanism of increased suppression 
of p21 by Myc. As stem cells require some p21 to maintain 
quiescence, as described in a previous section, too much 
Wnt, like too little p21, can cause premature reentry into the 
cell cycle and deplete the stem cell pool. 

 As the individual ages, however, systemic increases in 
TGFb exert powerful extrinsic effects on the ability of the 
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Wnt pathway to suppress p21 by Myc. Upon activation of the 
TGFb receptor, SMAD3 associates with the corepressor 
p107 in the cytoplasm, and the complex translocalizes to the 
nucleus, where it binds to and transrepresses the Myc pro-
moter [ 108 ]. As Myc is a negative regulator of p21, repres-
sion of Myc by increases in systemic TGFb with age would 
cause p21 levels to go up. This can explain why MSCs 
exposed to serum from old rats exhibited both higher Wnt 
signaling and higher levels of p21 compared to cells exposed 
to young rat serum [ 109 ]. 

 Although the upstream mediators of increased Wnt in the 
stem cell environment are not known, one possibility is 
suggested by a study of murine embryonic stem cells (ESCs), 
where genotoxic and non-genotoxic insults induced 
p53-dependent expression of fi ve different Wnt ligands 
[ 110 ]. The age-associated increased in activated p53 seen in 
animal models of accelerated aging, such as that described 
for p44Tg and  Zmpste24 -defi cient mice above, might be one 
factor contributing to an environment in which stem cells are 
exposed to increased levels of Wnt. The recent fi nding that, 
in an environment of increased Wnt, there is activation of the 
p53–p21 axis in MSCs [ 109 ] suggests another way a niche 
factor could induce senescence and compromise stem cell 
function, in this case by a mechanism that is still unknown.    

    Conclusions 

 A hallmark of aging is the loss of regenerative potential. The 
stem cell theory of aging posits that regenerative potential is 
maintained by stem cells, and that tissue homeostasis is com-
promised when stem cells fail. p21 is a universal cell cycle 
inhibitor that appears to be a principal regulator of the stem 
cell pool throughout adult life. Too little p21 and stem cell 
quiescence is lost resulting in premature exhaustion of the 
stem cell pool. Too much p21 and the self-renewal capacity 
of the stem cell is lost resulting in a state of permanent 
mitotic arrest that functionally depletes the stem cell pool. 
Optimal life span requires just the right amount (Fig.  1 ).     
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           Introduction 

 The linkage between    discovery and translation is a tenuous 
one. Most academic researchers never venture into the space 
normally occupied by start-up and early stage companies 
that struggle to move new discoveries to the clinic. This is 
often referred to as “the valley of death” because of the scar-
city of venture capital (“smart money”), longevity of the pro-
cesses to marketable products, risk that the regulator will 
deny registration or impose costly holds and additional 
requirements for registration, and the general absence of 
accessible public funding. From the point of view of aca-
demic scientists, universities have been slow or neglectful of 
the recognition of activities necessary to translate basic dis-
coveries. There may be no, or few, publications in high 
impact factor journals and translation doesn’t fi t well with 
the needs of postgraduate students. In fact, the absence of 
any recognition for product development by the universities 
has left the area without any inducement for academics to 
attempt translation. Medical centers recognize the need for 
translational research but are often underpowered for the 
needs for translation and tend to work more with autologous 
cell treatments (approved by institutional review boards/eth-
ics committees) that often don’t require the approval of the 
regulatory authorities. 

 In the face of discouragement, there are the compelling 
interests of the patients, who need new and effective thera-
pies that are promised regularly in the media by scientists 
and university public relations announcements. The discov-
eries of embryonic stem cells (ESCs) [ 1 ,  2 ] heralded consid-
erable optimism that effective cell therapies for a wide range 

of diseases and injuries would evolve. The diffi culty of life-
time immune suppression for allogeneic transplants appeared 
to be solved by the discovery of human induced pluripotent 
stem (iPS) cells [ 3 ] that are genomically compatible with the 
donor patient. It is, however, a matter of debate in terms of 
the level of matching that will be required even with these 
iPS cell derivatives.    HLA homozygocity may not be enough, 
as minor histocompatibility antigens; ex vivo culture of cells 
and gene mutations during ex vivo culture may generate neo-
antigen that is potentially immunogenic. Nevertheless 
induced pluripotent stem cell (iPSC)-derived tissues may 
require less immunosuppression or, at least, manageable 
immunosuppression. 

 The potential is clearly enormous but none of it can be 
captured without translation into acceptable products for 
patient therapeutics.  

    Discovery Drives Translational Opportunity 

 Basic research drives the opportunity to explore the transla-
tional merits of new discoveries. The discoveries of hemato-
poietic stem cell have led to effective therapies in blood 
diseases and recovery from chemotherapy and radiotherapy 
for patients with cancer. Likewise numerous clinical trials 
are underway with mesenchymal stem cells [ 4 ] and adipose- 
derived mesenchymal-like cells [ 5 ] that utilize their immu-
nosuppressive and regenerative properties for a wide 
spectrum of disorders. Given the many important fi ndings 
that are arising from basic research, it could be expected that 
many preclinical studies would be proposed to identify can-
didate cell products for evaluation in pharmacokinetic, 
safety, effi cacy in animal models of human diseases, potency, 
stability, manufacturing suitability studies, and the many 
other parameters required by licensing authorities. Despite 
the accelerating number of publications in basic stem cell 
biology and the breadth of potential clinical applications, the 
spectrum of translational studies is rather limited. This may 
be partly due to the lack of adequate funding in this area. 

      Translating Stem Cell Discoveries 

           Alan     Trounson     
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 Translational medicine is a trendy area for development 
and is attracting public agency and disease foundation sup-
port but little private capital. The grants tend to be marginal 
for the expensive work needed. Organizations such as the 
California Institute for Regenerative Medicine (CIRM) 
(  http://www.cirm.ca.gov/    ) have stepped into this space with 
a particular focus to enable discoveries in stem cell biology 
to progress to the clinic. CIRM has a portfolio of more than 
60 projects in early translation (see Table  1 ). Grants range 
from US$3 to $25 million for 3–4 years, and some grants 
have been very signifi cantly leveraged with additional col-
laborative funding from national and state agencies and 
foundations, creating a networked program of well managed 
translational projects. Other agencies have translational pro-
grams but are generally smaller and not usually focused 
entirely on stem cell medicine. It is critical that these projects 
are based on sound experimental data that have been pub-
lished in major scientifi c journals and have independent vali-
dation from other laboratories. Milestones for progress are 
agreed to and projects may be canceled if teams are unable to 
achieve critical development targets. 

 The momentum of basic science is very impressive in 
stem cell research. New developments are occurring quickly 
and new opportunities for translation are evident in many 
situations. For example, the very recent demonstration of in 
vivo retroviral transcription factor-induced transdifferentia-
tion of heart fi broblasts or stromal cells into functional car-
diomyocytes [ 6 ,  7 ] and the lentiviral microRNA-mediated 
conversion of heart stromal cells to functional cardiomyo-
cytes in vitro and in vivo [ 8 ] creates what appear to be, fasci-
nating opportunities for translation where they may compete 
as a new clinical treatment for cardiovascular disease and 
heart repair of myocardial infarction (MI). It may be that the 
lentiviral approach could be more acceptable to regulatory 
bodies given the concerns about genome integrating retrovi-
ral constructs. This being so, the critical issue may be the 
relative effi ciency of transduction of cardiac fi broblasts to 
functional cardiomyocytes and the approach needed to 
deliver the virus for maximum therapeutic effect and mini-
mal side effects. If scar tissue in the heart can be converted to 
muscle and heart function regained there would be a strong 
interest in this type of translational research being funded for 
clinical trials. Many other examples may be found in the rich 
environment of basic stem cell research. 

 The major problem for blood stem cell research exists in 
the inability to reliably multiply the hematopoietic stem cell 
population. The production of large numbers of blood cells 
from more primitive pluripotential stem cells is the failure to 
discover how to mature blood cell progenitors into a marrow- 
engrafting lineage. In the meantime red blood cells and plate-
lets can be produced in small numbers but production systems 
for clinically useful quantities are still awaited [ 9 ,  10 ]. 

 In a number of tissue types, progress in translation has 
been slow and is very much dependent on generating sound 
basic research around the optimism of using cell-based ther-
apies. In particular, research on the use of stem cell therapies 
for chronic kidney disease has been disappointing and most 
commentators believe that considerably more basic knowl-
edge is required on endogenous cell repair and mechanisms 
of actions of circulating cells in these processes, as well as 
better differentiation protocols for pluripotent stem cells and 
their potential delivery into the kidney [ 11 ]. Similar issues 
are evident for repair and regeneration in the liver [ 12 ] and 
the lung [ 13 ]. 

 Developments in tissue bioengineering using decellular-
ized or polymer scaffolds have been evolving in clinical set-
tings for tracheal replacement in patients with cancer [ 14 ] 
and will need to enter the translation pipeline to be registered 
for widespread use. There have also been very impressive 
developments in rodents for tissue engineering lungs [ 15 ] 
and human optic cups for replacement of stratifi ed retinal 
epithelium [ 16 ]. It would be expected that these discoveries 
will also evolve into translational studies for clinical trials 
over the next few years, although some such as whole lung 
replacement have enormous challenges.  

    Academic and Industry Partnerships 

 Trounson et al. [ 17 ] proposed a model for academic and 
industry partners in early translation to accommodate the 
need to have suffi cient research capacity to tackle issues 
raised in taking new stem cell therapeutics to the clinic. There 
is an additional need to have suffi cient focus and experience 
to ensure the data for IND enabling submissions were rigor-
ously obtained. Academics have skills and infrastructure for 
the former and companies have the experience in the latter. 
This has proven to be a very robust arrangement that avoids 
some of the diffi culties of sparsely funded companies that 
need to raise funds at every milestone, and the wandering of 
academic interest that can prove diffi cult to focus on the reg-
ulator’s demands in a timely and cost-effective fashion. 

 Public agencies fi nd it diffi cult to fund industry for trans-
lation and early phase I and II clinical trials. Companies have 
their shareholders’ interests at stake and are subject to board 
decisions that may not be in complete synchrony with the 
interests of public institutions. For example, the phase I clin-
ical trial run by the Geron Inc. company for spinal cord 
repair, using ESC-derived oligodendrocyte progenitors, was 
terminated by a board decision to concentrate on cancer 
studies rather than stem cells. The spinal repair project had 
received support by CIRM. However, all the loan monies 
from CIRM were returned. There were no adverse events for 
the fi ve treated patients and it is not known as yet if there will 
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     Table 1    California Institute for Regenerative Medicine (CIRM) translational projects through August 2012   

 Disease 
 Award 
value ($M) 

 Project goal 

 Proof 
of concept a  

 Development 
candidate b   IND c   Phase I/II d  

  Blood diseases  
  Fanconi anemia . Reprogram a patient’s cells into 
induced pluripotent stem (iPS) cells and mature 
them into blood-forming stem cells. Then use a 
genetic tool to replace the defective hemoglobin 
gene with a normal gene 

 $6.6       

  Sickle cell disease . Genetically engineer a patient’s 
blood-forming stem cells to correct the gene that is 
defective in the disease. Then reinject those cells 
into the patient 

 $9.2       

  Bone disorders  
  Osteoporosis . Use a drug to make a patient’s own 
mesenchymal stem cells better at repairing and 
replacing bone. The drug developed directs the stem 
cells to the bone surface and to form new bone 

 $20       

 Treat adult (mesenchymal) stem cells derived from 
bone marrow with parathyroid hormone for 
eventual transplantation at the site of injury 

 $1.9       

  Spinal fusion . Starting with a patient’s adult stem 
cells harvested from an area around blood vessels, 
treat them with a protein that encourage the 
stem cells to become bone, and seed them 
on a synthetic scaffold 

 $5.4       

  Cartilage disorders  
  Arthritis  ( osteoarthritis ). Starting with embryonic 
stem cells or reprogrammed stem cells (iPS cells), 
mature them into progenitors of cartilage, and 
implant them into the defective joint 

 $3.1       

 Determine which variant of the small molecule 
drug PRO1 is best able to get a patient’s own adult 
(mesenchymal) stem cells to mature into cartilage 

 $6.8       

 Take a patient’s skin cells and convert them to 
an embryonic-like state. Mature those cells into 
cartilage precursors and use those to repair a 
person’s damaged joint 

 $1.7       

  Diabetes and complications  
  Diabetes . Mature embryonic stem cells into cells 
that are the progenitors for the pancreas cells that 
produce insulin. Encapsulate them in a material 
that will protect them from immune rejection 
when transplanted into patients, where they 
mature into the pancreatic cells lost in the disease 

 $20       

  Diabetic ulcers . Place adult (mesenchymal) 
stem cells on a synthetic scaffold where they 
can grow into a layer of skin for transplantation 

 $4.5       

  Multiple diseases  
  Multiple diseases . Alter a gene that induces a 
person’s own stem cells to repair tissue so that it 
is active in stem cells in a sustained way over time 

 $5.8       

  Eye disease  
  Macular degeneration . Mature embryonic stem 
cells into a cell type in the eye that degrades in 
macular degeneration, then surgically implant those 
cells under the retina to replace the damaged cells 

 $15.9       

 Mature reprogrammed stem cells from skin 
(iPS cells) into the cell type in the eye that 
degrades in macular degeneration 

 $5.9       

(continued)
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 Disease 
 Award 
value ($M) 

 Project goal 

 Proof 
of concept a  

 Development 
candidate b   IND c   Phase I/II d  

 Start with either reprogrammed adult cells 
(iPS cells) or stem cells from the eye, and mature 
those cells into the cell type in the eye that 
degrades in macular degeneration. Then engineer 
the cells so that they make a factor that turns down 
the overactive immune system that is thought to 
cause the disease 

 $5.5       

  Retinitis pigmentosa . Create the specifi c cells that 
give rise to the retina starting with donor neural 
stem cells, with the eventual hope of replacing the 
damaged retina 

 $3.9       

  Cornea damage . Develop a way to grow enough 
corneal stem cells, known as limbal stem cells, 
in the lab so there are enough to transplant as 
a possible therapy 

 $1.7       

  HIV/AIDS  
 Remove some of the patient’s blood-forming stem 
cells and genetically modify them using a technology 
called siRNA to remove a protein from the cell 
surface that the HIV virus uses to enter the cell. 
Reinject those cells hoping the patient will develop 
mature blood cells resistant to HIV infection 

 $20       

 Remove some of the patient’s blood-forming stem 
cells and genetically modify them with a technology 
called zinc fi ngers to remove a protein from the cell 
surface that the HIV virus uses to enter the cell. 
Reinject those cells hoping the patient will develop 
mature blood cells resistant to HIV infection 

 $14.6       

 Remove some of patients’ blood-forming stem cells 
and genetically engineer them to carry multiple 
genes that help cells resist infection by HIV 

 $3.1       

  Liver disease  
  Liver failure . Mature embryonic stem cells into 
liver cells and transplant those into the diseased 
liver 

 $5.2       

 Convert skin, blood, or fat cells into liver precursors 
and transplant those into people with liver failure 

 $1.5       

  Metabolic disease . Take stem cells from the 
placenta that have liver function and use those cells 
to treat metabolic diseases of the liver in children 

 $1.8       

  Skin disease  
  Skin disease  ( epidermolysis bullosa ). Reprogram skin 
cells from the patient into induced pluripotent stem 
cells, then genetically modify them to correct the 
genetic defect found in the disease. Mature the cells 
into sheets of skin that can be grafted onto the patient 

 $11.7       

  Neurological disorders  
  ALS  ( Lou Gehrig’s disease ). Genetically modify 
nerve stem cells so that they produce a protein 
that can protect them from the cause of ALS after 
transplant as well as protect any remaining 
undamaged cells 

 $17.8       

 Mature human embryonic stem cells into the 
precursor of a cell that protects motor neurons 
and inject those into patients 

 $10.9       

 Take skin cells from people with ALS and convert 
them to an embryonic-like state. Mature those cells 
into neurons and use them to screen for drugs that 
treat signs of ALS in the cells 

 $1.7       

(continued)
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 Disease 
 Award 
value ($M) 

 Project goal 

 Proof 
of concept a  

 Development 
candidate b   IND c   Phase I/II d  

  Alzheimer’s disease . Mature embryonic stem cells 
into three types of neural stem cells—either just 
the natural cells or cells modifi ed to make them 
better able to mature into neurons or destroy 
proteins associated with Alzheimer’s disease. 
Test those cells in animal models of the disease 

 $3.6       

 Take skin cells from people with a hereditary 
form of Alzheimer’s disease and convert them 
into an embryonic-like state. Mature those cells 
into neurons and use them to screen for drugs 
that treat signs of Alzheimer’s in the cells 

 $1.9       

 Mature human embryonic stem cells into neurons, 
and use those cells to fi nd drugs that encourage 
the development of new neurons and protect the 
existing neurons 

 $1.7       

  Spinal cord injury . Transplant nerve stem cells to 
treat spinal cord injuries in the neck, unlike prior 
studies that have worked on injuries in the back 

 $20       

 Find the appropriate type of human neural stem 
cells to implant along with a scaffold at the site 
of injury in people with spinal cord injury 

 $4.7       

 Mature human embryonic stem cells into a type 
of neuron that blocks the effects of other neurons. 
Transplant these into people with spinal cord injury 
to reduce pain and improve bladder function 

 $1.6       

  Autism . Create reprogrammed stem cells (iPS) 
from people with autism, then mature those into 
neurons, and test drugs that alleviate symptoms 

 $1.5       

  Canavan disease . Create reprogrammed stem 
cells (iPS cells), then mature them into 
intermediate neural stem cells, and genetically 
modify them to correct the inherited defect 

 $1.7       

  Epilepsy . Mature embryonic stem cells into the 
very specifi c type of nerve cell found in the part of 
the brain thought to be malfunctioning in epilepsy 

 $1.7       

  Huntington’s disease . Use donor mesenchymal 
stem cells to deliver a growth factor to patients’ 
damaged and endangered nerves. The growth 
factor is called BDNF 

 $18.9       

 Genetically modifi ed bone marrow stem cell 
(mesenchymal) to turn off the mutated 
Huntington’s gene in preparation for eventual 
injection into the brain 

 $2.8       

 Maturing embryonic stem cells into neural stem 
cells with the goal of eventual transplantation 
into the brain 

 $3.8       

  Parkinson’s disease . Test the effectiveness of 
different types of stem cells including neuronal 
and cells derived from embryonic stem cells 
in an animal model of Parkinson’s disease 

 $3.6       

 Create reprogrammed stem cells (iPS) from people 
with Parkinson’s disease and mature those cells into 
the neuronal type that degenerates in the disease. 
Then test drugs on those cells in the lab to fi nd 
candidates that alleviate symptoms 

 $2.3       

 Mature embryonic stem cells into the type of 
neuron that degenerates in Parkinson’s disease 
and develop ways of creating enough of those 
cells to be therapeutically useful 

 $6.0       

Table 1 (continued)
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value ($M) 

 Project goal 

 Proof 
of concept a  

 Development 
candidate b   IND c   Phase I/II d  

  Spinal cord injury . Attempt to mature embryonic 
stem cells into intermediate nerve cells that can 
become either motor neurons or the neurons that 
control automatic activities like breathing 

 $1.6       

  Spinal muscular atrophy . Create reprogrammed 
stem cells (iPS cells) and mature them into motor 
neurons. Then use a small molecule drug to coax 
the neurons into producing more of the protein that 
is defi cient in the disease 

 $5.7       

  Stroke . Mature embryonic stem cells into neural 
stem cells that would be transplanted at the site of 
the stroke alone or embedded in a biodegradable 
scaffold 

 $20       

  Trauma . Mature embryonic stem cells into neural 
stem cells with the goal of transplanting the cells 
at the site of injury 

 $1.7       

  Cancer  
  Leukemia . Testing an antibody that blocks a protein 
on leukemia stem cells, dubbed the “don’t eat me 
signal,” that inhibits the immune cells that would 
normally destroy a cancer cell 

 $20       

 Testing six existing drug candidates, three small 
molecule drugs, and three antibodies, that block the 
ability of leukemia stem cells to survive and replicate 

 $20       

 Testing a small molecule drug that blocks a protein 
called BCL-6 that cancer stem cells need in order 
to survive 

 $3.6       

 Testing a small molecule drug that blocks a protein 
called BCL-2 that cancer stem cells need in order to 
survive 

 $3.3       

  Malignant melanoma . Use gene modifi cation of a 
patient’s own cells to make them better at seeking 
out and destroying cancer. They plan to give the 
patients modifi ed blood-forming stem cells as well 
as modifi ed mature T cells 

 $20       

  Brain tumors . Engineer donor neural stem cells so 
they carry a gene precursor of an anticancer drug. 
Those cells naturally migrate to the site of a tumor. 
Then inject a compound that converts the precursor 
drug to the active drug and kills the tumor 

 $18       

 Develop donor adult stem cells (mesenchymal 
cells) engineered to carry a gene that kills tumors. 
The cells naturally migrate to the site of the tumor 

 $3.4       

 Remove a patient’s T cells and engineer them so 
that they home in on brain cancer stem cells. 
Reinject those cells into the patient hoping that the 
T cells will identify and destroy those cells 

 $5.2       

  Solid tumor  ( colon, ovarian ). Testing small molecules 
that attack two different targets on cancer stem cells 

 $20       

  Muscle disease  
  Muscular dystrophy . Reprogram skin cells from 
the patient into induced pluripotent stem (iPS) cells, 
then genetically modify them to correct the defective 
gene. Then mature corrected cells into skeletal 
muscle precursor cells that can be transplanted 

 $2.3       

  Age- related muscular atrophy . Remove muscle 
stem cells from older people who are losing muscle 
strength. Multiply those cells in the lab, then 
reinject them into a patient’s muscles 

 $1.8       

Table 1 (continued)
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 Project goal 

 Proof 
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 Development 
candidate b   IND c   Phase I/II d  

  Incontinence . Take skin cells from a person with 
incontinence and mature those into the smooth 
muscles that make up the bladder. Transplant 
those cells back into the person 

 $5.2       

  Genetic disease  
  Lysosomal storage disease . Transplant neural stem 
cells into the brains of children who have a genetic 
condition that damages the neurons of their brains 

 $5.5       

  Vascular disease  
  Limb ischemia . Genetically modify donor 
mesenchymal stem cells so that they secrete the 
growth factor called VEGF, which is known to 
stimulate blood vessel growth 

 $14.2       

  Heart disease  
  Heart failure . Turn embryonic stem cells into 
what are called cardiomyocytes, the kind 
of cells that can become heart muscle for direct 
transplantation into patients 

 $20       

 Harvest the patient’s own heart stem cells, then 
grow them on the lab until there is suffi cient 
quantity to inject back into the heart muscle 

 $5.6       

 Mature human embryonic stem cells into heart 
muscle, and use those cells as a patch to repair 
damage after a heart attack 

 $4.8       

 Develop a way of reprogramming heart cells 
directly into functional heart muscle as to repair 
damage after a heart attack 

 $6.3       

 Isolate mesenchymal stem cells from bone 
marrow, and transplant those on a scaffold 
to repair damage after a heart attack 

 $4.9       

 Mature human embryonic stem cells into 
heart muscle, and modify those cells so they 
won’t be rejected by the immune system when 
transplanted into a damaged heart 

 $1.9       

  Blood vessel growth . Develop a way of 
reprogramming cells of the body directly 
into cells that make up blood vessels 

 $2.3       

  Danon disease . Take skin cells from a person with 
Danon disease and reprogram them into embryonic-
like cells. Mature those into heart cells, and use 
those cells to screen for drugs that treat the disease 

 $1.7       

  Immune disease  
  SCID . Replace SCID patients’ dysfunctional 
immune cells with healthy ones using a safer form 
of bone marrow transplant. Use an antibody to 
remove the bad immune cells instead of the 
dangerous chemotherapy and radiation used today 

 $20       

  SCID-A . Remove some of the patient’s blood-forming 
stem cells and modify them to produce a protein that’s 
missing in people with this disease. Reintroduce those 
cells so that the patient now has the missing protein 

 $3.9       

  Multiple sclerosis . Mature human embryonic 
stem cells into neural progenitor cells and use 
these cells to treat people with MS 

 $4.8       

 Develop a drug that promotes a patient’s neural 
precursor cells to develop into the insulating 
sheath that is lost in people with MS 

 $4.3       

   a Proof of concept in laboratory or animal model 
  b Development candidate chosen for clinical trial 
  c  IND  investigational new drug 
  d Phase I/II: clinical trials for safety (Ph I) and effi cacy as a therapy (Ph II)  
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be any other investor willing to purchase the intellectual 
property and assets to continue these clinical studies. It is 
doubtful these events would have occurred in an academic–
business partnership. Academics are wary of company- 
controlled projects because their own interests and that of the 
patients may be subjugated to fi nancial priorities and chang-
ing industry priorities and focus, as occurred with Geron. 
However, it is possible that options for advancement of new 
discoveries become limited, particularly under economic 
downturns when venture capital evaporates. Presently stem 
cell company values often slide downwards even when early 
clinical success is reported because other forces may be 
operative in the marketplace, such as hedge fund share price 
interest. This makes it even more critical to ensure that publi-
cally funded partnerships enable both academics and compa-
nies to progress together to at least proof of concept (phase 
IIB) of the product in human subjects.  

    Knowing the Translation Pipeline 
and the Regulator 

 Understanding the translational pipeline is critical. The 
chance of succeeding with an Investigational New Drug 
(IND) registration depends on satisfying the agency that 
everything possible has been done to cover any potential 
risks. Arguably, the most important matter in translation is to 
communicate with the regulators. The sponsor or lead per-
son/organization for the translation studies is responsible for 
the clinical investigations and needs to meet with the regula-
tor for compliance, manufacturing challenges, the regulatory 
development requirements (critical in cell therapies), and the 
development plan proposed by the sponsor. Adequate infor-
mation on why the candidate was selected, the data support-
ing safety in vitro and in a suitable animal model, bioactivity 
data, pharmacokinetic/pharmacodynamic data, cell distribu-
tion and survival, and cell potency are needed to enable the 
regulator to answer questions, provide feedback, and pose 
additional studies to ensure approval. Good planning is 
needed to be able to continue to derive data while awaiting 
the regulator’s response. Holds that occur will often be for 
dose regimen and safety monitoring defi ciencies, problems 
with the chemistry, manufacturing and controls (CMC) 
aspect of the IND (cell source, manufacturing and storage, 
and administration), and inadequate study design [ 18 ]. 

 The regulators encourage communication, including pre-
pre- IND meetings, pre-IND meetings, Workshops and 
Advisory Committee meetings, written submissions, and tele-
conferences [ 19 ,  20 ]. These opportunities enable sound plan-
ning and submissions that meet expectations. Since human 
cell populations are frequently heterogeneous, few industry 
standards exist and cell markers are still evolving. There are 

unique manufacturing requirements, cells may be genetically 
unstable and they may be delivered in variable and unique 
ways, hence it is critical to have an up-to-date read on the 
regulator’s current position on these matters as it applies to the 
translational study under consideration. To avoid a clinical 
hold by the regulator, addressing major issues such as ade-
quate safety assessments are done, quality of manufacturing 
meets expected standards, and monitoring potential safety and 
quality issues are met [ 18 ]. It is common that sponsors have 
major unrecognized issues that need to be addressed and guid-
ance from the regulator can help focus the sponsor on areas 
that must be explored to reduce the regulator’s concerns. 

 The wide range of cell types, diseases, and injuries that 
are being addressed by cell therapies makes it impossible to 
adequately address the specifi c issues that each and every 
study will face. The adequacy of animal models is often 
identifi ed and it is critical that the fi eld recognizes the limita-
tions and appropriateness of the particular model proposed 
[ 21 ]. It is not always necessary to include a nonhuman pri-
mate model, but for example, care should be taken with 
monoclonal antibodies that may not show up as problems in 
rodents. The regulator may or may not be aware of the latest 
research fi ndings and experts in particular fi elds can be help-
ful in guiding the sponsor’s modeling and approach. 

 The added benefi t that is apparent with combining bioma-
terials with cell therapy is attractive for the increased effi cacy 
of stem cell therapeutic approaches, particularly for example, 
for the use of mesenchymal stem cells for bone repair [ 22 ,  23 ]. 
Despite the potential for scaffold and biomaterial approaches 
involving stem cells, for bone repair, the translational pathway 
is fragmentary and progress is limited [ 24 ]. It also needs to be 
appreciated that the use of biomaterials may lead to combina-
tion therapy, which will require both the cells and biomaterial 
to be subject to regulatory examination.  

    Cell Therapies in Translation 

 There are many areas moving into translation and early clini-
cal trials. In several areas such as neurological and cardiac 
medicine, progress in translation and early clinical trials is 
informative of issues and challenges for cell therapies. 

    Neurological Disorders 

 The complexity of neurodegenerative diseases makes it 
extremely challenging to treat with single drug approaches. 
Damage and the ongoing pathogenesis of conditions that 
include stroke, spinal cord injury, and multiple sclerosis will 
require engaging multiple cell types and signaling pathways. 
The increasing incidence of Alzheimer’s disease, the 
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recognition of the phenotypic penetrance of Huntington’s 
disease with availability of genetic screening, and the lack of 
any treatment for motor neuron disorders demand that thera-
pies be found. Approaches to multiple and simultaneous 
intervention to facilitate functional recovery make the transla-
tion challenges even more demanding. As explained by Miller 
and Bai [ 25 ] “cell therapies, because of their inherent com-
plexity offer the opportunity to intervene at several points in 
the pathological process and thus may provide a more effective 
treatment strategy (than molecular approaches). Among the 
multiple cell types assessed as therapeutic treatment for neu-
ral insults, stem cells have emerged as possibly the most 
effective class. The particular characteristics of stem cells, 
namely their ability to self-renew and generate multiple cell 
types promoted their use as sources of cell replacement in 
the injured CNS.” The progress in translation for some con-
ditions that include Parkinson’s disease (PD), Huntington’s 
disease, and amyotrophic lateral sclerosis (ALS) is encour-
aging despite the acknowledged challenges [ 26 ,  27 ]. Despite 
the progress, the replication of benefi t is not always shown 
when robust objective assessment is used, suggesting that the 
fi eld needs to fi nd agreement on the criteria for outcomes in 
translation, cell potency parameters, biomarkers for func-
tion, and the suitability of animal models. Otherwise success 
will be hampered. Aboody et al. [ 28 ] have recently provided 
a very comprehensive review of progress in neural stem cell 
translation. They identify areas such as remylination, promo-
tion of host tissue regeneration, enzyme replacement ther-
apy, and tumor-localized chemotherapy production as critical 
areas where translation is actively moving treatments for-
ward towards clinical application. 

 Primary information on the causes of many of the major 
neurodegenerative disorders makes it diffi cult to design ade-
quate translational protocols utilizing stem cell derivatives. 
In the case of ALS, the spreading of the disease along the 
anterior horn of the spinal cord involving both motor neurons 
and interneurons appears to mimic a prion-like pathological 
misfolding of proteins that is transmissible within and 
between healthy cells. The emerging scenario in ALS 
involves TDP-43/FUS RNA binding protein pathophysiol-
ogy that triggers degeneration of motor neurons and also har-
bors a prion domain capable of pathological misfolding [ 29 ]. 
It seems unlikely that cell therapeutic replacement can 
address all the alterations in the various pathways affected in 
ALS. This will create further complications for designing 
translational strategies in such diseases. 

 Parkinson’s disease (PD) has frequently been identifi ed as 
a translational target for cell therapies because the transplan-
tation of fetal ventral mesencephalic tissue into the striata of 
PD patients has provided proof of concept in the human that 
these cells can successfully return striatal dopaminergic 
function to these patients for many years [ 30 – 32 ]. There 

were, however, disconcerting side effects of dyskinesia due 
to the fetal tissue transplants in a subgroup of PD patients. 
The side effects may be due to graft-derived striatal seroto-
nergic hyperinnervation that induces false dopamine release 
through an unfavorable serotonin/dopamine transporter ratio 
[ 33 – 35 ]. Fetal brain tissue contains both dopaminergic and 
serotonergic neuroblasts [ 36 ]. This has raised the possibility 
of using more purifi ed dopaminergic neurons derived from 
directed differentiation of human embryonic stem cells 
(hESCs) [ 37 ], or possibly iPSCs. The opportunity is clear 
that provision of a better-characterized product may lead to 
an effective therapy that would reverse the pathological 
motor phenotype of PD. However, PD patients may also 
require additional grafts of serotonergic neurons to relieve 
non-motor symptoms by restoring serotonergic neurotrans-
mission in specifi c cerebral targets [ 31 ,  32 ]. 

 Neural stem cells have been isolated from fetal sources 
and expanded for use in a broad spectrum of clinical applica-
tions [ 38 ]. These neural stem cells have been demonstrated 
to be effective in clinical trials for allogeneic transplantation 
[ 39 ] and may also be very effective as vehicles for gene ther-
apy including the delivery of neurotropic factor gene prod-
ucts for neuroprotective and pro-regenerative effects [ 40 ]. 
These approaches are currently in translation and clinical tri-
als for correction of neural genetic diseases, macular degen-
eration, spinal cord repair, and stroke. The source of cells 
may vary but the translational processes are common. ESC 
derivatives are also in translation for neural regenerative 
applications for spinal injury, stroke, ALS, and macular 
degeneration [ 41 ,  42 ]. 

 There remains debate about what are the best cells to use 
as the therapeutic candidate of choice. Some researchers 
believe that the best results are obtained with very specifi c 
and mature cell types rather than progenitor cells. In the case 
of spinal cord repair Noble et al. [ 43 ] have strong experimen-
tal evidence that transplanting specifi c astrocytes provides a 
far better outcome than for precursor cells. They also note 
that reproducibility between laboratories is a major chal-
lenge, suggesting the variability in models and lesions, 
delivery method, and experimental design makes it very dif-
fi cult for the fi eld to come to fi rm conclusions and move for-
ward in a logical manner. There are certainly a wide variety 
of cell types and approaches presently under translational 
development and in clinical trials for many conditions such 
as stroke [ 44 ]. These include CD34 + cells from mobilized 
blood cells and umbilical cord blood, mononuclear cells 
from bone marrow, mesenchymal stem cells, neural stem 
cells, ESCs, and iPSCs. In the area of spinal cord repair, 
many different adult cell types have been explored including 
Schwann cells, olfactory ensheathing cells, neural stem 
cells, umbilical cord blood cells, mesenchymal stem cells, 
and ESC-derived oligodendrocyte progenitor cells [ 4 ,  39 ,  45 ]. 
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There is as yet little agreement on the best cell type or 
approach and little evidence of signifi cant patient benefi t in 
early clinical trials to date. 

 Glaucoma is a progressive neurodegenerative optic neu-
ropathy without reliable clinical effective therapy. The 
approaches under study in translation focus on neuroprotec-
tion and retinal ganglion replacement [ 46 ]. While there 
remain challenges for demonstration of an effective therapy 
for a range of eye diseases using a stem cell approach, there 
is considerable optimism that cell-based therapies will pre-
vail because of the accessibility, range of surgical techniques 
available, and the impressive progress being achieved in 
translation [ 47 ]. The challenge will be to deliver this therapy 
to the widespread under-resourced communities in which 
glaucoma is a very serious problem. 

 Stem cells are popular therapeutic vehicles to attempt to 
destroy high-grade gliomas [ 48 ]. The therapeutic cell types 
under study include embryonic, neural, and mesenchymal 
stem cell derivatives delivering cytokines, enzyme/prodrug 
suicide combinations, viral particles, matrix metalloprotein-
ase, antibodies, and chimeric antigen receptors [ 49 ]. Clinical 
trials utilizing neural stem cells that have strong homing 
properties to tumors are under way to deliver an enzyme/
prodrug approach to destroy recurrent high-grade glioma 
resistant to conventional treatments [ 28 ].  

    Cardiac Repair 

 Considerable interest exists in the use of cell therapies for 
cardiovascular regeneration in ischemic heart disease and/or 
myocardial infarction (MI) for reducing mortality, improve-
ment of quality of life, and reduction of the economic burden 
that exists for these patients. There are basically two differ-
ent approaches being studied in translation at the present 
time; injectable cells and patch-based cell approaches [ 50 ]. 
There are merits to both approaches with considerable sup-
port for the cell-impregnated biomaterial scaffold approach 
using cardiac and induced pluripotential cell derivatives in 
translational research. However, success to date for cell ther-
apies has been rather disappointing with inconsistent effi -
cacy and modest benefi ts to patients, low conversion of donor 
cells to cardiomyocytes, and very limited engraftment [ 51 ]. 
The evolution of three-dimensional cultures and improving 
biomaterials are likely to have major impacts on the potential 
to effect repair of human myocardial infarction. 

 The necessity for myocardial remodeling and the associ-
ated processes of hypertrophy, proliferation, apoptosis, 
necrosis, and autophagy [ 52 ] have led to translational studies 
on the use of endogenous and exogenous cell-based thera-
pies. The initial optimism that mobilizing bone marrow cells 
in patients using granulocyte colony-stimulating factor 
(G-CSF), could repair myocardium has failed to materialize 

into signifi cant benefi t for patients. Exogenous intracoronary 
infusion of bone marrow mononuclear cells, when compared 
to placebo controls, failed to improve global or regional ven-
tricular function at 6 months in patients with myocardial 
infarction [ 53 ]. Considerable effort is being directed to the 
use of other cell types that include mesenchymal stem cells 
[ 4 ,  39 ,  54 ] with mixed results depending on the endpoints 
chosen. These translational studies underline the necessity 
for well-controlled trials and well-defi ned parameters for 
patient benefi t. Interestingly c-kit +  bone marrow cells but not 
mesenchymal stem cells augmented cardiomyocyte progeni-
tor activity and cardiac performance in mice [ 55 ]. 

 Studies on cardiac cells are evolving in translation with 
encouraging results. Bolli et al. [ 56 ] reported on a well- 
controlled study on autologous cardiac stem cells for rever-
sal of heart failure months after it was diagnosed. Patients 
who had bypass surgery to try to improve cardiac function 
were assigned to treatment or control groups an average of 4 
months after surgery. Treated patients had a biopsy to retrieve 
heart tissue and the cells were sorted to isolate those cells 
c-kit + , a presumptive marker for cardiac stem cells. Those 
cells were expanded in vitro and reinfused into a cardiac 
blood vessel. Four months later the treated patients had sig-
nifi cant improvement in heart function tests and the controls 
did not. In a subset of patients the benefi t was even more 
pronounced 1 year later. Li et al. [ 57 ] compared expanded 
human cardiosphere-derived cells (CD105 + , partial c-kit + , 
and CD90 + ) to human bone marrow and adipose-derived 
mesenchymal stem cells, and bone marrow mononuclear 
cells for cardiac repair in mice. The cardiac cells had the 
highest myogenic and angiogenic potential in vitro, and after 
transplantation gave the best improvement in SCID mouse 
cardiac function after injection into infarcted hearts, highest 
cell engraftment, myogenic differentiation rates, and least 
abnormality of heart morphology (at 3 weeks post treat-
ment). This strongly suggests that cardiac repair may be 
optimum with cardiac rather than mesenchymal cells or 
mononucleocytes. 

 Further data from the phase I clinical trial on autologous 
cardiosphere-derived cells by Makkar et al. [ 58 ] showed that 
intracoronary administration of expanded endomyocardial 
biopsy samples taken 4 weeks after myocardial infarction 
showed no acute complications and 28 % reductions in scar 
tissue as measured by MRI at 6 months and 42 % at 12 
months. This despite no evidence of actual donor cell regen-
eration; indeed donor cells appear to be absent within 2 
weeks of administration. It is proposed that the effects of 
cardiosphere-derived therapy are mediated via endogenous 
regenerative and reparative pathways, which is surprising 
that benefi ts up to 12 months were observed. As a conse-
quence, the research group is now using allogeneic cardiac 
cells that are able to provide the same benefi ts without 
severe immune response. The transitory nature of the trans-
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planted cardiac cells and relatively low dose apparently 
 provide the same safety profi le as autologous cardiac cells. 
The FDA has approved a phase I/II study to further evaluate 
this approach. 

 Regulatory bodies may have concerns about identifi cation 
of stem cells following transplantation. Knowing the distri-
bution and sites where stem cells accumulate can be very 
important. Are the cells transient, and removed by macro-
phages or other processes or do they take up residence in the 
target tissue or elsewhere, and multiply for regenerative 
impact? There are recent reviews that describe the tracking 
methods for stem cells transplanted for cardiac repair. These 
imaging modalities include MRI, PET, SPECT, and CT. The 
MRI agents include gadolinium chelates such as Cy3-labeled 
gadofl uorine, super paramagnetic iron oxide nanoparticles 
(SPIOs) coated with an agent to enable cellular uptake in 
non-phagocytic cells, and ferumoxide-labeling [ 59 ]. The 
advantages and drawbacks of the various methodologies 
were described by Fu et al. [ 60 ]. Radionuclide imaging—
PET and SPECT is the most sensitive and has the highest 
spatial resolution of imaging modalities for cell tracking, 
viability, and other cell functions. These include the uptake 
of fl uorine  19 F [ 61 ].  

    Cell Therapies in Translation with CIRM 

 The CIRM has a large program of early translational studies 
that includes studies at the proof of concept stage that are 
seeking to demonstrate a viable candidate product for thera-
peutic use in human medicine, demonstration that a develop-
mental candidate is effective in the appropriate animal or 
laboratory model of the human disease, and derivation of 
data necessary for submission of registration for a clinical 
trial (IND—Investigative New Drug) approval. The list as of 
August 2012 is shown in Table  1 . The studies are listed under 
broad categories of tissue type and diseases and/or injuries. 
These involve all the translational techniques and modalities 
being explored in the fi eld of stem cell science. These studies 
tend to be more complex than the majority of clinical trials 
presently registered with world regulatory agencies. This is 
due to greater emphasis being placed on new approaches by 
CIRM in order to enable more effi cacious therapies to evolve 
with public–private fi nancial support.

   Studies are evolving rapidly, given CIRM has only been 
funding research for only 6 years [ 4 ,  39 ,  41 ,  42 ]. Studies that 
are presently evolving to clinical trials include allogeneic 
cardiac cells for heart disease, interruption of the CCR5 gene 
for prevention of HIV AIDS, ESC-derived insulin producing 
cells in a protective capsule for correction of Type I diabetes, 

ESC-derived retinal pigmented epithelium for correction of 
dry macular degeneration, gene correction using stem cell 
therapies—such as sickle cell disease, epidermolysis bul-
losa, and thalassemia [ 62 ], and ESC-derived neural stem 
cells for stroke. CIRM is also targeting the destruction of 
cancer stem cells [ 63 ]. This includes the destruction of gli-
oma using neural stem cells transfected with an enzyme that 
will convert a cytotoxic prodrug into a highly toxic product 
at high levels in the localized area of the tumor(s). Other can-
cer stem cells in solid tumors and leukemias are being tar-
geted with other cancer stem cell-specifi c drugs and 
monoclonal antibodies. This includes blockage of the anti-
gen CD47—“don’t eat me”—signal that inhibits macro-
phage phagocytosis of cancer cells.   

    Clinical Trials and the Need for Networked 
Alpha Clinics 

 There is an identifi ed need for clinical trial sites to accom-
modate the rising list of translational studies progressing to 
early clinical trials as exemplifi ed in Table  1 . The foundation 
arguments an approach for developing a network of alpha 
stem cell clinics (proposed by Trounson et al.) [ 41 ,  42 ]. 
These should be sited in the tertiary medical centers and 
associated with universities to accommodate the need to pro-
vide for GMP cell treatment, manipulation, selection, and 
expansion technologies. These centers are the ones likely to 
provide the patient interface with discoveries evolving to 
clinical application in translation. The clinicians are likely to 
require modifi cations to fi t clinical modalities and to address 
risk for patients not clearly apparent to translators of new 
therapeutics. The networking component enables rapid dis-
tribution of knowledge and success in meeting regulatory 
requirements and roadblocks that appear in new and highly 
variable approaches to cell-based therapeutics. These centers 
will need to develop a sustainable business plan and practice 
that should include both public and private fi nancial support. 
The benefi ts for the insurance industry are obvious and the 
network may provide the infrastructure for the major bio-
pharmaceutical industry to participate in a meaningful way 
in cell-based therapeutics. Ultimately, the prospect of a 
major new platform in medicine based on stem cell therapeu-
tics is the success of correcting or curing serious disease and 
injury with strategies based fi rmly on sound scientifi c under-
standing of the mechanisms that cells provide in the regen-
erative process Many of the present clinical trials in progress 
lack any understanding of what role the administered cells 
play in these diseases or conditions and may become lost in 
translation [ 64 ].     
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           Introduction 

 The cells currently known as mesenchymal stromal/stem 
cells (MSCs), were fi rst described by Friedenstein et al. as an 
adherent, fi broblast-like population of cells cultured from the 
bone marrow (BM) of rodents [ 1 ]. Through a series of ele-
gant experiments, he showed that following implantation of 
these cells under the kidney capsule they generated rudimen-
tary bone tissue that was capable of supporting hematopoie-
sis. Friedenstein’s method was later used to derive similar 
cells from human BM [ 2 ], and then these cells were shown to 
support hematopoiesis in long-term culture assays [ 3 ]. Later 
Caplan proposed these cells to be stem cells for mesenchy-
mal tissues and proposed “mesenchymal stem cells” could 
have therapeutic potential [ 4 ] in regeneration of many tis-
sues. MSCs are calculated to comprise only a small popula-
tion (<0.01 %) of adult BM cells [ 5 ], and one of the major 
challenges in this fi eld is the lack of any reliable or widely 
accepted marker for direct isolation of them from BM aspi-
rates. Thus, although markers such as Stro-1 [ 6 ], CD271 [ 7 ], 
and CD146 [ 8 ] has been proposed for direct isolation of 
these cells, there is still no consensus on which marker is the 
most representative of cells present in their in situ BM envi-
ronment. The low number of MSCs in BM also means that 
for any in vivo use, either experimental or clinical, the cells 
have to be expanded ex vivo through extensive cellular pro-
liferation. MSCs from BM are most commonly isolated by 
plating BM mononuclear cells in culture plates and passag-
ing the adherent cells, which, after a few passages, leads to 
expansion of a homogenously fi broblast-like population of 
cells [ 9 ]. According to the widely accepted criteria by 
International Society for Cellular Therapy (ISCT), such cells 

can be labeled as MSCs if they (a) express a certain set of 
markers (i.e., CD105, CD73, CD90) and do not express 
hematopoietic markers (i.e., CD45, CD34, CD14, CD11b, 
CD79a, CD19, and HLA-DR) and (b) could differentiate 
into osteoblasts, adipocytes, and chondroblasts in vitro [ 10 ]. 
Although the end point of this derivation methodology is a 
seemingly homogenous population of cells, they are func-
tionally heterogeneous and comprised of different subpopu-
lations with different differentiation capabilities at a clonal 
level [ 11 ]. Thus, the term “mesenchymal stem cell” could be 
only applied to a defi ned population of MSCs that fulfi ll the 
criteria for being true “stem cells,” (i.e.,    to have the potential 
not only to self-renew themselves but also generate proge-
nies that could differentiate into osteoblasts, chondroblasts, 
and adipocytes) [ 12 ]. Thus, in addition to the controversies 
surrounding the true in situ anatomical location and physio-
logical role of these cells, there is also much controversy 
regarding their true stem cell properties [ 13 ]. This chapter 
discusses the use of ex vivo culture-expanded MSCs in dif-
ferent clinical settings, the rationale behind those approaches 
including their tissue regenerative and immunomodulatory 
properties, and unsolved issues and evolving concepts in this 
highly dynamic fi eld.  

    Use of MSCs in Hematopoietic Stem Cell 
Transplantation 

 Hematopoietic stem cell (HSC) transplantation was the fi rst 
and is still the most common form of stem cell therapy. It is 
mainly indicated for the treatment of hematologic malignan-
cies and nonmalignant conditions, such as immunodefi -
ciency syndromes. For HSC transplantation, HSCs are 
harvested from BM, pharmacologically mobilized into blood 
followed by their collection, or more recently, HSCs from 
umbilical cord blood units are used to replace diseased HSCs 
of recipients (autologous or allogeneic). However, despite 
decades of clinical experience, HSC transplantation contin-
ues to be a high-risk procedure with a high rate of morbidity 
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and mortality related to the toxic effects of pre-transplant 
preparative regimen, HSC graft failure and/or ejection, and 
immunologically mediated phenomenon of graft-versus-host 
disease (GVHD). MSCs are considered to be an essential 
constituent of the BM stromal microenvironment with an 
indispensable role in support of hematopoiesis [ 14 ]. Thus, 
not surprisingly, HSC transplant physicians were the fi rst to 
use MSCs in a clinical setting. The Lazarus team was the 
fi rst to conduct a phase I trial that showed the safety of intra-
venous infusion of ex vivo culture-expanded autologous 
human BM-derived MSCs [ 15 ]. These autologous MSCs 
generated from small-volume BM aspirates and expanded 
over several weeks were shown to be safe and not causing 
any adverse reactions. This, in addition to other pioneering 
studies by HSC transplant physicians, paved the way for the 
use of MSCs for treatment of a wide variety of other disor-
ders in other disciplines of medicine. 

 A major goal of transplant physicians has always been to 
accelerate recovery of hematopoiesis after HSC transplanta-
tion. Due to the presumed role of MSCs in supporting hema-
topoiesis in the BM and evidence from animal studies in 
which co-transplantation of MSCs with HSCs improved the 
engraftment of the latter [ 16 ], one of the earliest indications 
for which MSCs were investigated was for their ability to 
promote hematopoietic engraftment. In a phase I–II clinical 
trial, ex vivo culture-expanded autologous MSCs were 
infused into breast cancer patients at the time of autologous 
HSC transplantation [ 17 ]. In another study culture-expanded 
allogeneic MSCs derived from BM of human leukocyte anti-
gen (HLA)-identical sibling donors were infused to the 
respective allogeneic HSC transplant recipients [ 18 ]. 
Although these studies could not provide defi nitive conclu-
sions regarding the engraftment-promoting effect of MSCs, 
they further reassured investigators that the use of culture- 
expanded autologous or allogeneic MSCs as a form of cel-
lular therapy is feasible and safe. Since then autologous or 
allogeneic ex vivo culture-expanded BM-derived MSCs 
have been used in the context of HSC transplantation in a 
large number of patients with hematologic and non- 
hematologic malignancies for different purposes, such as 
reducing the risk of graft failure, preventing repeat rejec-
tions, or rescuing graft failure [ 19 ]. Most of these studies 
have provided encouraging results but have failed to prove 
their effectiveness in a clinically conclusive manner. 

 Aside from supporting HSCs, MSCs have also received 
much attention by HSC transplant physicians due to their 
effect on immune cells. MSCs have shown to modulate the 
immune responses in vitro and in vivo via their interactions 
with a plethora of immune cells. Such interactions lead to 
suppression of proliferation of activated T lymphocytes, an 
increase in the number of T regulatory lymphocytes, a 
decrease in activation and proliferation of B lymphocytes, 

suppression of cytotoxicity of natural killer cells, suppres-
sion of maturation of dendritic cells, modulation of neutro-
phil activities, and changes in the immunophenotype of 
macrophages [ 20 – 23 ]. One of the earliest of these effects to 
be discovered was the suppression of T cell proliferation and 
activation [ 23 ]. Moreover, this immunosuppressive effect of 
MSCs appears not to depend on the HLA compatibility sta-
tus of the donor and recipient [ 24 ]. Since acute GVHD is a T 
cell-mediated process [ 25 ], years ago it was proposed that 
MSCs could be potentially used as a therapeutic modality, 
specifi cally for treatment-refractory GVHD [ 26 ]. Le Blanc 
et al. were the fi rst to investigate the potential of MSC infu-
sion for the treatment of refractory GVHD in a 9-year-old 
boy who had received a HLA-matched unrelated donor HSC 
transplant for leukemia [ 27 ]. Infusion of ex vivo expanded 
MSCs generated from the patient’s mother, not the original 
donor, resulted in the resolution of GVHD symptoms. This 
seminal report was followed by larger studies from the same 
group in which MSCs were given to steroid-refractory 
GVHD from HLA-identical siblings, haploidentical family 
donors, and unrelated mismatched donors [ 28 ,  29 ]. These 
studies showed that infusions of MSCs to this group of very 
sick patients are safe, resulted in a signifi cantly better sur-
vival rate compared to control patients, and the responses 
were independent of the source and HLA compatibility of 
MSCs. The latter point is very important, as the generation of 
patient-specifi c MSCs is very time consuming, costly, and in 
many instances impractical due to the urgent nature of the 
need for their use. 

 Since these original reports there has been a plethora of 
studies using BM-derived MSC in different doses and fre-
quencies, made using different methodologies, and used in 
different age groups [ 19 ]. All these studies confi rmed the 
original safety reports but with variably encouraging or suc-
cessful results. The largest clinical trials performed with 
MSCs have been two Phase III double-blind, placebo- 
controlled, randomized trials evaluating (Prochymal) a pro-
prietary formulation of MSCs derived from the marrow of a 
single third-party donor as a fi rst-line treatment for acute 
GVHD or for the treatment of refractory acute GVHD. These 
double-blinded, placebo-controlled (in a 2:1 ratio) trials 
were designed to assess the safety and effi cacy of Prochymal 
in multicenter international studies. To the surprise of most 
transplant physicians and investigators in the fi eld, these 
studies could not show positive results in regard to their pri-
mary end points. Some potential confounding factors might 
have been the differences in treatment regimens adminis-
tered to patients in conjunction with Prochymal in different 
centers. However, the use of the same Prochymal in pediatric 
patients with severe refractory acute GVHD resulted in more 
promising results [ 30 ]; indeed, this product indeed is now 
approved in Canada, but not yet in the United States, for 
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pediatric patients with GVHD as the fi rst form of “off-the- 
shelf universal stem cell therapy product.” 

 While MSCs have largely been used in the fi eld of HSC 
transplantation for their ability to reconstitute the BM 
 microenvironment and their immunomodulatory functions, 
another avenue for clinical use of MSCs is to utilize their 
tissue regenerative properties. Again in the fi eld of hematol-
ogy, these cells were used in patients who had a different 
spectrum of tissue and organ toxicities following allogeneic 
HSC transplantation, such as hemorrhagic cystitis, pneumo-
mediastinum, and perforated colon and peritonitis with over-
all promising results [ 31 ]. Also, one of the earliest reported 
cases on use of culture-expanded, gene-marked MSCs was in 
conjunction with BM transplantation in six pediatric patients 
with osteogenesis imperfecta. This study, done based on the 
fact that MSCs are progenitors for osteoblasts, showed 
engraftment in fi ve recipients and an acceleration of growth 
during the fi rst 6 months post-infusion [ 32 ].  

    Use of MSCs in Non-hematopoietic Stem Cell 
Transplant Settings 

 Over the last decade, in addition to the fi eld of HSC trans-
plantation, MSCs have also generated a lot of excitement in 
other disciplines of medicine and surgery. Originally much 
of this enthusiasm was due to the assumption that these cells 
are capable of not only differentiating into mesenchymal tis-
sues, such as bone and cartilage, but also transdifferentiating 
into many other types of cells, such as cardiomyocytes, 
hepatocytes, and pancreatic islets [ 33 ]. Although there were 
ample experimental and preclinical models that supported 
such assumptions, it was later realized that those early obser-
vations of such unorthodox plasticity were due to imperfect 
experimental tools, the use of animal models that were not 
representative of human biology, or other potential mecha-
nisms such as cell fusion [ 34 ]. However, by then hundreds of 
patients had already been recruited into clinical trials based 
on those assumptions, many of them with preliminary prom-
ising results, albeit on a small scale and in nonrandomized 
formats. Nevertheless, by this time many new modes of 
action for these cells were discovered that initially were not 
appreciated. Indeed, the discovery of these new mechanisms 
of action was a major paradigm shift in the fi eld and included 
tropism of MSCs for migration into sites of tissue damage or 
infl ammation, their capability to support and stimulate pro-
liferation and/or survival of resident tissue progenitor cells 
through secretion of a variety of cytokines and chemokines, 
and contribution to angiogenesis of tissues [ 35 – 38 ]. However, 
these newly discovered modes of action, in addition to their 
previously recognized immunomodulatory and anti- 
infl ammatory properties, kept these cells at the forefront of 

use in many diverse groups of human pathologies. Indeed, 
there is a long list of phase I–II trials for a variety of non- 
hematological indications in which autologous, donor- 
directed, or third-party allogeneic MSCs had been used, 
including for treatment of patients with myocardial infarc-
tion, chronic obstructive pulmonary disease, amyotrophic 
lateral sclerosis, stroke, Crohn’s disease, diabetes mellitus, 
systemic sclerosis, systemic lupus erythematosus, and refrac-
tory wounds among others [ 39 – 42 ]. 

 In many of these disorders, allogeneic third-party MSCs 
were used without any immunosuppression, as MSCs are 
assumed to escape attack by cytotoxic T cells or NK cells 
and thus could be transplanted over major histocompatibil-
ity complex barriers in humans [ 43 ,  44 ]. This has been the 
rationale for the use of  “off-the-shelf” ex vivo culture-
expanded BM-derived MSCs from “third-party” donors, and 
the myriad of clinical experiences that have confi rmed the 
impressive safety of this product has been reassuring. Also, 
use of “off-the-shelf,” ready-to-use MSCs as a therapeutic 
entity, in contrast to production of patient-specifi c MSCs, is 
an important concept for large-scale production and com-
mercialization of cellular therapeutics by biopharmaceutical 
entities [ 45 ].  

    MSCs Derived from Non-bone Marrow Origin 

 Although MSCs were originally isolated from BM, cells 
with similar phenotype, differentiation potential, and bio-
logical characteristics have now been derived from almost all 
adult tissues, including adipose tissue [ 46 ] and heart [ 47 ]; 
neonatal tissues such as placenta [ 48 ]; fetal tissues such as 
lung, liver, and blood [ 49 ]; and even embryonic stem cells 
[ 50 ]. Furthermore, it had been repeatedly shown that MSCs 
derived from non-BM tissues have immunomodulatory 
properties very similar to BM-derived MSCs [ 51 – 53 ]. 
Indeed, based on experimental data showing that AT-derived 
MSCs possess immunological characteristics similar to 
BM-derived MSCs, they have been used for treatment of 
GVHD after HSC transplantation [ 54 ]. However, adipose tis-
sue MSCs are expected to fi nd their highest clinical applica-
tions in the fi elds of plastic and reconstructive surgery [ 55 ]. 
Other types of MSCs that have reached the clinic include 
placenta-derived MSCs for the treatment of GVHD [ 56 ] and 
umbilical cord-derived MSCs for the treatment of severe and 
refractory systemic lupus erythematosus [ 57 ]. It should be 
no surprise to see other novel sources of MSCs to be tested 
for specifi c clinical settings based on their tissue of origin. 
For example, it could be argued that MSCs derived from 
pancreatic islets could be of more value for indications such 
as the protection of transplanted islets after cadaveric trans-
plantation [ 58 ].  
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    Unsolved Issues 

 In clinical medicine a confounding factor in interpreting 
results of clinical trials of pharmaceuticals is the heterogene-
ity of patient physiology, which affects the absorption, 
metabolism, and pharmacokinetics of the drug and the het-
erogeneity of the targeted diseases, which affects the poten-
tial responsiveness of the disease to the administered drug. 
However, in clinical trials of cellular therapeutics, particu-
larly MSCs, another layer of complexity exists in the enor-
mous heterogeneity in the fi nal product (i.e., MSCs). MSCs 
are derived from tissues of autologous or allogeneic donors; 
therefore, from the very early stages of this process, there are 
numerous reasons for heterogeneity of the fi nal product. The 
fi rst issue is the appropriate donor source; uncertainties here 
include the fact that, theoretically and based on some evi-
dence, the MSCs generated from tissues collected from the 
patients might not be the appropriate source, as these MSCs 
may be also affl icted by the patient’s disease processes [ 59 ]. 
However, it can be also argued that autologous MSCs could 
avoid issues such as tissue incompatibility and rejection. 
However, even in the case of normal healthy allogeneic 
donors, we do not know if there are donor-specifi c character-
istics that make certain allogeneic donors potentially more 
suitable for the production of MSCs, such as donors of 
younger age or special physical attributes. Additionally, in 
the case of allogeneic MSCs, we still do not know of the 
appropriate tissue sources of MSCs that could be most effec-
tive for specifi c indications. It is very well known that MSCs 
from different tissue sources, despite seemingly similar phe-
notypes, could have signifi cant differences in their functional 
characteristics. Nevertheless, we do not know the impact of 
these variables between different preparations of MSCs on 
the intended clinical outcome. 

 One other major challenge in the fi eld is the fact that cur-
rently there is no standard culture methodology for generat-
ing MSCs [ 60 ]. It is well known that culturing cells at 
different densities and using different types of growth media 
(containing fetal bovine serum, serum-free media, autolo-
gous serum, fresh frozen plasma, or human platelet lysates) 
could affect the phenotype and rate of growth of MSCs. Even 
the batch of fetal bovine serum used could have a major 
impact on the end product. All these subtle differences could 
result in clinically signifi cant changes in the ultimate bio-
logical characteristics of the MSCs. Other factors that add to 
the complexity of interpreting results of clinical trials are the 
different dosages and frequencies of cells from different pas-
sages. MSCs have been used at different doses and frequen-
cies, from different passages, either fresh or frozen, given at 
different stages of disease, and given alone or with different 
combinations of other medications and treatments. A major 

challenge in harmonizing the culture conditions is the fact 
that although these variations in the culture methodologies 
could affect the immunomodulatory and regenerative prop-
erties of MSCs, there is no clinically applicable potency 
assay that is widely accepted for MSCs. For example, the 
same MSCs that are used for treatment of GVHD could be 
also used for treatment of heart or lung diseases [ 42 ]. 
However, the latter disorders are not T cell-dependent disor-
ders, and other potency assays or functional analyses of 
MSCs for those diseases are probably more appropriate.  

    Evolving Concepts 

 MSCs were originally promoted in the fi eld of regenerative 
medicine for their potential to differentiate into many differ-
ent types of cells and to replace lost or damaged cells based 
on a large body of literature in different animal models. 
However, these expectations were never realized in human 
studies. Indeed, despite seemingly encouraging positive 
results in numerous clinical trials, the durability of the infused 
MSCs is now a matter of great debate [ 61 ], and the new wave 
of studies report that the extent of MSC engraftment is usu-
ally very minimal and could not explain the observed clinical 
benefi ts [ 62 ]. Indeed, the lack of engraftability of BM MSCs 
has been well known to HSC transplant physicians for a long 
time, as most reports have shown that in BM transplant recip-
ients, the MSCs remain of recipient origin and are not 
replaced by the donor MSCs carried in BM grafts [ 63 ,  64 ]. 
However, in these BM transplant scenarios, it could be argued 
that these cells were transplanted in low numbers and there-
fore were different from ex vivo culture-expanded MSCs. In 
any circumstance, there have been signifi cant changes in our 
understanding of the potential mechanisms for MSC to exert 
their benefi cial effects (Fig.  1 ). This new paradigm proposes 
that MSCs exert their benefi cial effects through mechanisms 
such as paracrine effects prior to their demise. Thus, instead 
of “replacing” damaged cells, MSCs contribute to the “regen-
eration” of damaged cells and tissues indirectly, mainly via 
indirect paracrine effects. This low level of survival after 
administration of MSCs could also explain why repeated 
infusions of MSCs might be needed to achieve a clinical 
effect. This is in contrast to HSC transplantation, in which the 
administered HSCs usually engraft fully, and their benefi cial 
effects depend on their persistent engraftment. It is ironic that 
one of the original attractive properties of MSCs was assumed 
to be their presumed lack of immunogenicity [ 43 ] and thus 
feasibility of transplanting across HLA barriers without the 
concern for rejection. However, it could be argued that lack 
of durability and persistence of MSCs, especially third-party 
MSCs, could be a desirable property of MSCs, as it could 
preclude any chance of tumorigenicity in the future.
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   A major question that has preoccupied the mind of 
 clinicians and basic researchers alike is why these fi broblast- 
looking cells [ 65 ], derived mostly from BM, could have a 
therapeutic effect in such a wide range of conditions with 
seemingly unrelated pathophysiology, such as GVHD, myo-
cardial infarction, heart failure, chronic obstructive pulmo-
nary disease, Crohn’s disease, diabetes, osteoarthritis, 
systemic lupus erythematosus, kidney transplantation, 
stroke, nonhealing wounds, systemic sclerosis, cirrhosis, and 
others. A common pathophysiological theme for all these 
disorders is the contribution of “infl ammation.” Now it is 
well known that a major way that MSCs exert their effects is 
through their interactions with macrophages, and this could 
provide a unifying rationale for the continued investigation 
of these cells in such a wide range of applications [ 66 ].  

    Conclusions 

 The original clinical trials pioneered by visionary HSC trans-
plant physicians not only provided the initial safety data but 
also generated much excitement encouraging other disci-
plines of medicine to take advantage of the potential thera-
peutic effects of MSCs. A major factor in the expansion of 
MSC trials is the lack of any documented toxicity or long- 
term side effects and the unmet need for novel therapies for 
many degenerative diseases. Due to the inherent shortcom-
ings of these small, nonrandomized clinical trials, a conclu-
sive clinical benefi t has been diffi cult to discern, and 
important questions remain to be addressed. However, 
although the fi nal place of MSCs in regenerative biology is 
not clear, there is no other cell that has been applied to such 

a wide range of applications. There is a need for carefully 
designed clinical trials of suffi cient size that examine the 
specifi c intended mechanism of action and the optimal 
source, dose, schedule, and route of administration. However, 
logistical considerations, including the cost for conducting 
such large clinical trials, are immense so a bedside-to-bench 
and back-to-bedside approach is also needed. Cell therapists 
are fascinated by MSCs as they are easy to produce accord-
ing to good manufacturing guidelines, are not immunogenic 
but very safe to use, have multifaceted regenerative and 
immunomodulatory properties, and are therefore expected to 
remain very attractive to the fi eld of regenerative medicine.     
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           Introduction 

 Cutaneous injuries as a result of abrasions, cuts, or burns 
trigger a dynamic and highly complex wound healing 
response. This process involves the coordinated action of an 
overlapping series of events by various resident cells and 
blood-derived cells, which include terminally differentiated 
cells and stem cells alike. Their roles in wound healing have 
been elucidated over the years and a more in depth under-
standing of this process has allowed for the development of 
new therapeutic strategies to enhance tissue repair. This 
chapter discusses the physiological wound healing response 
with a focus on the involvement of stem cells in natural 

wound repair events and highlights regenerative medicine 
techniques such as cell therapy and tissue engineering 
research aimed at harnessing the power of stem cells to con-
tribute towards wound healing and tissue remodeling.  

    Skin 

 The skin represents the largest tissue in the human body. In 
adults, skin has an average mean surface area of 1.6 m 2  and 
weighs approximately 4 kg. It accomplishes many vital func-
tions such as barrier protection, immune function, thermo-
regulation, repair, and as a sensitive organ that plays an 
important neurosensitive and psycho-affective role [ 1 ]. 
Anatomically, skin is divided into two parts or layers: epider-
mis and dermis, which lie over the hypodermis or subcutane-
ous fat tissue (Fig.  1 ) [ 2 ]. The basement membrane or 
epidermal-dermal junction binds the epidermis and dermis 
[ 3 ]. Skin normally contains stem cells, which are responsible 
for its continuously renewing properties and which also act 
as a reservoir of cells to aid in tissue repair following injury 
[ 4 ]. It has been suggested that these multipotent stem cells 
not only produce skin, but also other cell types, such as nerve 
and bone cells [ 5 ]. The vast majority of resident skin stem 
cells are located in the hair follicle bulge [ 6 ].

      Epidermis 

 The epidermis is the outer skin layer and has a thickness rang-
ing between 0.4 and 1.5 mm, depending on the anatomical 
area [ 1 ,  7 ]. This ectoderm-derived layer constitutes an avas-
cular poly-stratifi ed, squamous, and keratinized epithelium. It 
contains four or fi ve different layers or strata depending on 
the anatomical region (from the innermost to the outermost): 
stratum germinativum or basal layer, stratum spinosum, stra-
tum granulosum, stratum lucidum, and stratum corneum [ 1 ]. 
Keratinocytes, melanocytes, Langerhans cells, and Merkel 
cells are the predominant cells found in the epidermis. 
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Keratinocytes represent the most abundant epidermal cell 
type [ 7 ]. Melanocytes synthesize melanin, the pigment 
which is transferred to keratinocytes and is  responsible for 
human skin color, and it is important to note that the color 
depends not only on the amount but also on the activation of 
melanocytes [ 8 ].  

    Dermis 

 In contrast to the epidermis, the dermis originates from the 
embryologic mesoderm and is a vascular skin layer (Table  1 ). 
The dermis is further subdivided into two parts: (a) the papil-
lary or superfi cial dermis, which is loose and highly vascular, 
and (b) the reticular or deep dermis, which is denser and less 
vascular. This fi broelastic dermal tissue is composed of 

 different fi ber types (collagen, elastic, and reticular fi bers), 
glycosaminoglycans, cells (fi broblasts, mastocytes, and 
macrophages), vessels, nerves, and adnexa (hair follicles, 
eccrine, and apocrine sweat glands, and sebaceous glands) 
[ 1 ,  7 ].

       Hair Follicles 

 Hair follicles are ubiquitous, but not found in palms, soles, or 
mucosae. The hair follicle structure has an outer part or root 
sheath called the infundibulum, which goes from the epider-
mis to the point where the sebaceous duct empties the sebum, 
a middle zone called the isthmus or inner root sheath, and 
last but not least, an inferior part called the base or hair shaft 
[ 1 ,  4 ]. Hair originates from hair follicles and is composed of 

  Fig. 1    The composition and 
various layers of normal skin. 
With permission from: Isolation 
and cultivation of human 
keratinocytes from skin or 
plucked hair for the generation of 
induced pluripotent stem cells 
(iPSCs), by Trond Aasen and 
Juan Carlos Izpisúa Belmonte. 
Nature Publishing Group (2012)       

   Table 1    Primary differences 
between epidermal and dermal 
skin layers   

 Skin layers  Origin  Vascularity  Characteristics  Main cells 

 Epidermis  Ectoderm  Avascular  Keratinized stratifi ed epithelium  Melanocytes 
 Keratinocytes 

 Dermis  Mesoderm  Vascular  Contains extracellular matrix and skin appendages  Fibroblasts 
 Adipocytes 

 Superfi cial or papillary  Highly vascular  Macrophages 
 Lax 

 Deep or reticular  Less vascular dense 

  Reproduced with permission from (Arno et al. [ 10 ])  
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hard keratin. The hair growth cycle is a 3-phase process: the 
anagen or active growth phase, which lasts 2–5 years; the 
catagen, involution or regression phase, which lasts 2–5 
weeks, and the telogen or rest phase, which lasts 2–5 months. 
After this third phase, hair loss occurs and a new growth 
cycle begins [ 1 ]. The telogen-to-anagen transition is con-
trolled jointly by bone morphogenetic protein (BMP), WNT, 
fi broblast growth factor (FGF), and transforming growth fac-
tor (TGF)-β signaling pathways. Loss of Fgf18 signaling 
accelerates anagen initiation, whereas loss of TGF-β2 signal-
ing delays it [ 9 ].  

    Skin Stem Cells 

 Skin or cutaneous stem cells include epidermal stem cells 
(interfollicular and bulge stem cells), dermal stem cells, 
sebaceous stem cells, hair follicle stem cells, sweat gland 
stem cells, melanocyte stem cells, mesenchymal stem cells 
(MSCs), neural stem cells, and endothelial stem cells [ 10 ]. 

 The more abundant skin stem cells are the epidermal hair 
bulge stem cells. Studies with murine bulge stem cells 
showed that they had the capacity to regenerate all epithelial 
cell types of the skin [ 11 ]. The hair follicle bulge is a well 
vascularized and innervated stem-cell niche located within 
the outer root sheath [ 4 ], at the deepest and most protected 
place within the contiguous epidermis [ 12 ]. It contains mul-
tipotent cutaneous and tissue-specifi c epithelial stem cells, 
such as melanocyte stem cells/precursors [ 13 ]. The hair fol-
licle bulge cells are the slowest-cycling cells in the cutaneous 
epithelium; [ 14 ] they are normally quiescent and only prolif-
erate at the onset of anagen, when a new follicle is generated 
[ 15 ]. Despite the fact they cycle slowly, their proliferation 
rate is very high, especially during fetal development and 
wound healing [ 16 ]. Only a small fraction of stem cells, the 
interfollicular stem cells, reside in the basal layer of the 
interfollicular epidermis. These stem cells maintain adult 
skin homeostasis and hair regeneration, but they also partici-
pate in the repair of the epidermis after trauma [ 4 ].   

    Wound Healing in Acute Wounds and Burns 

 Human adult cutaneous wound healing is a complex, multi-
step physiological process, which eventually serves to repair, 
but not regenerate, skin. The restoration of skin continuity 
after injury involves ectodermal and mesodermal repairing 
processes, including epithelial resurfacing or re- 
epithelialization, synthesis of connective tissue and biome-
chanics and wound contraction to reduce the tissue’s gap [ 3 ]. 

 Lesions involving epidermis and superfi cial dermis, such 
as donor sites or superfi cial partial-thickness burns, heal 
spontaneously by migration of epithelial cells from the 

wound edges, and from intact skin appendages. The scarring 
will be minimal, especially in areas where skin appendages 
are numerous. Deep partial-thickness or full-thickness burns 
may heal after 3 weeks or they may not heal at all, and they 
are associated with a high risk of infection and hypertrophic 
scarring. Therefore, these deep lesions usually require surgi-
cal intervention in order to aid in the natural wound healing 
process [ 3 ,  17 ]. 

    Phases of Wound Healing 

 Wound healing has three phases: Infl ammation, prolifera-
tion, and remodeling [ 3 ,  18 ] (Fig.  2 ). These steps include 
fi brin clot formation, cell migration, extracellular matrix 
deposition, dermal reconstitution, and re-epithelialization 
[ 19 ].

   The infl ammatory phase begins immediately after injury 
with vasoconstriction that acts to control bleeding and to 
achieve haemostasis. To accomplish this goal, vasoconstric-
tion and platelet aggregation are followed by platelet plug 
formation and the activation of the blood coagulation cas-
cade, resulting in fi brin deposition [ 3 ,  18 ]. After haemostasis 
is achieved, vasodilation occurs and vascular permeability 
increases, aiding the infi ltration of infl ammatory cells into 
the wound. This shift of vasoconstriction to vasodilation is 
due to the release of histamine, platelet-activating factor, 
bradykinin, nitric oxide, and prostaglandins [ 18 ]. 

 Polymorphonuclear neutrophils are the fi rst infl ammatory 
cells to reach the site through chemo-attraction in response 
to platelet-released healing factors, such as PDGF and TGF-β 
[ 3 ,  18 ,  20 ]. These cells initiate wound enzymatic debride-
ment, and their numbers peak at 24 h [ 3 ,  18 ]. Within 1–5 
days after wounding, neutrophils are gradually superseded 
by macrophages, the main cell involved in this response, 
which peak in numbers by 48–72 h. Macrophages produce 
PDGF and TGF-β, thereby attracting fi broblasts and stimu-
lating collagen production [ 18 ,  21 ]. Both fi broblasts and 
lymphocytes infi ltrate the wound and peak at day 7 [ 22 ]. The 
arrival of fi broblasts to the wound occurs around day 3, and 
signals the beginning of the proliferative phase [ 18 ], although 
the infl ammatory phase lasts longer in non-healing or prob-
lematic wounds such as deep partial-thickness burns or sec-
ondary intention wounds [ 3 ]. In the proliferative phase, 
collagen synthesis, angiogenesis, and epithelialization occur. 
Total collagen content increases for about 3 weeks, until the 
rate of collagen production and the rate of its degradation 
equalize, which determines the beginning of the remodeling 
phase. The remodeling phase lasts 6 months to 1 year. During 
this phase, fi broblasts and myofi broblasts cause wound con-
traction and vascularity decreases [ 18 ]. This last phase repre-
sents the maturation of the resulting scar, which is the result 
of normal wound healing or repair processes [ 23 ].   
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    Stem Cells and Wound Healing 

 The skin is an organ with a highly regenerative capacity and 
thus, when healthy skin is injured or burned, it has the ability 
to repair itself through a cascade of highly coordinated 
events. Immediately after burn injury, resident endothelial 
progenitor cells and MSCs are also involved in the response 
and migrate from the bone marrow into the wound. Whereas 
the former cells primarily increase vascularization, the latter 
ones are reported to also differentiate into dermal fi broblasts 
and myofi broblasts contributing to re-epithelialization and 
dermis reconstitution [ 24 ]. In circumstances where the injury 
is severe and healing is delayed or inadequate, various thera-
peutic approaches have been utilized to enhance the inherent 

regenerative potential of the skin. One such approach to pro-
mote skin regeneration in chronic wounds or burns that has 
been championed by the scientifi c community consists of the 
delivery of exogenous stem cells. The homing capacity of 
exogenous bone-marrow MSCs to injured tissues such as 
skin, muscle, brain, lung, myocardium and bone, to name a 
few, suggests an important role for these cells in natural 
wound healing and supports the concept of using stem cells 
for therapeutic wound care [ 25 – 27 ]. 

    Embryonic Stem Cells 

 Embryonic stem (ES) cells are pluripotent cells derived from 
the inner cell mass of the mammalian blastocyst that are able 

  Fig. 2    Phases of wound healing. With permission from: Skin repair 
and scar formation: the central role of TGF-[beta], by Steven R. Beanes, 
Catherine Dang, Chia Soo, and Kang Ting Expert Reviews in Molecular 

Medicine, Volume 5, Issue 08 (21 March 2003), pp 1–22. Copyright © 
2003 Cambridge University Press. Reprinted with permission       
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to undergo unlimited self-renewal in vitro. The therapeutic 
potential of ES cells lies in their ability to undergo differen-
tiation into endoderm, mesoderm, and ectoderm germ layers. 
Aberdam et al. have demonstrated the capacity of ES cells to 
differentiate into keratinocyte and fi broblast cell lineages and 
created a bioengineered skin composed of epidermal and der-
mal layers that holds potential for therapeutic applications in 
wound treatment [ 28 ,  29 ]. However, it is important to note 
that the use of embryonic stem cells has been met with ethi-
cal concerns pertaining to the harvesting of the cells from 
living embryos. Immune rejection and the potential for tera-
toma formation are other concerns raised with the use of ES 
cells for cell therapy applications. Thus, a subset of the scien-
tifi c community has begun to redirect their focus away from 
embryonic stem cells and towards the use of adult stem cells.  

    Induced Pluripotent Stem Cells 

 Induced pluripotent stem cells (iPSCs) defi ne a pluripotent 
stem cell population which has been reprogrammed in vitro 
from differentiated adult cells into an embryonic stem cell- 
like state by various factors. Takahashi et al. were the fi rst to 
demonstrate the reprogramming of adult murine and human 
fi broblasts into pluripotent iPSCs [ 30 ,  31 ]. These iPSCs hold 
tremendous potential for cutaneous wound healing applica-
tions; skin fi broblasts could be isolated from the patient, 
induced to become pluripotent iPSCs, expanded in vitro, 
redirected to epidermal or dermal lineages and delivered to 
the wound. However, concerns have been raised regarding 
the use of potentially cancer-causing oncogenes and viral 
vectors for the cell reprogramming steps [ 32 ]. Moreover, 
although iPSCs are derived from a patient’s own adult cells, 
Zhao et al. have raised concerns regarding their immuno-
genic properties by demonstrating that certain cells differen-
tiated from iPSCs can induce T-cell dependant immune 
responses in syngeneic recipients [ 33 ]. Regardless of their 
fl aws, iPSCs show great potential for regenerative medicine. 
The fi eld of iPSC research is still very young and only 
through future studies will the true clinical impact of these 
pluripotent cells be determined.  

    Mesenchymal Stem Cells 

 MSCs describe a population of multipotent adult cells capa-
ble of differentiating into a variety of mesenchymal progeny. 
The Mesenchymal and Tissue Stem Cell Committee of the 
International Society for Cellular Therapy has proposed a 
standard by which to defi ne MSCs with three important min-
imal criteria. First, the cells must be plastic-adherent under 
standard culture conditions. Second, they must express 
CD73, CD90, CD105 and lack the expression of CD34, 

CD45, CD14 or CD11b, CD79a or CD19, and HLA-DR sur-
face markers. Third, the cells must have the capacity to dif-
ferentiate into adipocyte, chondrocyte, and osteocyte 
lineages in vitro [ 34 ]. To date, MSCs have been isolated 
from a variety of sources including bone marrow, adipose, 
blood, amniotic, and umbilical cord tissues. 

 Bone marrow derived mesenchymal stem cells 
(BM-MSCs) have received the most attention as a therapeutic 
tool to enhance wound healing, based on their relative ease of 
isolation and their role in native tissue repair and remodeling. 
Mansilla et al. have reported a signifi cant increase in the pro-
portion of cells phenotypically identical to BM-MSCs circu-
lating in the blood of burned patients as compared to 
non-burned patient controls. The authors also found that the 
percentage of cells circulating in the blood of burned patients 
which were phenotypically identical to MSCs correlated with 
the size and severity of the burn, suggesting that these multi-
potent cells play a role in homing to the wound and contribut-
ing to tissue repair [ 35 ]. However, BM-MSC isolation is still 
an invasive procedure and there is a signifi cant decrease in 
available BM-MSCs with donor age [ 36 ]. 

 As an alternative to BM-MSCs, phenotypically similar 
multipotent cells have also been isolated from amniotic and 
umbilical cord tissues [ 37 – 39 ]. Since these tissues are usu-
ally considered biological waste following parturition, they 
are considered a valuable untapped source of MSCs. 
Moreover, umbilical cord derived MSCs have been reported 
to have higher proliferation rates and a greater capacity for 
expansion in vitro than BM-MSCs, further supporting their 
potential for therapeutic use [ 40 ]. Adipose tissue represents 
another alternative tissue source for MSCs which is also con-
sidered biological waste in various cosmetic surgeries. 
Isolation of multipotent MSCs from these tissues is per-
formed with relative ease and they have been shown to have 
high colony forming frequency as compared to the other tis-
sue derived sources of MSCs mentioned above [ 36 ]. 

 Regardless of their source, MSCs derived from adult tis-
sues exhibit low immunogenicity; they exhibit mechanisms 
that enable them to escape the host response in transplant 
situations [ 41 ]. They are also not burdened by the ethical 
concerns associated with ES cells, and they are relatively 
easy to isolate and lack complex additional steps for clinical 
use as compared to iPSCs. These reasons explain the wide-
spread use of MSCs derived from adult tissues, particularly 
BM-MSCs, in today’s stem cell therapy applications.  

    Stem Cell Therapies for Wound Healing 

 In their seminal publication describing the role of transplanted 
BM-MSCs in homing to a site of muscle injury and differen-
tiating to aid in its regeneration, Ferrari et al. demonstrated 
the use of a new tool for future therapeutic applications [ 25 ]. 
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As a means of treating osteogenesis imperfecta in children, 
Horwitz et al. demonstrated that allogeneic mesenchymal 
precursor cells could be delivered to the patient and these 
cells were able to home to the site of injury and increase total 
bone mineral content and promote de novo bone formation. In 
light of these results and the capacity of BM-MSCs to differ-
entiate into various skin lineages, the administration of these 
multipotent cells for cutaneous wound healing therapeutic 
applications is self-evident. Moreover, in sharp contrast to the 
simple administration of growth factors or drugs, BM-MSCs 
can home to the wound and release important wound healing 
factors over a sustained period of time. 

 Recent studies have demonstrated pronounced defects on 
cutaneous wound healing associated with the exogenous 

administration of BM-MSCs in mouse [ 27 ,  42 ,  43 ], rat [ 44 , 
 45 ], rabbit [ 46 ,  47 ], and pig [ 48 ] animal models (Table  2 ). 
An improvement in the wound tensile strength [ 44 ,  47 ], an 
increase in collagen production and cell recruitment to the 
wound [ 45 ], and an enhanced angiogenic response [ 43 ,  49 , 
 50 ] are among some of the other benefi cial wound healing- 
related responses reported with the application of MSCs.

   These studies clearly show enhanced wound healing asso-
ciated with the use of MSCs, however, the mechanism of 
action still remains to be determined. A debate as to whether 
MSCs exhibit their actions in skin regeneration primarily 
through differentiation into different cutaneous lineages or 
whether they play a more supporting role through cytokine 
release and paracrine signaling is still ongoing. Through the 

   Table 2    Administration of exogenous mesenchymal stem cells for wound healing in animal models   

 Species/cell  Delivery method  Wound model  Results  References 

 Mouse bone marrow 
derived mesenchymal 
stem cells (BM-MSCs) 

 Intravenous injection into 
tail vein 

 A full-thickness 10 mm 
punch biopsy excisional 
wound model in mice 

 BM-MSCs contribute to wound 
healing through differentiation into 
keratinocytes, endothelial cells, and 
pericytes 

    Sasaki et al. (2009) 

 Mouse BM-MSCs  Intradermal local injection 
at four sites around the 
wound 

 A full-thickness 6 mm 
excisional skin wound model 
in normal and diabetic mice 

 Accelerated wound closure, 
enhanced angiogenesis and 
BM-MSC contribution to skin 
appendages 

 Wu et al. [ 43 ] 

 Mouse BM-MSCs  Topical delivery via fi brin 
spray 

 A full-thickness 1 × 1.5 cm 
elliptical excisional wound 
model in mice 

 Accelerated wound closure 
in diabetic mice 

 Falanga et al. [ 42 ] 

 Mouse BM-MSC 
conditioned media 

 Subcutaneous local 
injection and topical 
application of BM-MSCs 
conditioned media 

 A full-thickness 6 mm 
excisional skin wound model 
in mice 

 Accelerated wound closure 
and recruitment of endothelial cells 
into the wound 

 Chen et al. [ 54 ] 

 Mouse stromal 
progenitor cells 

 Local subcutaneous 
injection 

 An 8 mm diameter excision 
skin wound healing model in 
diabetic mice 

 Accelerated wound closure, 
enhanced granulation tissue 
production and neovascularization 

 Javazon et al. (2006) 

 Rat BM-MSCs  Intravenous injection  A 1 cm diameter excisional 
wound model in rats 

 BM-MSCs contribute to the 
regeneration of skin appendages 

 Li et al. [ 53 ] 

 Rat BM-MSCs  Intravenous injections in 
tail vein or local injections 
around wound 

 A full-thickness 5 cm-long 
incisional skin wound in 
normal and diabetic rats 

 Improved wound breaking strength, 
enhanced collagen production, and 
increased 
growth factor release 

 Kwon et al. [ 45 ] 

 Rat BM-MSCs  Local injection or 
systemic tail vein injection 

 A 5 cm-long incisional 
wound model in rats 

 Enhanced wound bursting 
strength of wounds 

 McFarlin et al. [ 44 ] 

 Rabbit BM-MSCs  Human amniotic 
membrane used 
as a cell carrier 

 A full-thickness 1.5 × 1.5 cm 
skin excisional wound model 
in rabbits 

 Accelerated wound closure 
and improved epidermal and skin 
appendage regeneration 

 Kim et al. [ 46 ] 

 Human BM-MSCs  Intradermal injection  A full-thickness 3-cm-long 
incisional skin wound model 
in rabbits 

 Enhanced wound tensile strength 
and inhibited scar formation 

 Stoff et al. [ 47 ] 

 Human BM-MSCs  Bilayer dermal substitute 
used as cell carrier 

 A full-thickness 1.5 × 1.5 cm 
skin excisional wound model 
in pigs 

 Accelerated wound closure 
and differentiated into epithelium at 
wound site 

 Nakagawa 
et al. (2004) 

 Human adipose 
derived MSCs 

 Topical application in a 
collagen gel solution 

 A full-thickness 7 mm 
diameter excisional skin 
wound in nude mice 

 Accelerated wound closure 
and re-epithelialization 
from the wound edge 

 Kim et al. (2007) 

 Human adipose 
derived MSCs 

 Human acellular dermal 
matrix used as a cell carrier 

 A 6 mm diameter excision 
wound model in athymic mice 

 Accelerated wound healing and 
contribution to neo-vascular network 

 Altman et al. [ 50 ] 
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use of green fl uorescent protein-labeled MSCs or through 
MSC xenotransplantation techniques, various groups dem-
onstrated the co-localization of MSCs with markers for epi-
dermal [ 27 ,  48 ,  50 ], fi broblast [ 50 ], and endothelial cell [ 27 ] 
phenotypes, suggesting MSC differentiation into these skin 
cell types. Moreover, recent studies have reported on the 
contribution of exogenously administered MSCs to the 
regeneration of skin appendages, presumably through an 
environment-mediated differentiation process [ 43 ,  51 – 53 ]. 
The more indirect supportive role of MSCs in the wound 
healing process has also been reported in several studies. In 
vitro, Wu et al. demonstrated that BM-MSC conditioned 
media could promote an angiogenic response in human 
umbilical vein endothelial cell cultures through a paracrine 
effect [ 43 ]. Chen et al. expanded on this work and reported 
that BM-MSCs produce a greater amount of VEGF-α, IGF- 
1, EGF, keratinocyte growth factor, angiopoietin-1, stromal 
derived factor-1, macrophage infl ammatory protein-1alpha 
and beta and erythropoietin than dermal fi broblasts. 
Moreover, using BM-MSC conditioned media as a therapeu-
tic tool to study the effects of MSC paracrine signaling on 
wounds, the authors also reported accelerated wound healing 
through the recruitment of macrophages and endothelial 
cells [ 54 ]. Regardless of whether MSCs act primarily by 
direct differentiation into skin lineages or whether they act as 
support cells for the resident dermal and epidermal cells, 
their therapeutic value in wound healing applications has 
been clearly elucidated in animal models. 

 In human patients, the benefi ts of the administration of 
MSCs for wound healing applications is still not fully 
answered but several case reports and clinical trials have 
already demonstrated the safety and effi cacy of the use of 
bone marrow aspirate and BM-MSCs (Table  3 ). Ichioka 
et al. reported granulation tissue formation within 2 weeks 
and subsequent complete wound closure with the application 
of autologous bone marrow aspirate in one patient suffering 
from a leg ulcer that had not healed despite 1 year of stan-
dard wound therapy [ 55 ]. Other case reports of one patient 
undergoing autologous BM-MSC therapies have reported 
similar wound healing properties in patients, with no adverse 
side effects observed [ 56 ,  57 ]. Other slightly larger clinical 
trials with patient enrolment sizes of three demonstrated that 
the administration of bone marrow aspirate or BM-MSCs 
directly to the wounds promoted granulation tissue forma-
tion, vascularity, and integrity of the dermis with complete 
wound closure within 4 months or less of the treatment 
(Badiavas et al. [ 51 ]; Rogers et al. [ 58 ]) [ 51 ,  52 ,  58 ]. In 2007, 
Falanga et al. [ 42 ] topically delivered autologous BM-MSCs 
to the wounds of 13 patients using a fi brin spray and a reduc-
tion in ulcer size, accelerated wound healing and even com-
plete wound closure in some chronic wounds were reported. 
The authors also showed a strong correlation between the 
amount of MSCs delivered to the site and a reduction in ulcer 

size. In a case study of 20 patients with severe burns or 
intractable dermatopathies, Yoshikawa et al. [ 59 ] reported 
that the topical delivery of BM-MSCs to an injury site 
resulted in enhanced wound healing and the regeneration of 
subcutaneous tissue in 18 patients, with two patients dying 
of causes unrelated to transplantation.

   In 2007, Badiavas et al. expanded on their previous stud-
ies and in a randomized control trial, they reported increased 
blood vessel growth in the patients’ wounds, along with a 
reduction in wound size associated with the BM-MSC treat-
ment [ 60 ]. In an important randomized control trial of 24 
patients suffering from chronic ulcers of the lower limbs that 
did not respond to standard treatment, Dash et al. showed 
that BM-MSC therapy signifi cantly improved patient pain- 
free walking distance and reduced ulcer size. The largest and 
most recent randomized control study of the use of MSCs for 
wound therapy was published in 2011 by Jain et al. [ 61 ]. In a 
study of 48 patients suffering from chronic lower limb 
wounds that had not responded to standard therapy for at 
least 3 months, the authors demonstrated that the administra-
tion of bone marrow aspirate enhanced the rate of wound 
healing for these chronic lower extremity wounds in the 
early weeks of treatment. Most case reports and clinical 
studies have reported benefi cial effects of the use of MSC 
therapies for wound healing, however, a few studies have 
also shown some inconclusive results [ 62 ]. These differences 
may be a result of various factors associated with the proce-
dures used in the studies such as cell isolation, the route of 
MSC delivery, the associated wound clinical care and the 
clinical endpoints chosen. For MSC therapies to become 
standard wound treatments, these factors need to be consid-
ered in more detail. 

 The delivery method of the stem or progenitor cells is an 
important point which deserves further consideration in the 
use of cell therapies for cutaneous wound healing. Systemic 
delivery of cells from the vascular system represents one of 
the simplest administration methods. This approach mimics 
the route of endogenous MSCs to the wounds, thereby taking 
advantage of the inherent homing capacity of BM-MSCs 
from the circulatory system to sites of injury. Intravenous tail 
vein injections of BM-MSCs in mouse and rat animal mod-
els have been widely employed and this technique has been 
shown to enhance wound healing [ 27 ,  45 ]. However, MSCs 
delivered via this systemic delivery approach risk being 
eliminated by the body’s own clearance organs thereby 
reducing the total number of BM-MSCs reaching their desti-
nation at the wound site. Another widely used route of MSC 
administration is through local cell injections in or around 
the wound itself. This technique has been thoroughly used 
and shown to be just as effective towards promoting wound 
healing [ 43 ,  44 ,  47 ,  60 ]. However, it is important to note that 
this approach represents a very different scenario where cells 
are placed near the wound and migrate through tissues rather 
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   Table 3    Administration of exogenous mesenchymal stem cells for wound healing in clinical trials   

 Cell type  Delivery method  Study design  Results  References 

 Autologous BM-MSCs  Intramuscular injections 
in the ipsalateral 
gastrocnemius muscle 
in the middle of the lower 
limb 

 Case report of a diabetic 
patient with ischemia induced 
chronic wounds on his foot 

 Improvement in perfusion and 
angiogenesis in the forefoot 
stump and complete wound 
healing 20 weeks after the 
treatment 

 Kirana et al. [ 56 ] 

 Autologous bone 
marrow aspirate 

 Topical delivery by using 
collagen scaffold as a cell 
carrier 

 Case report of one patient 
suffering from 85 to 65 mm 2  
leg ulcer that did had 
responded to standard therapy 
for >1 year 

 Well vascularised healthy 
granulation tissue developed 
within 2 weeks and split- thickness 
skin was grafted onto it and 
wound completely closed. Free 
of complications for 1.5 years 

 Ichioka et al. [ 55 ] 

 Autologous BM-MSCs  Two local administration 
of BM-MSCs and covered 
with a collagen matrix 

 Case report of one patient 
suffering from a radiation 
included burn 

 Healing of the wound which 
persisted 1 year after therapy. 
No adverse side effects reported 

 Lataillade et al. [ 57 ] 

 Autologous bone 
marrow aspirate 

 Topical administration to 
the wound. In two patients, 
aspirate was also injected 
into the wound base and 
edges 

 Case series of three patients 
with chronic wounds of the 
lower limbs that had not 
responded to standard therapy 
for >1 month 

 All wounds demonstrated 
granulation tissue formation and 
complete closure within 60 days 

 Rogers et al. [ 58 ] 

 Autologous bone 
marrow aspirate and 
BM-MSCs 

 Topical delivery of aspirate 
to the wounds and injection 
into the wound edges, with 
three additional topical 
administrations of 
BM-MSCs to the wounds 

 Case series of three patients 
with chronic non-healing 
wounds that had not 
responded to standard therapy 
for >1 year 

 Improved thickness, vascularity, 
and integrity of the dermis and 
complete wound closure within 
4 months or less of the treatment 

 Badiavas et al. [ 51 ] 

 Autologous cultured 
bone marrow cells 

 Injected into and applied 
directly over the wounds 

 Randomized control trial of 
four patients with chronic 
wounds that had not 
responded to standard therapy 
for >3 years 

 Increased blood vessel growth in 
wounds and a decrease in wound 
size was observed 

 Badiavas et al. [ 51 ] 

 Autologous bone 
marrow aspirate 

 3–5 cc of bone marrow 
aspirate was directly 
applied to wounds 

 Case series of eight patients 
with chronic non-healing 
lower extremity wounds that 
had not responded to standard 
therapy for >1 year 

 Results inconclusive with some 
patient wounds decreasing in size 
while others increased in size and 
then received alternative 
treatments 

 Mulder et al. [ 62 ] 

 Autologous BM-MSCs  Topical delivery via 
fi brin spray 

 Case study of 13 patients with 
acute wounds from removal 
of nonmelanoma cancers and 
chronic wounds that had not 
responded to standard therapy 
for >1 year 

 Accelerated wound closure, a 
reduction in ulcer size and 
complete wound closure in some 
chronic wounds and a strong 
correlation between amount of 
MSCs and reduction of ulcer size. 
No adverse events were reported 

 Falanga et al. [ 42 ] 

 Autologous BM-MSCs  Topical delivery by using 
collagen scaffold as a cell 
carrier 

 Case study of 20 patients with 
severe burns or intractable 
dermatopathies that had not 
responded to standard therapy 
for >3 months 

 Regeneration of subcutaneous 
tissue and wound healing 
observed in 18 of the 20 patients; 
the remaining two patients died of 
causes unrelated to transplantation 

 Yoshikawa et al. [ 59 ] 

 Autologous BM-MSCs  Intramuscular injections 
in the ischemic limb and 
wound edges, and topical 
administration to the 
wound 

 Randomized controlled study 
of 24 patients with chronic 
ulcers of the lower limb that 
had not responded to standard 
therapy for >1 month 

 Signifi cant improvement in 
patient pain-free walking distance 
and a reduction in ulcer size 

 Dash et al. (2009) 

 Autologous BM-MSCs  Intramuscular injections 
in the ipsalateral 
gastrocnemius muscle 
in the middle of the lower 
limb 

 Randomized control trial of 
30 diabetic patients with 
chronic foot ulcers (>6 weeks) 
that had not responded to 
standard therapy for >1 week 

 Improved vascular 
microcirculation and enhanced 
wound healing. No adverse events 
were reported 

 Kirana et al. (2012) 

 Autologous bone 
marrow aspirate 

 Injection into the wound 
edges and spraying onto 
the wound 

 Randomized control study of 
48 patients with chronic lower 
limb wounds that had not 
responded to standard therapy 
for >3 months 

 Increased rate of wound healing 
for chronic lower extremity 
wounds in the early weeks of 
treatment 

 Jain et al. [ 61 ] 
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than through the circulatory system and thus circumvent 
extravasation through the endothelial cells of the vascular 
network. Falanga et al. successfully made use of fi brin seal-
ant systems which incorporated MSCs as an alternative 
method for the topical delivery of cells to wounds [ 42 ]. This 
approach delivers MSCs onto the surface of wounds and 
entraps them in a fi brin mesh from which they can then 
migrate into the wound. An alternate method for the topical 
delivery of MSCs to wounds consists of incorporating cells 
into a carrier system such as a collagen scaffold that can be 
directly applied to the wound [ 55 ,  59 ]. Ideal methods for the 
engraftment of MSCs to the wound site still remain to be 
determined; however, the fi brin sealant and collagen scaffold 
approaches outlined above open a new door of opportunity 
into the use of both materials and cells for regenerative medi-
cine applications.  

    Tissue Engineering 

 Tissue engineering is a fi eld of medical research which lies at 
the intersection of biomaterials, cell therapy, and engineer-
ing for the ultimate goal of developing biological substitutes 
to restore, maintain or improve tissue or organ function. Skin 
tissue engineering approaches have the potential to provide 
off-the-shelf substitute skin for patients suffering from severe 
burns, cuts, and other cutaneous injuries. 

 Ideal biomaterials for skin tissue engineering should be 
biocompatible, simulate skin barrier function, and have con-
trolled degradation rates which are matched to native skin 
regeneration. The materials should also not provoke a height-
ened infl ammatory response nor cause any scarring. The bio-
material may also provide a support structure for the 
application of exogenous cells to the wounds or as a tempo-
rary template for the invasion of the patient’s native cells to 
repopulate the wound site. To date, collagen-based materials 
have been widely used for the fabrication of commercially 
available skin substitutes such as Integra ® , Transcyte ® , 
Apligraf ® , and Orcel ® , to name a few [ 2 ]. Other materials 
such as hyaluronic acid, elastin, and nylon materials have 
also been widely employed in other commercially available 
skin substitutes; however, an exhaustive list of skin substi-
tutes and their material composition is not the focus of this 
chapter. It is however important to note that several of these 
skin substitutes have incorporated dermal fi broblasts and 
epidermal keratinocytes to successfully repopulate the 
wound area. Unfortunately, poor integration into the host 
environment, scarring, and a lack of differentiated skin struc-
tures are still common problems with the application of 
today’s commercially available skin substitutes. 

 The idea of incorporating dermal and epidermal cells into 
the skin substitutes has opened the door for more advanced 
therapies whereby stem cells can be incorporated into bio-

material scaffolds to promote skin regeneration. Nakagawa 
et al. reported enhanced cutaneous wound healing when 
MSCs were incorporated into a collagen-based bilayer der-
mal substitute (Pelnac ® ) and applied to rat wounds [ 48 ]. 
Using a collagen-glycosaminoglycan porous scaffold as a 
support structure for BM-MSCs, Liu et al. showed that when 
this skin substitute was applied to burn wounds it resulted in 
improved wound healing, epidermal formation, and vascu-
larization with less wound contraction [ 63 ]. In yet another 
study, Wong et al. developed a pullulan-collagen hydrogel 
scaffold seeded with MSCs which was reported to promote 
cell survival and engraftment in wounds and ultimately 
enhance wound healing [ 64 ,  65 ]. The use of MSCs in skin 
substitutes is an area of study that is still in its infancy; how-
ever, these studies and others like them demonstrate that the 
marriage between biomaterial scaffolds and stem cell tech-
nologies may prove to be an essential step forward for the 
development of advanced wound healing therapies.   

    Conclusion 

 The skin is a complex stratifi ed organ and upon injury, a 
highly integrated wound healing response is initiated to 
attempt to resolve the damage. Resident and bone marrow 
derived stem cells play an important role in enhancing this 
response and contribute towards proliferation and tissue 
remodeling. In the last decade, researchers have attempted to 
harness the regenerative capacity of native stem cells and 
novel exogenous MSC therapies for wound healing have 
come to fruition. Although great advancements in stem cell 
therapies have been achieved in recent years in the clinical 
setting, there are still no currently available therapies or skin 
substitutes that can lead to regenerated skin that completely 
mimic all the components of native healthy skin. Advancements 
at the interface of biomaterials, stem cell biology, and tissue 
engineering may lead us closer to reaching this goal.    
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        Age-related macular degeneration (AMD) affects an esti-
mated 30–50 million individuals worldwide and is a leading 
cause of blindness in the elderly [ 1 ]. An estimated 7.2 mil-
lion people in the USA suffer from AMD, which is respon-
sible for as much as $250B in annual health care costs [ 2 ]. 
The disease primarily affects the macula, a small but crucial 
area in the central retina responsible for about 10 % of the 
central visual fi eld, especially for high-acuity vision. As the 
disease progresses with age, patients experience blurred 
vision or loss of vision in the middle of their visual pan-
orama. Early AMD can progress into two forms of mature 
disease. Atrophic, or “dry,” AMD, which accounts for 
approximately 80–90 % of cases, results in areas of retinal 
“geographic atrophy” where photoreceptors and the retinal 
pigmented epithelial (RPE) cells are absent. Neovascular, or 
“wet,” AMD is a more rapidly progressing, debilitating form 
characterized by choroidal angiogenesis. A majority of 
patients with wet AMD can be successfully treated with 
inhibitors of the angiogenic factor Veg-F [ 1 ], such as Lucentis 
or Avastin. Conversely, there are few treatment options for 
the dry form. Macular translocation and autologous trans-
plants of peripheral RPE-choroid have lead to improved 
vision in some patients with dry AMD, but these methods are 
fraught with complications [ 3 ]. 

 The appearance of abundant drusen, an extracellular 
deposit between Bruch’s membrane (an extracellular matrix 
that separates the RPE from the choroid) and RPE, is an 
early indicator of AMD [ 4 ]. Subsequent loss or dysfunction 
of RPE is believed to lead to loss of photoreceptors and 
visual defi cits [ 5 ,  6 ]. RPE cells are crucial support cells for 
the photoreceptors—they absorb stray light, transport nutri-
ents from the blood supply in the choriocapillaris to the pho-
toreceptors, and provide key barrier function as part of the 
blood/retina barrier. In addition RPE cells secrete a variety of 
important trophic factors, regenerate the required 11-cis reti-
nal cofactor for rhodopsin, and phagocytose photoreceptor 
outer segments on a diurnal cycle [ 7 ]. Whether drusen depos-
its are a cause of AMD is not clear—they could be the result 
of defective degradative processes [ 8 ], but their presence is 
often a harbinger of subsequent progression of AMD. 
Accumulation of drusen and lipid deposits in Bruch’s mem-
brane may lead to the dysfunction and/or loss of RPE cells. 

 An important advance in our understanding of AMD 
pathology came from a fl urry of papers that showed a variant 
of complement factor H, an inhibitor of the alternative com-
plement pathway, predisposes individuals to AMD [ 9 – 11 ]. 
While the mechanism is still not understood, these studies 
suggest that a long-term infl ammatory state and slowly pro-
gressing immune attack involving the alternate complement 
pathway may lead to loss of RPE cells, then photoreceptors. 

 In addition to AMD, certain forms of Retinitis Pigmentosa 
and Leber’s Congenital Amaurosis are believed to be caused 
by defective RPE. Loss of the phagocytotic activity via 
mutations in the Mer Tyrosine Kinase (MERTK) gene or loss 
of the retinoid cycle enzyme RPE65 can result in subsequent 
loss of photoreceptors and blindness [ 12 ]. Exciting advances 
have been made for RPE65 defects using gene therapy [ 13 ], 
although these treatments are in early stages of clinical trial. 

 There is a clear, unmet medical need for new treatments 
for atrophic AMD that can replace the RPE via cell transplan-
tation. Development of any cell therapy has the inherent chal-
lenges of isolating the cells of interest, ensuring cell survival 
and integration, preventing immune rejection, and precluding 
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unwanted cell proliferation and tumor formation. However, 
the eye has distinct advantages over other tissues for estab-
lishing cell therapies. First, relatively low numbers of cells 
might be needed. It is estimated that about 120,000 RPE cells 
in a monolayer could cover the entire 6 mm diameter macular 
region. Second, refi ned surgical techniques are available for 
access to the back of the eye and the subretinal space where 
RPE cells might be delivered. Third, noninvasive methods for 
imaging the retina, such as Optical Coherence Tomography 
(OCT), Autofl uorescence (AF), and novel methods using 
adaptive optics, may allow surgeons to follow transplanted 
cells and assess survival of photoreceptors. Finally, excellent 
endpoint parameters for measuring visual acuity exist, includ-
ing old standards like the Amsler Grid and the Eye Chart as 
well as more sophisticated methods like microperimetry. 

 Proof of concept has been provided by previous studies in 
both animal models and human patients that have demon-
strated effi cacy. Several studies have been conducted using 
the Royal College of Surgeons (RCS) rat, which harbors a 
mutation in the merTK gene, leading to a defective phagocy-
tosis by the RPE. These animals are born with vision, but 
lack of phagocytosis results in blindness due to photorecep-
tor degeneration over the fi rst 3 months of life. While not an 
ideal model of AMD (rats actually lack a macula), the RCS 
rat has proved to be a useful model of RPE dystrophy. It has 
been shown that suspensions of ARPE19 cells (a spontane-
ously immortalized human RPE cell line), or genetically 
modifi ed human RPE cells, transplanted into the subretinal 
space of the RCS rat can rescue visual function [ 14 ,  15 ]. 
A variety of cell types will rescue the vision in the RCS rat, 
including human cortical neural progenitor cells (hNPCs) 
[ 16 ]. In human patients, macular translocation of the retina 
and autologous transplantation of RPE-choroid have been 
used to replace macular RPE. While results are mixed and 
surgical complications can occur, some patients have 
received signifi cant benefi t [ 3 ]. 

 A major limitation in these approaches is the diffi culty of 
surgical technique and a lack of an abundant source of RPE. 
A number of investigations have used fetal tissues, which are 
limited in supply and can be of ethical concern, or immortal-
ized cell lines, which may grow uncontrollably after trans-
plant. Ideal would be a cell source that could be expanded 
indefi nitely, with a fi nal formulation that could be cryopre-
served, shipped to the point of care, and easily administered. 
Human pluripotent stem cells offer an ideal source of RPE 
for use in cellular therapies, as they can be expanded in vitro 
and many have the potential to differentiate into these cell 
types. 

 In this chapter, we review methods for production of RPE 
derived from human pluripotent stem cells and discuss cur-
rent transplantation strategies now rapidly progressing to 
clinical trials. 

    Strategies for Differentiation of Pluripotent 
Stem Cells to RPE 

 Human embryonic stem cells (hESCs) are obtained from 
5-day-old blastocysts leftover from in vitro fertilization pro-
cedures by dissecting the pluripotent inner cell mass cells 
[ 17 ]. hESCs can be expanded indefi nitely, and thus a single 
vial of early passage cells could potentially treat everyone in 
the world with AMD. Induced pluripotent stem cells (iPSCs) 
are somatic cells that have been reprogrammed to become 
ESC-like [ 18 ,  19 ]. iPSCs are likewise pluripotent and theo-
retically infi nite in supply. Adding to their appeal for use in 
cellular therapies, iPSCs could be derived autologously and 
might avoid immune rejection. However, this patient- 
specifi c, personalized medical approach might be prohibi-
tively expensive, especially if each cell population would be 
required to undergo lengthy safety studies for potential 
tumorigenicity in animal models. (An alternative approach 
involving the banking of HLA matched stem cell lines seems 
more feasible at this point.) Although there were initial con-
cerns regarding the use of iPSCs in cellular therapies because 
of potential mutations caused by genomic insertion of repro-
gramming vectors, multiple non-integrative systems, includ-
ing the use of small molecules, have been developed that 
make clinical translation more feasible [ 20 – 24 ]. However, 
iPS cells have “a dark side,” harboring genetic and epigene-
tic abnormalities, including a higher number of mutations 
and copy number variations than ES cells, as well as abnor-
mal DNA methylation patterns [ 25 – 29 ]. Despite these poten-
tial problems, iPSCs are likely to provide a potent source of 
RPE for future treatments. 

 hESCs were fi rst shown to be capable of differentiation 
into RPE by Klimanskaya et al. [ 30 ] and this has now been 
replicated and refi ned by multiple groups [ 31 – 44 ].  

    The Continuous Adherent Culture Method 

 A variety of protocols have been developed, which fall into 
two categories (Fig.  1 ). The fi rst method is to allow hESCs 
(cultured on feeders or on feeder-free extracellular matrix- 
derived material) to overgrow and then remove the basic 
fi broblast growth factor (bFGF) that retains hESC in the 
undifferentiated state. This causes hESCs to differentiate 
into a variety of cell types. Colonies differentiate, expand, 
and merge, sometimes becoming multilayered in this con-
tinuous adherent culture method [ 30 ,  31 ,  33 – 35 ,  41 ]. After 
1–8 weeks without FGF, pigmented spots or rings made up 
of RPE can be discerned in the culture, which also contains 
many different unpigmented cell types [ 30 ,  31 ,  33 – 35 ,  41 ]. 
These pigmented cells replicate and expand to the point 
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where the pigmented colonies are large enough to dissect 
mechanically [ 30 ,  34 ].

   One drawback to this approach is that mechanical dissec-
tion is diffi cult, but not impossible, to adapt to Good 
Manufacturing Practice (GMP) production. New methods 
are being developed that effect harvest and enrichment via 
judicious application of enzymes to selectively dislodge 
RPE. Such a protocol would be more amenable to GMP 
scale up and automation. 

 Once stem cell-derived RPE are isolated, it is important to 
demonstrate cell identity, purity, and functionality. Cells iso-
lated using the continuous overgrowth method have been 
shown to be positive for RPE signature mRNAs and proteins, 
including cellular retinaldehyde-binding protein (CRALBP), 
PMEL17, and retinal pigment epithelium specifi c protein 
65 kDa (RPE65), which are involved in the visual cycle; 
RPE transcription factors microphthalmia-associated tran-
scription factor (MITF) and orthodenticle 2 isoform b 
homeobox protein (OTX2); tyrosinase, which functions in 
pigment synthesis; factors that are secreted by the RPE, such 
as pigment epithelium-derived factor (PEDF); membrane- 
associated proteins bestrophin, extracellular matrix metallo-
proteinase inducer (EMMPRIN), and zonula occludens 1 
(ZO-1); and proteins involved in phagocytosis, including the 
integrin alpha V subunit and MERTK [ 30 ,  31 ,  33 – 35 ,  41 ]. 
The RPE65 gene is a particularly signifi cant marker of a 
mature RPE phenotype, as robust expression is only detected 
in cultures that have formed a pigmented, cobblestone epi-
thelial morphology. cDNA microarray analysis has revealed 
that hESC-RPE express a wide range of genes associated 

with cultured fetal human RPE, which is useful as a “gold 
standard” for bioinformatical comparison. Distinctions have 
been noted between stem cell-derived RPE and fetal RPE, 
and stem cell-derived RPE may represent a very early stage 
RPE population that matures with extended culture in vitro 
[ 41 ] (Hikita et al., unpublished). Care must be taken in these 
studies to control for differences in culture conditions, pas-
sage, and age of cultures. 

 hESC-RPE have also been shown to perform the func-
tions of RPE cells, as determined by their ability to phagocy-
tose rod outer segments or (less specifi c) latex beads [ 30 ,  34 , 
 35 ,  41 ] and to rescue visual function in the RCS rat [ 31 ,  33 , 
 36 ]. Some but not all iPS cell lines may differentiate into 
RPE using this method. Resultant iPSC-RPE expresses RPE 
marker proteins and mRNAs and carries out RPE functions 
such as phagocytosis and secretion of growth factors. 
Furthermore, they show visual rescue in the RCS model, 
with retention of the RPE phenotype and phagocytosis 
occurring after transplantation [ 34 ,  35 ,  41 ]. Most recently, 
iPSC-RPE has been shown to rescue vision in mice lacking 
RPE65 function, and, importantly, no tumor formation was 
detected over the entire lifespan of the animals [ 45 ]. iPS cell 
lines obtained via reprogramming with only a single factor 
(Oct4) in combination with small molecules have also been 
shown to differentiate to RPE [ 46 ]. 

 Differentiation of RPE from hESCs was initially carried 
out on feeder layers of human or mouse fi broblasts, [ 30 ,  31 , 
 33 – 35 ,  41 ] and it would be preferable to eliminate feeder 
layers. Several other substrate materials have been investi-
gated. Gong et al. [ 32 ] used a feeder layer of mouse PA6 

  Fig. 1    Strategies for differentiation of pluripotent stem cells into RPE. 
In the continuous adherent culture method, cells are grown to confl u-
ence and bFGF is removed from the medium to induce differentiation. 
Colonies of pigmented RPE appear in a background of unpigmented 
cells, which can then be mechanically or enzymatically harvested. In 

the embryoid body method, embryoid bodies are created and cultured 
in suspension for 1–3 weeks, with media modifi ed to induce differentia-
tion, then seeded on an adherent substrate. Initial spots of pigmentation 
are observed between 4 and 8 weeks after the cells are placed in fl oating 
culture. Adapted from Rowland et al. [ 44 ]       
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stromal cells to generate neural progenitor cells (positive for 
beta-tubulin III, paired box protein 6 (PAX6), neural fi la-
ment, glial fi brillary acidic protein (GFAP), and vimentin). 
The neural progenitors were transferred to human Bruch’s 
membrane explants or to Matrigel to generate pigmented cell 
clusters, but RPE65 and CRALBP were not uniformly 
detected. Other methods using Matrigel, laminin, and vitro-
nectin have been more successful in inducing robust RPE 
phenotype [ 47 ]. In fact, depending on the hESC or iPSC cell 
line used, up to 50 % of the cells attain a pigmented, cobble-
stone phenotype (Fig.  2 ).

       The Embryoid Body Approach 

 A second general strategy for differentiating pluripotent 
stem cells to RPE includes a step for embryoid body (EB), or 
neurosphere, formation [ 30 ,  36 – 40 ,  42 ]. This second 
approach is not as effi cient as the spontaneous, continuous 
adherent differentiation protocol [ 33 ], but nevertheless it 
yields RPE. These protocols generate hESC EBs using stan-
dard methods employing low attachment plates in the 
absence of bFGF to induce differentiation. EBs are cultured 
in suspension and then aggregates are seeded onto matrix- 
coated plates [ 30 ,  36 – 40 ,  42 ]. This down-up-down strategy 
yields pigmented cells along with a mix of other cell types. 
hESC-RPE cells are generally dissected mechanically and 
analyzed. Studies show they express RPE markers including 
Mitf, ZO-1, RPE65, Bestrophin, PAX6, Otx2, and CRALBP, 
[ 36 – 40 ,  42 ] and manifest robust RPE phenotype as indicated 
from cDNA microarray analysis [ 36 ,  40 ,  47 ]. They carry out 
phagocytosis and rescue in the RCS rat and mouse models 
[ 30 ,  36 ,  39 ,  40 ]. IPSC also yield functional RPE using this 
approach [ 37 ,  39 ,  48 ,  49 ]. 

 One question that arises is whether hESC or iPSC-RPE 
are superior for use in therapy. Feng et al. [ 49 ] reported that 
iPSC-RPE were signifi cantly less proliferative than hESC- 
RPE. However, this may be cell line dependent as others 
have not reported such differences. Clearly there is great 
variability in the capacity for RPE differentiation among 
iPSC and hESC cell lines [ 37 ,  48 ]. For example, the H1 cell 
line does not pigment well using the continuous adherent 
culture method, yet the H9 and Shef-1 lines are champion 
RPE producers. Interestingly, Hu et al. [ 50 ] reported that 
some (but not all) iPSC derived from human fetal RPE 
showed a very high propensity to spontaneously redifferenti-
ate into RPE, refl ecting an epigenetic memory of their origi-
nal state. Such an approach might be widely applicable as a 
strategy to generate large percentages of a desired cell type. 
Cell lines to be used for RPE manufacture must be carefully 
vetted to ensure reliable, reproducible differentiation.  

    Directed Differentiation to RPE 

 Efforts have been made to improve the effi ciency of RPE dif-
ferentiation by adding growth factors that play a role in vivo. 
Such approaches have been successful in a variety of cell 
types [ 51 ]. Starting with the EB protocol, several medium 
formulations have been reported to improve the frequency of 
RPE differentiation from hESC. Media have been supple-
mented with WNT antagonists (e.g., Dickkopf-1 [Dkk-1]) 
combined with NODAL antagonists (e.g., Lefty-A, also a 
TGF-beta ligand), which increases retinal progenitor cells 
that express the homeobox gene, Rx [ 38 ,  39 ,  42 ,  52 ]. Some 
studies have employed neural induction medium with N2 
supplement and heparin while the embryoid bodies are in 
suspension [ 37 ,  38 ] or supplementation with B27 [ 36 ]. 

  Fig. 2    Derivation of RPE from hESC. Using the continuous adherent 
culture method, abundant pigmented cells appear after ~100 days follow-
ing removal of bFGF ( a ). These cells can then be mechanically or enzy-

matically harvested and expanded to generate homogeneous cultures of 
pigmented RPE with cobblestone morphology ( b ), which are positive for 
the RPE marker PMEL-17 ( green ). DAPI staining is shown in  blue  ( c )       
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Alternatively, retinal differentiation medium formulations 
containing activin A or TGF-beta can be added after EBs are 
plated on an adhesive substrate [ 37 ,  40 ]. One factor that is 
especially effective is nicotinamide (vitamin B3), which is 
thought to increase production of TGF-beta superfamily fac-
tors in normal RPE development [ 40 ]. 

 In general, the differentiation process of hESCs and iPSCs 
to RPE is not well defi ned and there is clearly room for 
improvement of protocols. More research will be required to 
understand the basic molecular and cell biology underlying 
RPE development. More robust protocols that achieve rapid 
conversion of high percentages of cells, using materials ame-
nable to GMP production, are currently under development. 
It will also be important to establish assays to demonstrate 
RPE cell identity functionality and at the same time show 
that no contaminating cell types are present, especially undif-
ferentiated stem cells.  

    Other Sources of RPE 

 An alternative strategy to using pluripotent stem cells would 
be to convert adult stem cells to RPE. However, to date, it is 
not clear that adult stem cells can generate bona fi de RPE. 
Human adipose-derived stem cells (ADSCs) can be differen-
tiated into RPE-like cells using protocols involving RPE con-
ditioned media and vasoactive intestinal peptide (VIP) [ 53 ], 
which promotes RPE differentiation for some cell types [ 54 ]. 
The ADSCs express some RPE markers, including Bestrophin 
and RPE65, but the cells lacked the typical epithelial cobble-
stone morphology and low pigmentation was observed. 
Further analysis of these cells, with direct comparison to 
bona fi de fetal RPE, is needed. Human retinal ciliary margin 
cells derived from early postnatal eyes can be induced to dif-
ferentiate into RPE [ 55 ]. The cells were grown as neuro-
spheres and then differentiated on laminin-coated substrates 
in media supplemented with FBS and different growth fac-
tors for 3 weeks. Approximately 1 % of cells were RPE65 
positive, but further studies will be needed to characterize 
these cells. At present, pluripotent stem cells have a clear 
advantage over adult stem cells for the production of RPE.  

    Transplantation Strategies 

 A key question in the fi eld is how best to deliver stem cell- 
derived RPE to allow cell survival and proper integration and 
function? When a suspension of RPE derived from hESCs 
[ 31 ,  33 ,  40 ] or iPSCs [ 56 ] is injected into the subretinal space 
of the RCS rat, photoreceptor death can be prevented and 
visual function rescued. Lu et al. [ 36 ] produced GMP- compli-
ant suspensions of hESC-RPE and injected them subretinally 

into the RCS rat and a mouse model of Stargardt’s disease. At 
least a few cells survived for over 220 days, maintaining some 
visual function during this time. Importantly, no teratoma for-
mation or pathological reactions were observed over the lifes-
pan of the animals [ 36 ]. 

 One drawback of suspensions is that only a small percent-
age of the injected cells integrate into the endogenous RPE 
layer—most cells form aggregates in the subretinal space. 
These clusters are not positioned properly and only a small 
number can carry out phagocytosis [ 35 ,  56 ]. From studies of 
basic cell biology, it is well known that epithelial cells 
require an appropriate extracellular matrix substrate to sur-
vive and polarize, otherwise they undergo apoptosis in a phe-
nomenon Ruoslahti and colleagues called anoikis (the Greek 
word for homeless) [ 57 ]. While diffi cult to quantify, it seems 
likely that the majority of cells die after bolus injection of 
suspensions [ 43 ]. 

 To overcome these limitations, efforts have been made to 
develop scaffolds for transplantation to provide a substrate 
for RPE [ 58 ]. Such a strategy may be especially important in 
AMD patients, where Bruch’s membrane may be compro-
mised [ 59 ]. This would allow culture of mature, intact, polar-
ized RPE sheets that could be implanted by surgeons. Natural 
biomaterials, such as collagen, fi brin, alginate, and hyal-
uronic acid, have the advantages of biocompatibility and bio-
degradability, and they may provide adhesive cues similar to 
those found in Bruch’s membrane. RPE express abundant 
integrin ECM receptors and thus are capable of adhering to 
many substrate formulations. Human fetal and stem cell- 
derived RPE have been cultured on a variety of ECM extracts 
and proteins, such as Bruch’s membrane explants [ 60 ,  61 ], 
corneal endothelial cell ECM [ 62 ,  63 ], RPE ECM [ 62 ], 
amniotic membranes [ 64 – 66 ], and Matrigel [ 67 ], which is 
derived from the mouse Engelbreth-Holm-Swarm tumor. 
Human RPE have also been cultured on substrates made of 
gelatin, collagens [ 60 ,  62 ,  67 – 70 ], vitronectin [ 60 ,  61 ], lami-
nins [ 60 ,  61 ,  63 ], fi bronectin [ 61 ,  63 ], or fi brinogen [ 71 ]. 
One concern about using natural materials is that many are of 
animal origin, which makes GMP compliance more diffi cult. 
Furthermore, sourcing and lot to lot variation presents an 
added challenge for manufacturing. 

 In contrast to naturally occurring materials, synthetic, 
biomimetic scaffolds can be modifi ed and optimized for use 
with RPE. For example, adhesive peptides or growth factors 
might be embedded into biodegradable, biocompatible mate-
rials that could also sense and report cellular health. Synthetic 
materials would also have the advantage of scalable synthe-
sis that would reduce lot to lot variability. Both biodegrad-
able and nonerodable synthetics have been explored, 
including parylene, poly(lactic-co-glycolic acid) (PLGA), 
poly( L -lactic acid) (PLLA), polycaprolactone (PCL), 
poly(glycerol sebacate) (PGS), and polyhydroxyalkanoates 
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(PHAs) [ 58 ]. Human RPE has been successfully cultured on 
PLGA [ 72 – 76 ], PLLA [ 72 ,  76 ,  77 ], polyethylene glycol 
(PEG)-PLLA [ 74 ], polydimethylsiloxane (PDMS) [ 78 ], 
poly(hydroxybutyrate-co-hydroxyvalerate) (PHB-co-PHV) 
[ 79 ], polyether urethanes [ 80 ], methacrylate hydrogels, 
(meth)acrylamide hydrogels [ 81 ], and parylene [ 82 ]. Ideally 
xeno-free culture systems could be combined with xeno-free 
synthetic scaffolds for transplantation [ 48 ,  83 ].  

    Onward to Clinical Trials 

 Recently, Advanced Cell Technology received FDA approval 
for a Phase I/II clinical trial to treat patients with AMD by 
injecting a suspension of RPE derived from hESCs following 
the EB method described above, after showing its safety in 
preclinical models [ 36 ]. After 4 months, results from one 
Stargards patient and one atrophic AMD patient showed no 
sign of tumorigenesis or adverse effects [ 84 ]. Some modest 
improvement was reported, but this interpretation is contro-
versial. Further, long-term follow-up studies are needed with 
proper control groups and larger numbers of patients. Other 
trials using a range of different approaches are also under 
way or will soon begin. Investigators engaged in the develop-
ment of cellular therapies using stem cells face many diffi cult 
challenges. However, the eye may be a good place to start.     
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           Introduction 

 Diabetes is a polygenetic and chronic disease affecting 
approximately 346 million people worldwide. Uncontrolled 
diabetes results in hyperglycemia and over time leads to seri-
ous damage to many of the body’s systems. In 2004, an esti-
mated 3.4 million people died from the consequence of high 
blood glucose. The World Health Organization projects that 
diabetes deaths will double between 2005 and 2030 [ 1 ]. 
There are mainly two types of diabetes: type 1 and type 2. 
Pancreatic endocrine cells, particularly β cells, play a central 
role in the progression of both types of diabetes. It is believed 
that type 1 diabetes results from autoimmune destruction of 
β cells [ 2 ]. In the progression of type 2 diabetes, β cells 
undergo many complex changes and β cell mass declines 
gradually: β cells fi rst compensate to hyperglycemia by 
secreting more insulin; once fail, β cells become dysfunction 
with the marked impairment of insulin secretion and pheno-
typic changes; fi nally, β cells become apoptotic [ 3 ]. Current 
data suggested that 72 % recipients of islets transplantation 
became insulin-independent [ 4 ]. However, the limited sup-
ply of immune-compatible cadaver islets/pancreas is one of 
the obstacles that must be overcome if islet transplantation is 
to benefi t a larger number of diabetes patients. Establishing 
new and novel sources of islets is necessary for more general 
application of replacement therapy for diabetes.  

    History of Islet and Pancreas Transplantation 
and Challenges 

 The fi rst successful pancreatic transplant surgery in humans 
was achieved in 1966 for type 1 diabetes mellitus at 
University of Minnesota by Lillehei and colleagues [ 5 ]. 
Since then, numerous studies have been conducted to opti-
mize the transplantation procedures and immunosuppressive 
protocols to improve engraftment and patient survival. The 
islets of Langerhans are the region of pancreas containing 
endocrine cells. Islet transplantation was developed later and 
the fi rst clinical transplantation to treat diabetes patients was 
reported in 1977 [ 6 ]. In 2000, the development of Edmonton 
Protocol makes it possible to apply islet transplantation to 
broader applications [ 7 ]. However, the limited supply of 
immuno-compatible islets, which currently primarily 
depends on cadaveric organ donations, is the major obstacle 
that precludes its widespread application. This requires the 
development of effi cient strategies to obtain functional pan-
creatic islet cells, particularly β cells.  

    Sources of Stem Cells to Derive Pancreatic 
β Cells 

 To overcome the shortage of available pancreas or islets for 
transplantation, several types of stem cells have been used to 
make pancreatic β cells, including human embryonic stem 
cells (hESCs)/induced pluripotent stem cells (iPSCs), pan-
creatic stem/progenitor cells, and non-pancreatic stem cells. 
There is also evidence of adult β cells regeneration through β 
cell replication and cellular reprogramming. In this chapter, 
we will discuss all of these approaches. 
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    Direct Differentiation of hESCs/iPSCs 

 Human pluripotent stem cells, including hESCs and iPSCs, 
have a virtually endless replicative capacity and have the 
potential to differentiate into most, if not all, cell types in 
human body [ 8 ]. In principle, they could provide an unlim-
ited supply of starting material to derive functional pancre-
atic β cells, which could be used for both replacement therapy 
and disease modeling of diabetes. To realize this potential, it 
is essential to establish an effi cient strategy to direct 
 differentiation of hESCs/iPSCs into functional pancreatic β 
cells; this has not yet been achieved in vitro. Embryonic 
development provides important insights into key stages in 
hESC/iPSC differentiation [ 9 ,  10 ]. By mimicking signals 
used during embryonic pancreatic development, to the extent 
that they are known, a stepwise protocol is being explored to 
differentiate hESCs/iPSCs into functional pancreatic β cells. 
This involves directing ESCs fi rst to form defi nitive endo-
derm, then pancreatic progenitors, followed by formation of 
endocrine progenitors, β cell precursors, and fi nally mature β 
cells (Fig.  1 ).

   Two approaches have been used to establish the stepwise 
differentiation of hESCs/iPSCs into specifi c cell types. One 
is the candidate approach, recapitulating the key events of 
embryogenesis in vivo to guide hESC/iPSC differentiation 
into a specifi c lineage. The other one is the screening 
approach, which uses high throughput or high content 
screens to identify the small molecules and/or growth factors 
controlling stem cell differentiation. 

 The fi rst stage of the stepwise protocol is the generation of 
the proper endoderm cell population that could be further 
specifi ed into the pancreatic fate. D’Amour et al. showed that 
the treatment on hESCs with Wnt 3a and activin A results in 
~70 % cells expressing SOX17, a marker of defi nitive endo-
derm [ 11 ]. In addition, chemical screening has been applied 
to search for small molecules to replace growth factor activin 
A. One high content chemical screen using mouse ESCs 
tested a library containing 20,000 compounds. This screen 
identifi ed stauprimide, which substantially increased the 
number of endoderm cells in the presence of low level of 
activin A. The follow-up experiments suggested that stau-
primide functions through sensitizing ESCs to a variety of 
differentiation signals [ 12 ]. Another chemical screen was per-
formed in the absence of activin A to ensure that the identifi ed 
small molecules induce endoderm differentiation without 
activin A. After screening 5,000 chemical compounds, two 

compounds, named IDE-1 and IDE-2, were identifi ed. Both 
of them induced the differentiation of mouse and human 
ESCs toward defi nitive endoderm in the absence of Wnt 3a 
and activin A treatment. Alternations in cell fate produced by 
IDE-1 and IDE-2 compounds resulted from the activation of 
the TGFβ signaling pathway [ 13 ]. 

 Following gastrulation, the pancreas derives from two 
patches of epithelium that bud dorsally and ventrally at 
approximately mouse embryonic day E9. Lineage tracing 
experiments [ 14 ] and gene targeting of  Pdx1  [ 15 ,  16 ] show 
that embryonic Pdx1 +  pancreatic progenitors are the com-
mon progenitors for the entire pancreas, including duct, 
exocrine, and endocrine tissues. Attempts to use FGF7 or 
FGF10, cyclopamine-KAAD (a hedgehog inhibitor), reti-
noic acid, dorsomorphin (a BMP inhibitor), SB431542 (a 
TGFβ inhibitor), and/or Noggin (a BMP inhibitor) for in 
vitro differentiation have produced a heterogeneous popula-
tion from hESCs [ 17 – 20 ]. An unbiased chemical screen was 
performed using a starting population containing 70 % of 
endodermal cells. After screening a library containing 5,000 
compounds, (−)-indolactam V was identifi ed as a top candi-
date to increase both number and percentage of pancreatic 
progenitors. The mechanistic studies suggested that 
(−)-indolactam V functions through the activation of protein 
kinase C (PKC), although the most relevant PKC isoform 
has not been identifi ed [ 21 ]. In addition, (−)-indolactam V 
has been used to promote the generation of pancreatic pro-
genitors from iPSCs derived from type 1 diabetes patients 
[ 22 ] and healthy human fi broblasts [ 23 ]. The current differ-
entiation protocols produce a heterogeneous population, 
containing 50–80 % PDX1 +  cells. This heterogeneous popu-
lation is able to differentiate into glucose-responding cells 
and can protect mice against streptozotocin-induced hyper-
glycemia after transplantation into SCID-Beige mice [ 19 ]. 
More recently, the same group reported that the purifi ed 
pancreatic progenitors show a similar differentiation poten-
tial as the heterogeneous population, which are able to 
become glucose-responding cells after being transplanted 
into immunodefi cient mice and can protect mice from 
streptozotocin- induced glucose intolerance [ 24 ]. This result 
will allow us to study the components within the in vivo 
environment that support β cell maturation. 

 During pancreatic development, the pancreatic progeni-
tors differentiate into endocrine, exocrine, and duct lineages 
[ 14 ]. A key regulator of endocrine development is the bHLH 
protein Neurogenin3 (Ngn3), which is expressed exclusively 

  Fig. 1    Stepwise differentiation from hESCs/iPSCs to pancreatic β cells       
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in endocrine precursors and subsequently down-regulated 
during differentiation [ 25 ]. Several signals are critical to 
endocrine development, including Delta-Notch and TGFβ 
[ 26 – 28 ]. Nostro et al. showed that inhibiting the BMP signal-
ing pathway by using chemicals or proteins biased hESC- 
derived pancreatic progenitor population to become endocrine 
progenitors [ 29 ], which signifi cantly increases the effi ciency 
to make c-peptide +  cells. C-peptide, the by-product of insulin 
biosynthesis, is commonly used as a measurement of insulin 
gene expression. In addition, Kunisada et al.  suggested that 
the combinational treatment with forskolin (a protein kinase 
A activator to elevate cAMP levels), dexamethasone (a corti-
costeroid), Alk5 inhibitor II, and nicotinamide promotes dif-
ferentiation to pancreatic endocrine cells [ 20 ]. 

 The next stage is the specifi cation of endocrine progenitors 
into insulin-expressing β cell precursors.    β cells competence 
factors include the NK-homeodomain genes  Nkx2.2  and 
 Nkx6.1.  Glucagon-like peptide 1 (GLP-1) receptor signaling 
[ 30 ], insulin signaling [ 31 ], and PI3K/AKT signaling [ 32 ] are 
involved in the survival and proliferation of adult β cells. 
However, little is known about the extrinsic signal that directs 
the differentiation from endocrine progenitors to β cells dur-
ing mouse embryogenesis. Although different growth factors 
or chemicals, including exendin 4 (a glucagon- like protein 
receptor agonist), DAPT (a g-secretase/Notch inhibitor), 
HGF, IGF-1, bFGF, or nicotinamide [ 17 ,  18 ], are expressed 
during the differentiation from PDX1 +  pancreatic progenitors 
to β cells, there is no strong evidence to suggest the effective-
ness of these factors on hESC/iPSC differentiation. 

 The fi nal stage is the maturation of β cells to acquire the 
activity of glucose-stimulated insulin secretion (GSIS). To 
accomplish GSIS, β cell precursors need to develop the 
machinery for glucose transport (such as GLUT2), glucose 
sensing (such as glucokinase), insulin processing, and exo-
cytosis (such as PCSK1 and 2) [ 33 ,  34 ]. MafB and MafA 
may partially contribute to this activity during development 
or in response to glucose stimulation [ 35 ]. Recently, Blum 
et al. showed that functional β cell maturation is marked by 
an increase in the glucose threshold for insulin secretion and 
the expression of urocortin3, a marker specifi cally expressed 
in mature β cells [ 36 ]. Currently, GSIS cannot be achieved 
by any in vitro differentiation protocol to a level similar to 
adult islets, but only by in vivo implantation [ 19 ]. Therefore, 
the induction process of late stage β cell maturation is still 
unknown and needs to be studied further.  

    Pancreatic Lineage Differentiation of iPSCs 

 In 2006 and 2007, two laboratories using two different sets 
of transcriptional factors ( OCT4 ,  SOX2 ,  KLF4 , and  cMYC  
from the Yamanaka group [ 37 ];  OCT4 ,  SOX2 ,  NANOG , and 
 LIN28  from the Thomason group) [ 38 ] independently 
showed that adult cells can be reprogrammed to a pluripotent 

stage. These cells, termed induced pluripotent stem cells 
(iPSCs), carry the genetic mutations of patients and, theo-
retically, have unlimited proliferation ability. In the last sev-
eral years, iPSCs have attracted tremendous attention 
because of their potential translational applications in 
replacement therapy and disease modeling. To realize these 
applications, iPSCs need to be differentiated into function-
ally specifi c cell types. Insulin-expressing cells have been 
generated from iPSCs derived from mouse, human, and rhe-
sus monkey, by applying the strategies combining growth 
factors and chemicals identifi ed using both the candidate and 
screening approaches. The stepwise differentiation approach 
have been applied to human iPSCs (hiPSCs) derived from 
both type 1 diabetes patients and healthy controls to become 
insulin-secreting cells [ 22 ]. Using a similar stepwise proto-
col, Tateishi et al. showed that hiPSCs derived from healthy 
skin fi broblasts can be differentiated into c-peptide express-
ing cells under serum-free and feeder-free conditions [ 39 ]. 
Another group used slightly different protocols to make 
glucose- responsive cells from skin fi broblast-derived iPSCs 
[ 23 ]. More importantly, these c-peptide expressing cells are 
capable of secreting human c-peptide upon glucose stimula-
tion although the secretion level is far lower than adult 
human β cells [ 39 ]. Santamaria et al. made c-peptide express-
ing cells from iPSCs derived from keratinocytes using an 
embryoid body-based protocol [ 40 ]. To evaluate the degree 
of maturation, it will be informative to compare glucose- 
stimulated insulin response in iPSCs-derived cells to human 
islets in the future. More recently, Alipio et al. differentiated 
iPSCs-derived insulin-secreting cells from mouse skin fi bro-
blasts and successfully engrafted these insulin-secreting 
cells to restore hyperglycemia in types 1 and 2 diabetes 
mouse models [ 41 ]. In addition, an iPSC line created from 
rhesus monkey was shown to be able to differentiate into 
insulin-expressing cells through a stepwise process [ 42 ]. 
Although hESCs and iPSCs are derived using different 
approaches, no systemic comparison of pancreatic differen-
tiation potentials between hESCs and iPSCs has been done 
yet. Based on the current data, the difference between hESCs 
and iPSCs is not more signifi cant than the difference between 
hESC lines. The iPSCs carrying the genotype responsible for 
the human disease provide a disease model for further study 
of the initiation and progression of type 1 diabetes [ 43 ].  

    Challenges in hESC/iPSC Differentiation into 
Pancreatic β Cells 

 One future application of hESCs-/iPSCs-derived pancreatic 
β cells is to replace human islets in cell therapy for diabetes. 
The hESCs-/iPSCs-derived population will protect mice 
from glucose intolerance induced by streptozotocin [ 19 ] or 
rescue hyperglycemia in type 1 or type 2 diabetes models 
[ 41 ]. Despite the current successes of directing hESCs/iPSCs 
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into insulin-secreting cells in vitro, there are still challenges 
that need to be overcome to use hESC-derived cells for clini-
cal therapy. 

 Firstly, the insulin-secreting cells derived using current 
published protocol often express multiple endocrine hor-
mones, such as insulin and glucagon; therefore, these cells 
did not resemble mature pancreatic β cells. In addition, the 
amount of insulin produced in hESC/iPSC-derived insulin- 
secreting cells is much lower than adult β cells. These 
insulin- secreting cells do not respond to glucose stimulation 
in the same way as adult pancreatic β cells [ 24 ]. We need to 
further optimize the in vitro stepwise differentiation proto-
cols. Our knowledge of pancreatic development after the 
organogenesis stage is limited. The application of current 
knowledge has not yet established an effi cient protocol to 
derive mature functional β cells. Previous success in identi-
fying the small molecules directing differentiation toward 
defi nitive endoderm and pancreatic progenitors is suffi -
ciently encouraging to perform chemical screens at later 
stages during differentiation, including the generation of 
endocrine progenitors, β cell precursors, and mature β cells. 

 Secondly, the undifferentiated cells in the hESC/hiPSC- 
derived heterogeneous population might form teratomas after 
transplantation. Although identifying the novel signals 
required for increased differentiation effi ciency can help to 
solve this issue, it is still challenging to establish a strategy to 
differentiate hESCs/iPSCs into functional pancreatic endo-
crine cells at 100 % effi ciency. Identifying cell surface mark-
ers that are specifi c to adult human β cells for purifi cation 
could be one approach to purifying a homogeneous pancreatic 
endocrine population. On the other hand, teratoma forming 
cells may be removed from heterogeneously differentiated 
cells by immunodepletion with antibody against SSEA-5 [ 44 ]. 

 Thirdly, additional work is required to optimize the repro-
gramming process. Most of the iPSCs that are able to dif-
ferentiate into insulin-expressing cells were derived using 
retroviral or lentiviral systems, which might introduce 
genetic changes resulting in deleterious consequences. 
Recently, several nonintegrating or excisable virus-free 
methods to deliver reprogramming factors, such as RNA 
delivery or protein transduction [ 45 – 49 ], have been created 
and need to be validated in cells of diabetes patients   . 

 Lastly, the microenvironment needed to support and 
maintain grafted human or rodent islets has also been studied 
vigorously, and the results may be applied in future hESCs- 
derived pancreatic β cell transplantation. Vasculature niches 
provide an environment for insulin expression and β cell pro-
liferation [ 50 ,  51 ]. Therefore, revascularization in implanted 
islets or hESCs-derived β cells is critical for not only nutri-
ents and oxygen supply but also the intact functions of β 
cells. Revascularization in implanted islets may be achieved 
by enhanced expression of VEGF or co-transplant with mes-
enchymal stem cells (MSCs) [ 52 – 54 ]. In addition to vascula-
ture, extracellular matrix components and 3-D scaffolds have 

been shown to facilitate the proliferation, survival, and insu-
lin secretion of islets or purifi ed β cells [ 55 ,  56 ]. 

 Type 1 diabetes is an autoimmune disease. Although 
hESC/hiPSC-derived β cells will provide a novel resource to 
overcome the current shortage of human islets for transplan-
tation, there are additional challenges needed to be resolved, 
particularly blocking the autoimmune response. As a prom-
ising strategy, encapsulation of grafted islets has been applied 
in human patients to minimize immune response [ 57 ,  58 ], 
especially to escape from autoimmune response in type 1 
diabetes. In conclusion, the microenvironment of transplants 
needs to be carefully engineered to increase the success of 
hESC/iPSC cell therapy.   

    Other Stem Cell Sources to Derive Pancreatic 
β Cells 

    Adult Pancreatic Stem Cells 

 Adult pancreatic stem/progenitor cells with clonogenic 
potential and multipotency would be another useful resource 
to derive pancreatic β cells. The existence of pancreas adult 
stem/progenitor cells was mainly studied in β cells regenera-
tion models, including injury, pregnancy, or insulin resis-
tance. For example, the differentiation and proliferation of 
pancreatic duct cells have been suggested as the major source 
of β cell neogenesis using the pancreatic duct ligation model 
of injury [ 59 ]. The activation of NGN3 +  endocrine progeni-
tors residing in the duct lining contributes to β cell mess after 
partial duct ligation in adult mice [ 60 ]. Lineage tracing exper-
iment also showed that carbonic anhydrase II expressing duct 
cells could act as progenitors that give rise to both new islets 
and acinar cells after birth or after ductal ligation injury [ 61 ]. 
To make these adult pancreatic stem/progenitor cells a useful 
resource to derive functional β cells, effi cient strategies need 
to be established to isolate and expand these adult pancreatic 
stem/progenitor cells and to differentiate them into β cells. 
Pancreatic duct epithelial cells were isolated and induced in 
vitro to become function islets, that responded to glucose 
challenge and reversed insulin- dependent diabetes [ 62 ]. 
Seaberg et al. reported the clonal identifi cation of multiple 
precursor cells from adult mouse pancreas. Upon differentia-
tion, individual clonal colonies produced distinct populations 
of endocrine, exocrine cells, as well as neurons and glia. The 
β-like cells showed glucose- dependent responsiveness and 
insulin release [ 63 ]. Suzuki et al. used perspective isolation 
and clonal analysis to identify pancreatic stem cells, which 
are able to differentiate into pancreatic endocrine and exo-
crine cells following transplantation [ 64 ]. 

 Most of the current studies on adult pancreatic stem/pro-
genitor cells are still at the proof of principle stage of manip-
ulating endogenous adult pancreatic stem/progenitor cells 
into β cell lineage. More work needs to be done to solve the 
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challenges to purify, expand these populations, and induce β 
cell differentiation without genetic manipulation.  

    Adult Non-pancreatic Stem Cells 

 Adult stem cells, such as hematopoietic stem cells (HSCs) 
and MSCs, have the ability to proliferate and replenish dam-
age tissues and dead cells. Adult stem cells also have the 
potential to be utilized in autologous cell replacement. HSCs 
are highly proliferative in adult bone marrow and there are 
well-established purifi cation and transplantation protocols to 
treat multiple blood disorders. After autologous HSC trans-
plantation in newly diagnosed type 1 diabetes mellitus 
patients, Couri et al. observed increased blood c-peptide lev-
els and insulin independence [ 65 ]. In another study, Zhang 
et al. also suggested that acute HSC transplantation can 
improve the islet function in type 1 diabetes patients, but the 
mechanism may be through the elimination of the islet- 
specifi c autoreactive T cells but not transdifferentiation into 
β cells. Moreover, several other reports suggest that after 
transplantation, HSCs have a limited capacity to contribute 
to insulin-secreting cells, but may facilitate survival and 
stimulate proliferation of existing β cells [ 66 – 71 ]. Therefore, 
the ability of HSCs to directly differentiate into pancreatic β 
cells after transplantation is still controversial. 

 Bone marrow-derived MSCs are readily available and 
also possess the ability to differentiate to multiple lineages. 
Therefore, MSCs have been used to derive pancreatic β cells 
for patient-specifi c regenerative medicine. Ianus et al. 
showed that bone marrow-derived cells have the capacity to 
differentiate into pancreatic endocrine β cells with predicted 
cell markers and glucose-dependent insulin secretion activ-
ity [ 72 ]. Another group also showed that bone marrow- 
derived MSCs are capable of transdifferentiating into 
insulin-secreting cells under defi ned conditions in vitro and 
relieve hyperglycemia after transplantation [ 73 ]. However, 
other groups found that after autologous transplantation, 
MSCs induced sustained normoglycemia and recipient β 
cells increase by maintaining a microenvironment to support 
existing β cells survival and activity [ 74 ,  75 ]. Therefore, 
MSCs play supportive roles to restore hyperglycemia in dia-
betic animals and differentiation to pancreatic β cells remains 
to be documented.   

    Somatic Cells to Derive Pancreatic β Cells 

    Replication of β Cells 

 Although β cells have a very low turnover rate during adult 
life, adult β cells may be stimulated to proliferate to maintain 
β cell mess in response to physiological changes. Using the 

lineage tracing experiments, Dor et al. showed that preexist-
ing β cells, rather than adult pancreatic stem cells, are the 
major source of new β cells during adult life and after pan-
createctomy in mice [ 76 ]. In addition, Nir et al. used a dia-
betic mouse model and found enhanced proliferation of 
existing β cells played the major role in regeneration [ 77 ]. 
These studies suggested that terminally differentiated β cells 
retain a signifi cant proliferative capacity. The β cell mass is 
dynamic and balanced by β cell formation (replication and 
neogenesis) and β cell death (senescence and apoptosis). 
Human pancreatic β cells have the ability to proliferate under 
specifi c physiological states, such as pregnancy [ 78 ], obe-
sity, and in cases of insulin resistance [ 79 ]. Research done in 
a rodent islet model has shown that growth hormones, pla-
cental lactogen, prolactin, GLP-1, and glucose stimulate a 
small population of β cells to replicate [ 80 ]. Attempts at 
expanding human islet ex vivo are being done to obtain β 
cells for replacement therapy [ 81 ]. Human recombinant pro-
lactin improves human β cell survival in vitro [ 82 ]. To iden-
tify small molecules that induce β cell proliferation, high 
throughput screening was carried out using immortalized 
mouse β cells. A number of structurally diverse molecules 
were identifi ed that promote β-cell replication, including 
novel Wnt signaling agonists and L-type calcium channel 
(LTCC) agonists [ 83 ]. More recently, another group used 
small molecule screening and reported that a class of adenos-
ine kinase inhibitors selectively enhances rodent and porcine 
islet β cells replication but not other cell types in vitro and in 
vivo. However, the β cell proliferation effect of adenosine 
kinase inhibitor was not tested in human islets [ 84 ]. In con-
clusion, more efforts need to be made to achieve β cells 
expansion in vivo or in vitro to treat diabetes mellitus.  

    Reprogramming of Pancreatic Lineage 

 Pancreatic exocrine cells, duct cells, and other endocrine 
cells have been investigated for their abilities to contribute to 
β cells because they share more development similarity with 
β cells than other somatic cells. The Melton lab introduced 
 Ngn3 ,  Pdx1,  and  MafA , which are essential for β cell func-
tion, to reprogram mouse exocrine cells into cells resem-
bling β cells in vivo. The induced β cells can ameliorate 
hyperglycemia by remodeling local vasculature and secret-
ing insulin [ 85 ]. In addition, rat exocrine cells are able to 
transdifferentiate into β cells in the presence of EGF and LIF 
in vitro at low effi ciency. After transplantation, these exo-
crine-derived β cells restored normoglycemia [ 86 ]. Lineage 
tracing results suggested that mouse pancreatic acinar cells 
can transdifferentiate into insulin-secreting cells with secre-
tory properties similar to those of native pancreatic β cells, 
and that activation of EGF signaling is required in such 
transdifferentiation [ 87 ]. 
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 Duct cells could be the source of adult pancreatic stem/
progenitor cells, as mentioned earlier. Duct cells isolated 
from adult human pancreas can be reprogrammed to express 
islet β cell genes by adenoviral transduction of the 
 developmental transcription factor  NGN3  [ 88 ]. 

 Endocrine reprogramming of α cells to β cells can be 
induced by β cell loss and exogenous gene expression. Lineage 
tracing data showed a large fraction of β cells derived from 
glucagon producing α cells after β-cell ablation, revealing a 
novel level of pancreatic cell plasticity [ 89 ].  Pdx1  could induce 
context-dependent α cells reprogramming to β cells [ 90 ].  

    Reprogramming from Other Adult Cells 

 Deriving β cells from other somatic cell types with prolifera-
tion activity also attracts attention and effort. The dogma in 
development biology is that once adult cells become termi-
nally differentiated, they cannot turn to another cell fate. 
However, this has been challenged by several recent studies 
to show that adult cells can be reprogrammed again to other 
cell types, such as pancreatic β cells. Moreover, directly 
reprogrammed somatic cells have strong potentials in devel-
oping patient-specifi c regenerative medicine. 

 Adult hepatocytes, which share foregut endoderm origin 
with pancreas, have been successfully reprogrammed into 
β-like cells. In 2000, Ferber and Karasik et al. reported that 
by introducing the  Pdx1  gene, hepatocytes are able to express 
active insulin and to ameliorate hyperglycemia in diabetic 
mice treated with streptozotocin. The protein encoded by 
 Pdx1  gene plays a central role in regulating pancreas devel-
opment and islet cell function [ 91 ]. In 2005, the same group 
engineered adult human liver cells to c-peptide-secreting 
cells in response to glucose concentration and rescue hyper-
glycemia in a rodent model, by introducing ectopic  PDX1  
and supplementing EGF and nicotinamide [ 92 ]. The effi -
ciency of reprogramming can be improved by the addition of 
exendin-4 and  NKX6.1  genes [ 93 ,  94 ]. Other groups used 
 NeuroD  and/or  Ngn3  together with the  Pdx1  gene to repro-
gram rodent livers in vivo to insulin producing cells, which 
corrected hyperglycemia in diabetic animals [ 95 ,  96 ]. In 
addition to hepatocytes, ectopic  Pdx1  expression repro-
grammed keratinocytes to insulin-expressing cells [ 97 ].   

    Closing Remarks 

 Recent breakthroughs have exploited cell plasticity to generate 
pancreatic β cells from various cell sources. Currently, hESCs/
iPSCs are the most promising stem cell source for deriving 
pancreatic β cells, but differentiation to mature β cells has not 
yet been achieved. Adult pancreatic stem cells need to be fur-
ther exploited as a practical source in regenerative medicine. 

Adult non-pancreatic stem cells may support endogenous β 
cells survival and function through indirect effects rather than 
differentiation into β cells. Reprogramming of fully differenti-
ated cells into β cells is a new fi eld and still relies on viral 
delivery of transgenes, which raises another level of safety 
concern. Expansion of β cells could be a straightforward strat-
egy but the effi ciency will need to be improved for clinical 
application. In conclusion, the capability of differentiation, 
reprogramming, or replication of β cells will need to be 
improved to alleviate the shortage of pancreatic β cells in dia-
betes studies and therapy.     
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           Introduction 

 In 1978, Barry Pierce et al. published a book entitled “Cancer 
is a problem of developmental biology” [ 1 ]. This implies that 
the key to understanding cancer lies in unraveling the process 
of how the undifferentiated cells of the embryo change into 
the differentiated cells of an adult (see Chaps.   1     and   3    ). Based 
on their work on teratocarcinoma, the principles cited in their 
book led to a hierarchical model (Fig.  1 ) for both normal tis-
sue renewal and cancer [ 2 ]. In the hierarchical model, normal 
tissue renewal is accomplished by proliferation of transit 
amplifying cells which terminally differentiate into mature 
cells. The stem cells proliferate so that one daughter cell 
remains a stem cell and the other differentiates into a transit 
amplifying cell (asymmetric division, Fig.  2 ). In this way 
there is retention of the stem cell population as well as a con-
tinued renewal of transit amplifying cells during most of adult 
life. In response to increased demand for cells, such as the 
increased need for red blood cells when one moves from sea 
level to a high altitude, either stem cells will proliferate and 
produce more transit amplifying cells or the transit amplify-
ing cells will produce more daughter cells before terminally 
differentiating, resulting in hyperplasia of the hematopoietic 
cell system. One theory of aging is that with time there is a 
gradual depletion of tissue stem cells leading to decreased 
production of new transit amplifying cells resulting in atro-
phy of aging tissues and eventually loss of tissue function.

    According to the hierarchical model, the main difference 
between normal tissue renewal and proliferation of cancer 
cells is that the transit amplifying cells of the cancer do not 
terminally differentiate as do normal transit amplifying cells, 
but continue to proliferate (symmetric division, Fig.  2 ). The 
difference between hyperplasia and cancer is that hyperpla-
sia is self-limiting (for example, the increased production of 
blood cells seen at high altitudes will reverse when the indi-
vidual returns to sea level), whereas cancer cells do not 
respond to physiologic control and continue to proliferate or 
do not die. However, Pierce and Wallace [ 3 ] found that even 
the proliferating stem cells of a squamous cell carcinoma 
could give rise to daughter cells that differentiate into mature 
keratinized cells. In normal tissue renewal there is equilib-
rium between the rate of proliferation and the rate of cell 
death so that the number of cells at any given time is rela-
tively constant. In contrast, in cancer tissue the equilibrium is 
shifted in favor of proliferation over cell loss so that in can-
cers the number of cells continues to increase (Fig.  2 ). 
Because of this, the space occupied by the cancer tissue con-
tinues to enlarge, encroaching on and eventually forcing out 
normal tissue. In addition, the space occupied by the primary 
cancer tissue may be breached by the proliferating cancer 
cells, viable cancer cells released into the surrounding tis-
sues and eventually the lymphatic or blood capillaries, result-
ing in growth of colonies of cancer cells at tissue sites distant 
from the primary cancer (metastases). The key concept is 
that cancers are maintained by cancer stem cells that give 
rise to daughter cells that do not mature at a normal rate and 
continue to increase in number. This is known as maturation 
arrest [ 4 ]. An even earlier model of cancer based on an origin 
from stem cells was the embryonal rest theory of cancer [ 5 ].  

    Embryonal Rest Theory of Cancer 

 The fi rst theory of the origin of cancer was a “fi eld theory.” 
Field theories are based on the idea that the tissue surround-
ing the cells at risk (niche) provides a signal or environment 
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that acts to stimulate the cells to proliferate as cancer cells. In 
ancient Greece, at the time of Hippocrates, cancer was 
believed to be caused by an imbalance of humors, specifi -
cally, too much black bile. This concept held stage for over 
2,000 years and variations of it remained in play well into the 
twentieth century [ 5 ,  6 ]. The fi rst idea that cancers might 
arise from stem cells appeared in the early nineteenth cen-
tury [ 7 ,  8 ]. Although the concept of stem cells was still far in 
the future, Durante [ 9 ] and Conheim [ 10 ] introduced the idea 
that cancers arise from embryonal tissue that survived in 

adult organs, i.e., embryonal rests. They proposed that dis-
equilibrium between the embryonal cells in the “rest” and 
the surrounding tissue allowed these remnants of embryonic 
tissue to reassume proliferation and produce masses of cells 
that resembled fetal tissues. By that time the microscope was 
in use for examination of the cellular component of cancers 
and pathologists had noted that cancer tissue resembled fetal 
tissue. This mechanism of cancer development is consistent 
with a fi eld theory, i.e., a change in the tissue stroma allows 
cancer to appear, but also identifi es the cells of origin as stem 

  Fig. 1    Pierce’s simplifi ed hierarchal model of cancer based on concept 
of maturation arrest. In this model cancers arise because of a block in 
differentiation allowing immature cells at different stages of differentia-

tion to continue to proliferate. If maturation arrest occurs at an early 
stage of differentiation the cancers will be poorly differentiated. If later, 
well differentiated, and even later benign tumors       

  Fig. 2    Comparison of proliferation of cells during normal tissue 
renewal to that of cancers. During normal tissue renewal, tissue-deter-
mined stem cells divide by asymmetric division so that one daughter 
cell becomes a tissue amplifying cell and one remains a stem cell. The 
transit amplifying cells can divide by either symmetric or asymmetric 

division. Their proliferation contributes to normal tissue turnover when 
the progeny of the transit amplifying cells terminally differentiate. 
In cancers, some of the cancer transit amplifying cells continue to pro-
liferate and so not terminally differentiate resulting in increasing size of 
the tumor       
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cells. However, by early 1900s the embryonic rest theory lost 
support [ 6 ] and in general interest in cancer research waned 
as the primary focus for research and clinical studies was 
infectious diseases [ 11 ]. It would take 50 more years before 
studies on teratocarcinoma would lead to a reassertion of the 
embryonic rest theory of cancer in the form of the stem cell 
theory of cancer.  

    Teratocarcinoma 

 Early pathologists noted that certain tumors contained mix-
tures of tissues that looked like malformed monsters, thus the 
term: Terato- (monster). Rudolph Virchow, the father of 
pathology, observed that teratocarcinomas were made up of 
an abnormal mixture of fetal and mature tissues, but he did 
not embrace the embryonal rest theory [ 12 ]. However, his 
student, Julius Conheim [ 10 ], used the resemblance of the 
tissue of teratocarcinomas to embryonic tissue to support the 
embryonal rest theory of cancer. Modern pathologists recog-
nize that most teratocarcinomas consist of mature, differenti-
ated tissues, as well as fetal components, such as yolk sac 
and placental elements [ 13 ,  14 ]. The production of alphafe-
toprotein (AFP) by the yolk sac component and of chorionic 
gonadotropin (CGH) by the placental elements suggests that 
the embryonal cells of a teratocarcinoma are totipotent, i.e., 
they can differentiate into both adult and embryonic cells 
[ 15 ]. The growth of these tumors may be followed by mea-
suring the serum levels of AFP or CGH [ 16 ]. Most of the 
cells of a teratocarcinoma are mature and nonmalignant; the 
malignant cells are located in the embryoid body, a tissue 
structure that contains undifferentiated embryonal cells [ 17 ]. 
The cancer stem cell nature of these cells is documented by 
their ability to form cancers upon transplantation into histo-
compatible recipients. 

 Convincing documentation of origin of teratocarcinoma 
from normal tissue stem cells was obtained In the 1960s, 
when Leroy Stevens observed growth of malignant teratocar-
cinomas in recipient mice after transplanting normal germi-
nal stem cells from the genital ridge of day 12 SIJ/129 male 
mice into the testicles of normal 129 adult male mice [ 18 , 
 19 ]. In the testicular transplant niche the germinal stem cells 
grew abnormally and formed tumors, thus supporting both 
the stem cell origin of the cancer and the fi eld theory of can-
cer. Then about a decade later it was demonstrated that tera-
tocarcinoma stem cells did not grow into tumors when 
transplanted into a mouse blastocyst [ 20 ], but became incor-
porated into the developing embryos and developed into nor-
mal tissues [ 21 – 24 ]. The resulting adult mice had organs that 
were made up of a mixture of mature tissues from the normal 
blastocyst and from the cancer (Chimeras). The inner cell 
mass of the blastocyst is able to reprogram both mature tis-
sue stem cells and cancer stem cells [ 25 ]. Thus, not only will 

normal tissue stem cells develop into cancer if these cells are 
placed in an environment which allows expression of the 
malignant phenotype but also established cancer stem cells 
may be converted to normal transit amplifying cells if placed 
into a reprogramming environment. 

 Barry Pierce and his coworkers extensively examined the 
cellular make up of teratocarcinomas [ 1 ,  25 ,  26 ]. From their 
studies, as stated above, Pierce hypothesized a hierarchical 
model of cancer, with cancer stem cells giving rise to cancer 
transit amplifying cells that would exhibit various stages of 
differentiation culminating in terminally differentiated cells 
(Fig.  1 ), and this hierarchical model was extended to provide 
a general thesis for the cells that make up any cancer [ 1 ]. 
They postulated that the differentiation state of a cancer 
depends upon the stage of maturation at which the majority 
of cells of the cancer become arrested. If maturation arrest 
occurs at an early stage the tumor will be poorly differenti-
ated and most of the tumor transit amplifying cells will be 
able to divide; if at a later stage, the tumor will be well- 
differentiated and few of the tumor transit amplifying cells 
will divide. In either case, the tumor will be maintained by 
cancer stem cells which provide the self-renewing cells of 
the tumor [ 26 ]. A hierarchal model for germinal cell tumors 
is presented in Fig.  3 . The property of cancer stem cells to 
resist therapy was demonstrated by the response of teratocar-
cinomas to differentiation therapy.

   Many of the embryonic cancer stem cells of a teratocarci-
noma can be induced to differentiate into mature nonmalig-
nant cells after treatment with retinoic acids (RAs) [ 27 ,  28 ]. 
However, chemotherapy and surgery have proved to be more 
effective than differentiation therapy. Retinoic acids induce 
differentiation of the transit amplifying cells of the teratocar-
cinoma. However, following initial successful treatment, the 
tumor will regrow from the resistant teratocarcinoma stem 
cells. The putative teratocarcinoma stem cells are self- 
renewing and resistant to differentiation therapy. A general 
approach to more effective differentiation therapy is an 
approach that will activate the cancer stem cells to divide and 
differentiate so that their progeny will be sensitive to therapy. 
This may explain the effective treatment of leukemia by 
cycles of radiation or chemotherapy (see below). 

 The following principles of the stem cell theory of 
cancer were fi rst demonstrated using teratocarcinoma 
(see review [ 29 ]):
    1.    Cancers arise from stem cells.   
   2.    Location in an abnormal place (niche) allows cancer stem 

cells to express the malignant phenotype (fi eld theory).   
   3.    Cancers contain the same cell populations as normal tis-

sues—stem cells, transit amplifying cells, and terminally 
differentiated cells (hierarchical model of cancer).   

   4.    Cancers may be transplanted by cancer stem cells, but not 
by the transit amplifying cells of the cancer (tumor initiat-
ing cells).   
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   5.    Products of the cancer cells that refl ect stages in fetal 
development may be used as markers for diagnosis, prog-
nosis, and treatment (onco-developmental markers).   

   6.    Malignant cells may become benign (differentiation 
therapy).   

   7.    Differentiation therapy is directed to cancer transit ampli-
fying cells; when treatment is discontinued, cancer 
regrows from resistant cancer stem cells. Resistance to 
therapy is a property of cancer stem cells.    

      Control of Differentiation by the Embryonic 
Microenvironment 

 As adumbrated above, the tissues of the developing embryo 
are able to induce differentiation of normal and cancer stem 
cells [ 30 ]. In addition, exposure of developing embryos to 
chemical carcinogens may lead to malformations, but not to 
cancer. Thus, embryonic cells that are mutagenized by chemi-
cals that induce cancer in mature animals are prevented from 
expressing a malignant phenotype by the microenvironment 
of the developing embryo [ 31 ,  32 ]. As stated above, this blas-
tocyst environment also controls growth of transplanted 
malignant cells, whereas malignant cells placed in other sites 
of the developing embryo, such as the perivitelline space, are 
not controlled [ 33 – 35 ]. In fact, the more differentiated tissues 
of the embryo may also regulate growth of  cancer cells that are 
normally found in that tissue [ 36 ]. Diffusible factors produced 
by blastocyst cells may induce differentiation of cancer stem 
cells [ 35 ,  36 ]. The regulatory environment of the blastocyst is 
not limited to teratocarcinoma. Other cancers shown to be con-
verted to normal developing tissue when placed in an appro-
priate embryonic microenvironment include leukemia, 
melanoma, hepatocellular cancer, and breast cancer [ 37 – 41 ]. 
Malignant melanoma cells placed into the extraembryonal 
membrane of the Zebrafi sh differentiated into normal neural 
crest-like cells [ 42 ]. Thus, different embryonal microenviron-
ments may have different differentiation potentials related to 

normal cellular differentiation. For example, the placenta may 
also regulate transplanted leukemia cells [ 43 ] or other cancers 
[ 44 ,  45 ]. Embryo–mother cross talk may be very important in 
determining the arrest of tumor growth, because both maternal 
(decidua) and embryonic tissues contain substances with anti-
cancer properties [ 46 ]. In addition, over 40 years ago the 
expression of the malignant phenotype by pluripotential nuclei 
from triploid frog cancer cells was reprogrammed when these 
nuclei are placed into an oocyte [ 47 ], and mouse embryos 
could be cloned from nuclei from brain tumors [ 48 ]. These 
results demonstrated that epigenetic regulation of tumor nuclei 
by nuclear transfer into an embryonic microenvironment is 
able to reverse the malignant phenotype: the transplanted 
tumor nuclei gave origin to postimplantation embryos under-
going tissue differentiation. These fi ndings elaborate the con-
cept that cancer is a disease of developmental biology. When 
we understand how the developing embryo is able to induce 
differentiation of cancer cells, we will have taken a major step 
in treating and preventing cancer. 

 In fact only few experiments have been made to investi-
gate how the microenvironment of the embryo can determine 
the fate of cancer stem cells. These experiments, using fac-
tors taken at precise stages of cell differentiation from 
Zebrafi sh embryos, clarify which molecular events are 
involved in the mechanism of tumor growth inhibition. 
Treatment of cancer cells with proteins taken from Zebrafi sh 
embryos harvested during the stage at which totipotent stem 
cells are differentiating into pluripotent stem cells (50 % of 
cells during epiboly) induces activation of caspase 3, mainly 
by increasing the release of E2F-1, leading to c-Myc over- 
expression and the activation of a p73 apoptotic-dependent 
pathway. In vitro studies of different human tumor cell lines 
identify transcriptional or posttranslational modifi cation of 
key-role cell cycle regulator molecules, such as p53 [ 49 ] and 
pRb [ 50 ]. Moreover, there is a concomitant increase in 
E-cadherin levels and normalization effect on the ratio of 
E-cadherin to β-catenin [ 51 ]. Based on the hypothesis that 
these embryo extracts induce differentiation of cancer cells, 

  Fig. 3    Hierarchal model of male 
germinal cell cancers. The 
undifferentiated germinal stem 
cell gives rise to teratocarcinoma 
which may be composed of 
differentiated tissues derived 
from the totipotent embryonal 
cancer stem cells. Maturation 
arrest at later stages results in 
more differentiated cancers or 
even benign teratomas       
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the authors developed an agent-based model to optimize can-
cer treatment [ 52 ]. As already described, the concept of 
directing differentiation therapy to cancer stem cells or tran-
sit amplifying cells was established by principles established 
by studies of the teratocarcinoma model [ 4 ]. However, in the 
1970s, teratocarcinoma was considered the exception to the 
rule. Investigators who extensively analyzed the cellular 
events during induction of cancer of the liver and skin were 
convinced that cancers arose from dedifferentiation of 
mature cells, but eventually more extensive study of these 
models revealed consistency that cancers of other tissues 
also arose from a block in maturation of cancer stem cells 
(the stem cell hierarchical model (see recent review [ 29 ])).  

    Chemical Carcinogenesis 

 Epidemiologic evidence provided the fi rst indication that 
chemicals could cause cancer, and this was documented by 
extensive experimental work in animals. In 1761 John Hill 
noted the occurrence of cancer of the nasal cavity of snuff 
users [ 53 ]. Over 100 years later bladder and liver cancers 
were found to be increased in workers in the German dye 
industry [ 54 ]. The study of the induction of liver cancer in 
animals began in the 1930s and peaked in the middle of the 
twentieth century [ 55 ]. The fi nding of cellular changes in the 
liver during experimental hepatocarcinogenesis that pre-
ceded the development of liver cancer was interpreted as 
dedifferentiation of mature hepatocytes giving rise to liver 
cancer [ 56 ]. However, more recent observations are consis-
tent with development of liver cancer from liver stem cells 
through maturation arrest. 

  Chemical hepatocarcinogenesis.  Following exposure of rats 
to chemical hepatocarcinogens, foci of cells in the liver 
expressing fetal enzymes appear, followed by formation of 
nodules of large immature appearing hepatocytes that 
increasingly distort the liver and then cancer, sometimes 
appearing within the nodules [ 57 ,  58 ]. This sequence of 
changes was interpreted to indicate that liver cancer arises 
from dedifferentiation of mature hepatocytes through forma-
tion of foci and nodules that eventually progress to cancer. 
However, an alternative hypothesis is supported using a fetal 
protein, AFP [ 58 ], as a marker for cellular changes during 
chemical hepatocarcinogenesis [ 59 ,  60 ]. 

 AFP is a serum protein that is barely detectable in normal 
blood but appears in elevated levels in the blood of newborn 
animals and animals with liver cancer [ 58 ]. It is also pro-
duced by the yolk sac during development and serves as a 
maker for teratocarcinomas that contain yolk sac elements 
(see above). If foci or nodules are the cellular precursors to 
cancer, then AFP should be found in foci and nodules. 
However, depending on the carcinogenic regimen used, AFP 
was not found in foci or nodules, but in small cells in the 

pericentral region of the liver (oval cells), in duct-like struc-
tures, or in adenomatous areas in the liver [ 58 – 60 ]. Based on 
the hierarchical model of Pierce, we concluded that, in 
adults, liver cancers could arise from stem cells (oval cells), 
transit amplifying cells (ducts), or mature hepatocytes 
depending on the stage of maturation arrest (Fig.  4 ).

   The link between pluripotent stem cells and cancers aris-
ing from the liver lineage cells is a cancer known as hepato-
blastoma [ 61 ,  62 ]. This cancer only appears in young children 
and not in adults. In fact treatment of rats at 3 weeks of age 
compared with 8 weeks of age results in a much higher rate 
of proliferation of small oval cells [ 63 ]. This result is consis-
tent with a decrease in the number or potency of tissue stem 
cells with aging. In conclusion, in the liver, as in teratocarci-
nomas, cancers arise from arrest of cells in the hierarchy of 
normal maturation [ 1 ]. A similar hierarchical model may be 
used to classify human breast cancers (Fig.  5 ; [ 64 ]). The 
dynamics of development of squamous cell carcinomas of 
the skin after exposure to chemical carcinogenesis also con-
vincingly identifi es the epithelial stem cell of the skin as the 
cell of origin of squamous cell cancer.

    Skin carcinogenesis.  Cancer of the skin of the scrotum in 
chimney sweeps was reported in England in 1775 [ 65 ]. 
Chimney sweeps bathed infrequently and were constantly 
exposed to highly carcinogenic hydrocarbons present in 
soot. When bathing was recommended cancer in the chim-
ney sweeps rapidly declined. In 1918, experimental squa-
mous cell carcinomas were produced by painting the skin of 
rabbits with coal tar [ 66 ]. Chemical carcinogenesis in the 
rabbit skin was a two-step process: initiation and promotion. 
Peyton Rous painted coal tar on the skin of the ear of rabbits 
at a dose which did not cause carcinomas. After several 
weeks or more if he wounded the site where the coal tar was 
applied by scraping with a cork borer, skin cancers then 
developed [ 67 ]. The fi rst step (initiation) is believed to cause 
mutations by binding of carcinogenic metabolites to the 
DNA of the skin cells (DNA adducts). The second step (pro-
motion) induces proliferation as a repair response to wound-
ing the skin. This second step activates proliferation of 
mutated cells that give rise to cancers. Without promotion 
the initiated cells remain dormant. It was later found that the 
time between initiation and promotion could be months or 
even years [ 68 – 70 ]. This is critical for identifi cation of the 
cells involved in this process as the transit amplifying cells of 
the skin are replaced every 14 days [ 71 ]. Thus, if promotion 
is effective months or even years after initiation, the cancer 
must arise from the skin stem cells. It is only the self- 
renewing skin stem cells that are able to survive the long 
time between initiation and promotion. How the genetic 
changes in a leukemia cause accumulation of leukemic cells 
also proves the involvement of cancer stem cells with matu-
ration arrest at various stages of differentiation depending on 
the stage of expression of the molecular lesions.  
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    Genetic Changes 

 There is compelling evidence that many cancers are caused 
by genetic lesions that produce the cancer phenotype. 
Examples of well characterized genetic lesions are gene 

translocations in leukemia and a series of genetic changes in 
colon carcinoma. 

  Leukemia.  Peter Nowell and his coworkers in the 1970s [ 72 ] 
identifi ed a specifi c gene translocation of the chromosomes 
of chronic myeloid leukemia (CML) cells, the Philadelphia 

  Fig. 4    Postulated hierarchal model of development of liver cancers. After exposure of rats to chemical hepatocarcinogens the tumors seen refl ect 
the stages of maturation of liver cells       

  Fig. 5    Phenotypes of human breast cancers defi ned by cell surface markers and histology follow a hierarchal model of breast cell differentiation       
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Chromosome. For this translocation, the break point cluster 
region (bcr) on chromosome 22 is relocated next to a known 
oncogene (abl) on chromosome 9. This translocation results 
in production of a translocation gene product (bcr-abl) that 
increases proliferation, blocks apoptosis, and liberates the 
leukemia cells from their tissue niche. Since this discovery a 
large number of gene translocations have been identifi ed in 
leukemia and lymphomas [ 73 ,  74 ]. Four will be used as 
examples in this section of this review: Ig-myc in Burkett’s 
lymphoma (t8:14), bcr-abl in CML (t9:22), PML-RARα 
(t15:17) in acute promyeloid leukemia (APL), and the IL-3 
receptor (t8:21) in acute myeloid leukemia (AML). 

 Burkett’s lymphoma was discovered to be highly associ-
ated with infection by the Epstein-Barr virus in 1964 by 
Epstein et al. [ 75 ]. The continued proliferation of the cells in 
Burkett’s lymphoma is due to translocation of the immuno-
globulin promoter (Ig) next to the powerful oncogene, c-myc, 
with resultant proliferation of B-cells (Fig.  6 ). It is not clear 
how the virus infection results in this translocation, but an 
experimental model of this translocation illustrates how the 

function of activation of the expression of the transgene is 
related to the stage of maturation arrest of the lymphoma.

   The experimental model is a transgenic mouse that has 
the Ig promoter linked to c-myc and bcl2 [ 76 ,  77 ]. When the 
immunoglobulin promoter is activated there is expression of 
one gene that increases proliferation (c-myc) and another 
that blocks apoptosis (bcl2) essentially delivering a double- 
whammy of cancer to increase the number of transfected 
cells. The key here is the linkage to the Ig promoter. The 
characteristic property of B-cells is production of immuno-
globulin, i.e., activation of the Ig promoter. Although the 
transgene is present in all of the cells of the transgenic mouse 
it is only activated in B-cells. Thus, this translocation pro-
duces maturation arrest and proliferation at the B-cell level, 
a B-cell lymphoma (Fig.  6 ). 

 The translocations in myeloid leukemia also produce 
blocks in maturation arrest, proliferation, and survival of 
cells at various levels of maturation of cells in the myeloid 
hierarchy ([ 78 ], Fig.  7 ) and provide a model for application 
of differentiation therapy. For example, the t9:22 bcr-abl 

  Fig. 6    Stage of maturation arrest 
of lymphoma in transgenic mice 
bearing Ig promoter linked to 
C-Myc and to Bcl-2 is 
determined by the stage of 
differentiation of the B-cell 
lineage where the Ig promoter is 
activated, B-cells. Although the 
transgene is present in all cells of 
the transgenic IgC-myc, Ig-Bcl-2 
mouse the effects of the C-Myc 
and Bcl-2 are only manifested 
when the Ig promoter is activated       

  Fig. 7    Stage of maturation arrest 
of myelogenous leukemias is 
determined by activation of the 
genetic translocation responsible 
for the disease       
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translocation results in production of a fusion gene tyrosine 
kinase pathway that is constitutively activated at the myelo-
cyte stage differentiation. This activation does not allow cells 
at the myelocyte level to differentiate further, so the cells 
continue to proliferate and accumulate (CML). This bcr-abl 
tyrosine kinase phosphorylates the tyrosine on a substrate in 
the next step of the signal transduction pathway. Brian 
Drucker has developed a small molecular inhibitor which 
blocks the adenosine triphosphate binding site of the tyro-
sine kinase so that it is unable to extract and transfer the 
phosphate. Treatment with this small molecule, Gleevec, 
allows the leukemic cells that reach the myelocytic stage to 
continue to differentiate and is an effective therapy for CML 
[ 79 ]. If therapy is discontinued the CML will regenerate 
from precursor leukemic cells in the myeloid series as the 
precursor cells are not affected by the therapy [ 80 ].

   In acute promyelocytic leukemia (   APL) cells the t15:17 
translocation fusion protein (PML-RARα) is the promyelo-
cytic leukemia protein linked to the retinoic acid (RA) recep-
tor (RAR). PML is required for development of the 
cytoplasmic granules that begin to accumulate at the promy-
elocyte stage of myeloid differentiation. When this protein 
accumulates as the fusion product, it is unable to function, 
and the PML cells are unable to differentiate past the promy-
eloid stage [ 81 ]. RA (Vitamin A) binds with the RARα part 
of the fusion protein. This upregulates ubiquitination of the 
fusion protein, resulting in degradation of the fusion protein 
so that RA can now activate RA-induced transcription, 
 formation of granules, and differentiation of the cells. 
Treatment with RA can produce complete remission in about 
90 % of patients with APL [ 82 ]. Again, if therapy is discon-
tinued, APL cells will regenerate from precursor cells con-
taining the translocation. 

 In AML cells there is usually more than one translocation 
or mutation, one causing increased proliferation and one 
blocking apoptosis [ 83 ]. This results in rapid accumulation 
of cells at the myeloid stem cell level. Peter Nowell noted 
that development of one lesion leads to chronic proliferation 
of cells in the myeloid series setting the stage for a second 
mutation [ 83 ]. Thus, leukemias provide a “moving target” 
for fi nding directed therapies. One of the frequent mutations 
results in activation of the IL-3 receptor which is active at 
several stages of myeloid differentiation. Small molecular 
inhibitors are being developed for this lesion, as well as oth-
ers, but positive clinical effects have proven elusive [ 84 ]. 

 In any event, leukemic stem cells, like other cancer stem 
cells [ 84 ], are resistant to therapy and are responsible for 
treatment failures using radio-, chemo-, or differentiation 
therapy. For example, when a patient is fi rst diagnosed with 
leukemia, we can estimate that there are approximately 10 12  
leukemic cells present. Assuming that treatment kills 99.9 % 
of the leukemic cells, after one cycle of treatment, 10 9  leuke-
mic cells will be present. Treatment must be given in cycles 
as continuous treatment also kills normal blood and intestinal 

cells; so treatment is given in cycles to allow the normal cells 
to recover. Assuming there are 10 9  leukemia cells present 
when the next cycle is given (there may actually be more, but 
this is what is being assumed for the present example), treat-
ment will result in reduction of the leukemia cell number to 
10 6 . So it can be seen that two additional treatments will be 
required to reduce the cell number to one. In about half the 
cases, four cycles may be curative, but in another half, the 
tumor will continue to regenerate from the tumor stem cells 
that resist therapy. In the case of cure, it is thought that 
destruction of the tumor transit amplifying cells by the ther-
apy may activate division and differentiation of the tumor 
stem cells to tumor amplifying cells, which are affected by 
the therapy. For those that are not successfully treated, it may 
be possible to cure the leukemia by administering ablative 
therapy that will kill both normal and tumor stem cells and 
replace the function of the normal stem cells using a bone 
marrow transplant. 

 The lesions we have learned from myeloid leukemias are:
    1.    Molecular lesions determine the stage of maturation 

arrest of the leukemia.   
   2.    Targeted differentiation can reverse the effects of the 

molecular lesion and allow terminal differentiation of the 
leukemic cells.   

   3.    Leukemic stem cells contain the molecular lesion and 
restore the cancer transit amplifying cells when chemo-
therapy or differentiation therapy is discontinued. Note: 
there is a difference of opinion in regard to the nature of 
the therapy-resistant cancer cell. It may be a stem cell 
[ 85 ] or simply a tumor cell with proliferation capacity 
that is not in cycle at the time the therapy is administered 
[ 86 ]. For all intents and purposes, the resistance to ther-
apy is essentially the same for either explanation.   

   4.    Leukemic stem cells mutate to survive therapy and are thus 
a moving target for chemo- or differentiation therapy.     
 The key to development of cancer is a change that allows 

cells, that would normally mature and die, to remain in the 
tissues. This is illustrated by the Vogelstein model for colon 
cancer [ 87 ]. 

  Colon cancer.    The Vogelstein hypothesis [ 87 ] for the develop-
ment of intestinal cancer states that there is a series of mutations 
and epigenetic changes responsible for a sequence of lesions cul-
minating in expression of the malignant phenotype. The proffered 
sequence and the lesion produced are as follows: Absent in 
Polyposis Coli (APC)—hyperplastic polyp; hypomethylation—
tubular adenoma; K-ras mutation—tubulovillous adenoma; 
Deleted in Colon Cancer (DCC)—villous adenoma; p53 
mutation—adenocarcinoma (Fig.  8 ). The key item in this 
sequence is the effect of the fi rst mutation, APC, in blocking 
the normal rapid turnover of the intestinal epithelial cells. 
Pulse DNA labeling studies reveal that there is a cohort of 
transit amplifying cells near the base of intestinal crypts that 
divide every day and migrate rapidly out of the crypt so that 
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the intestinal lining cells turn over in 4–5 days [ 71 ]. Because 
of this, if there was a mutation in one of these cells, unless 
there was some way to allow the cell to avoid this turnover, 
the mutated cell would be quickly lost. Thus, the fi rst muta-
tion (APC) must produce an effect than essentially immortal-
izes the immediate progeny of the stem cell.

   The product of the APC gene targets β-catenin and sur-
vivin for destruction [ 88 ]. With a loss of the APC gene prod-
ucts β-catenin and survivin are not destroyed and accumulate. 
β-Catenin is a transcription activator for proliferation; sur-
vivin is an apoptosis inhibitor. Thus, loss of APC allows gas-
trointestinal progenitor cells to continue to proliferate without 
dying. This effect of loss of APC is demonstrated in APC 
knock out mice. The intestinal crypt cells of APC knock out 
mice do not migrate out of the crypt and continue to prolifer-
ate leading to accumulation of the intestinal cells and the for-
mation of polyps [ 89 ]. The end result of the loss of the 
function of the APC gene is continued proliferation and sur-
vival of crypt epithelial cells resulting in a large number of 
cells available for additional mutations leading to malig-
nancy. Thus, the fi rst mutation in the Vogelstein sequence 
results in maturation arrest of progenitor cells in the intestinal 
crypt that do not die and are subject to further mutation.  

    Epigenetic Change 

 An epigenetic change is an inheritable alteration in the 
expression of a gene or genes that does not involve a change 
in the underlying DNA sequences. This is mediated by 
changes in methylamine of the DNA bases (usually Cog 
sites) or of the proteins of the histones associated with DNA. 

The state of methylation in turn controls the expression of 
genes critical for the normal homeostasis of tissue cells. The 
most frequent change associated with cancer is the loss of 
expression of the tumor suppressor gene p53. 

  Field cancerization of the skin.  Sun exposure of the skin 
leads to development of damage to the skin expressed as 
multiple solar lentigos [ 90 ,  91 ]. These areas of the skin pro-
vide a setting for the development of skin cancer (fi eld can-
cerization). The molecular lesion is believed to be an 
epigenetic change in the DNA leading to loss of expression 
of the ubiquitous tumor suppressor gene, p53 [ 92 ]. One of 
the recognized functions of p53 is to protect DNA against 
radiation damage by effecting removal of cells with damaged 
DNA. With the loss of p53, the cells with epigenetic change 
in areas of sun-damaged skin are not removed rapidly and 
are highly susceptible to second mutations, for example, by 
activation of c-myc. Thus, the lesion of fi eld cancerization 
results in survival of cells that normally are rapidly turned 
over. The accumulation of these cells allows for additional 
mutations or epigenetic change leading to cancer. 

  Stomach cancer. H. pylori  infection of the stomach is a major 
risk factor for development of gastric cancer. Areas of hyper-
methylation are seen in the gastric mucosa of patients with 
 H. pylori  infection and it is in these areas gastric cancers arise 
[ 93 ]. The pathologic sequence of events is the following: 
 H. pylori  infection leads to increased methyl transferase activ-
ity with resulting increased methylation of genes in gastric 
stem cells. This leads to repression of the p53 gene which is 
inherited in stem and transit amplifying cells with resultant 
increased proliferation and loss of apoptosis [ 94 ]. The identifi cation 

  Fig. 8    Sequence of events proposed by the Vogelstein hypothesis for the development of colon cancer       

 

Cancer Is a Problem of Developmental Biology…



438

of both stem cells and transit amplifying cells as targets is 
based on the response to therapy. If the  H. pylori  infection is 
treated, some of the areas of hypermethylation disappear 
whereas others do not [ 93 ]. This fi nding is interpreted as fol-
lows: The areas of hypermethylation that disappear represent 
hypermethylation of transit amplifying cells. Since these cells 
turn over rapidly, the increased methyl transferase activity 
seen during the active infection is required to maintain hyper-
methylation. When the  H. pylori  infection is cured newly 
formed transit amplifying cells from non-methylated stem 
cells will not be hypermethylated. On the other hand, in areas 
where hypermethylation is not lost, this change must have 
occurred in the self-renewing stem cells that continue to give 
rise to hypermethylated transit amplifying cells [ 95 ].  

    Conclusions 

 In this review the contributions of tissue stem cells to the 
development of cancer is described for each of the major 
theories of the origin of cancer using specifi c cancer types as 
examples.
    1.    Field theory. Teratocarcinomas arise from normal germi-

nal cells when placed in a tissue niche that does not 
enforce normal differentiation.   

   2.    Chemical carcinogenesis. Chemicals that cause cancer of 
the liver appear to act at various stages of the differentia-
tion of liver lineage cells. Exposure of the skin to chemi-
cal carcinogens causes mutations (adducts) in the 
long-term self-renewing basal stem cells.   

   3.    Mutations: Translocations in myeloid leukemia produce 
fusion proteins that are activated at various stages of 
myeloid hematopoiesis leading to accumulation of cells 
at a specifi c stage of differentiation. The sequence of 
events in colon carcinogenesis begins with a mutation 
(APC) that results in a block in differentiation and contin-
ued proliferation of colonic stem cell progeny.   

   4.    Epigenetic changes: Sun-damaged skin predisposes to 
development of cancer because of a loss of expression of 
p53.  H. pylori  infection of the stomach causes hyper-
methylation of the DNA of gastric mucosal stem and pro-
genitor cells, loss of tumor suppressor gene function, and 
development of gastric cancer.     
 Each example follows a hierarchical model of tissue dif-

ferentiation whereby the tissue stem cell contributes to can-
cer by expression of a phenotype in the progenitor cell 
progeny permissive for growth and inhibitory for 
differentiation. 

 In 1953 Harry Goldblatt and Gladys Cameron induced 
malignancy in normal cells from the myocardium of 5-day- 
old rats by culturing the cells under anaerobic conditions 
[ 96 ]. This approach was based on the hypothesis of Otto 
Warberg and his associates that cancer cells are able to grow 

under anaerobic conditions whereas normal cells are not [ 97 ]. 
Goldblatt hypothesized: “It seems possible that in all embry-
onic, and even adult, normal tissues there may be scattered 
cells, or groups of cells of potentially neoplastic sort, which 
naturally possess the ability to use the fermentative, glyco-
lytic mechanism at least under anaerobic conditions, and that 
repeated, brief exposure of cultures of normal tissue contain 
such cells to an atmosphere deprived of oxygen, alternating 
with long periods when adequate oxygen is available, thus 
permitting recovery, might favor their multiplication and even 
interfere with the growth of the regional normal cells.” Such 
cells might well be myocardial stem cells. Malignant trans-
formation of tissue stem cells is a recognized problem for any 
cells derived for stem cell therapy protocols.     
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           Introduction 

 Myriad studies have demonstrated a high degree of plasticity 
associated with aggressive tumor cells. In fact, the multipo-
tent phenotype expressed by these cancer cells is similar in 
many respects to embryonic stem cells and, therefore, con-
tributes to the properties underlying cancer stem cells (CSCs). 
Molecular profi ling of the plastic tumor cell phenotype has 
revealed highly upregulated genes associated with embry-
onic progenitors, extracellular matrix remodeling, hypoxia, 
and endothelial and lymphatic vascular formation; and down-
regulated genes generally associated with the respective, 
lineage-specifi c phenotype. For example, in the case of a 
poorly differentiated melanoma, several melanocyte- lineage 
genes are suppressed. Thus, the global perspective emerging 
of the plastic tumor cell phenotype is that these cancer cells 
are diffi cult to identify and challenging to target. Although 
these multipotent tumor cells implement similar stem cell-
associated signaling pathways as employed by embryonic 
progenitors to sustain growth and plasticity, they lack major 
regulatory checkpoints resulting in the aberrant activation of 
embryonic pathways. Most noteworthy in this regard are the 
Nodal and Notch signaling pathways, which have been 
shown to underlie the stem cell-like phenotype, unregulated 
growth, and aggressive behavior of tumor cells [ 1 ]. 

 Indeed, the evidence supporting the functional relevance 
of tumor cell plasticity consists of remarkable examples of 
tumor cell transdifferentiation and acquisition of survival 
properties providing a selective advantage to aggressive 

tumors. A growing body of literature indicates the diverse 
capabilities of tumor cells, ranging from the formation of 
vascular networks for perfusion, to reactivation of embry-
onic pathways, to the acquisition of drug resistance [ 2 ]. 
Therefore, therapeutic approaches targeting multipotent 
tumor cells should take into consideration the myriad pheno-
types expressed and their biological interactions with the 
microenvironment relevant to tumor survival, including 
escape from immunosurveillance. Ultimately, the best anti-
cancer strategy may well consist of a combinatorial 
approach—rendering tumor cell growth arrested, immuno- 
targeted, and drug-sensitive. Thus, this chapter will review 
key studies constituting our knowledge base for tumor cell 
plasticity and the potential for effectively targeting this chal-
lenging phenotype (Fig.  1 ).

       Biologic Signifi cance of Tumor Cell Plasticity 

 Through the years of cancer research, two major developing 
theories on tumor initiation and progression have emerged, 
each with its own conceptual consequences on tumor cell 
plasticity. The clonal evolution theory postulates that tumors 
are initiated as a result of genetic insult to a single cell [ 3 ]. 
This clonal mutation may result in increased cell survival or 
proliferation, conferring growth advantages. Further carci-
nogenic changes in these cells, whether mediated through 
environmental or genetic factors, induce additional altera-
tions which allow for more pronounced deviations from 
proper cellular regulation. This offers, in part, explanation 
for the well-documented heterogeneous nature of tumors, 
theorizing that multiple subpopulations of cancer cells exist 
within a tumor. Furthermore, the genetically unstable nature 
of tumors, due to alterations in cell cycle checkpoints, DNA 
repair mechanisms, and chromosome stability, adds to this, 
resulting in populations of cells with numerous abnormali-
ties and high rates of malignancy [ 4 ]. The fi nal step of the 
clonal evolution theory postulates that a cell has attained suf-
fi cient mutations which enable it to leave the primary tumor, 
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metastasize to distant sites, adapt to new microenvironments, 
and proliferate into a clinically relevant mass. This offers 
support for the statistical experimental results which demon-
strate that only a small proportion of tumor cells are capable 
of completing the entire process of metastasis [ 5 ]. Thus, cell 
plasticity within a tumor increases over time and can be 
traced to a progressive, stepwise sequence of accumulated 
mutations. 

 The other major theory for the explanation of tumor 
development and progression, and cancer cell plasticity, sug-
gests that tumors result from a specifi c underlying cell type, 
the cancer stem cell (CSC) [ 6 ]. These cells possess the abil-
ity to divide asymmetrically, allowing for self-renewal of the 
stem-like cell(s) as well as production of multiple lineages of 
differentiated cell types, together accounting for tumor het-
erogeneity. CSCs constitute only a subpopulation of the 
tumor, and as little as one CSC has been shown to be capable 
of recapitulating growth of an entire tumor. The CSC hypoth-
esis was strengthened in the mid-1990s when subsets of 
tumor cells in leukemia patients were described to exhibit 
stem cell-like properties [ 7 ], and a hierarchy of lineage was 
traced to a single, tumor-initiating hematopoietic cell type 
[ 8 ]. These properties were also later noted in solid tumors 
from breast cancer patients where only a small portion of 
tumor cells possessed the ability to initiate tumors in mice 
[ 9 ]. Validation of each of these hypotheses has been debated, 
and it is likely, as has been suggested, that these two theories 
are not mutually exclusive [ 10 ]. However, the CSC theory 

has incredible implications for tumor cell plasticity and its 
biological signifi cance, suggesting that the plastic nature of 
cancer cells is intrinsic to a subpopulation within a tumor. 

 Due to the importance of embryonic tissue generation and 
maintenance, stem cells are equipped with mechanisms that 
increase their survival capabilities by comparison to differ-
entiated cells [ 11 ]. When these features are also present in 
CSCs or cells that possess stem-like qualities, differential 
responses in cancer treatment and relapse in patients have 
been observed, since, among other properties, these cells 
express multi-drug resistance pumps (ATP-cassette trans-
porters) capable of removing cytotoxic compounds, includ-
ing chemotherapeutic agents. Additionally, the ability of 
CSCs to enter a dormant state of quiescence reduces the 
effectiveness of therapies which target rapidly dividing cells. 
CSCs are also characterized by enhanced activity of DNA 
repair enzymes, modulation of apoptotic pathways, and 
increased capacity for long-term self-renewal. The ability of 
these cells to survive therapy and retain the capability to 
reproduce tumors from such small populations provides the 
basis for recurrence of cancer in patients in which the major-
ity of the tumor burden has been eliminated. 

 The plastic phenotype of cancer cells often includes the 
ability to migrate and invade through local microenviron-
ments and to travel to distant sites within the body. In tumors 
of epithelial origin, cancer cells may acquire this capability 
by undergoing a process of epithelial-mesenchymal transition 
(EMT). EMT is the result of a series of epigenetic alterations 

  Fig. 1    Potential targets for tumor cell plasticity. A schematic diagram 
showing how Nodal/Notch4 signaling can play a role during cancer cell 
transendothelial differentiation with induction of endothelial-related 
markers characteristic of vasculogenic mimicry and, possibly, via regu-
lation of epithelial-to-mesenchymal transition (EMT), whereby cancer 

cells lose polarity and adhesiveness to acquire a more motile and inva-
sive phenotype. Inhibition of Nodal/Notch4 signaling has been shown 
to disrupt vasculogenic mimicry and reverse invasiveness in Nodal-
expressing tumor cells       
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which converts polarized, adherent epithelial cells to a more 
motile, invasive mesenchymal-like phenotype. Numerous 
signaling pathways regulate aspects of EMT in embryonic 
development and disease, including cancer [ 12 ,  13 ]. In can-
cer, cells undergoing EMT typically downregulate expression 
of intracellular adhesion components, such as E-cadherin, 
Occludin, and Claudins, and upregulate factors associated 
with a more motile, mesenchymal phenotype such as 
N-cadherin and Vimentin [ 13 ]. These motile and invasive 
phenotypes allow cells to intravasate into and extravasate out 
of blood and lymphatic vessels (often a means of transport 
throughout the host), as well as to invade through matrices 
encountered at both primary and secondary tumor locations. 
EMT may also give rise to cells with stem cell-like properties 
[ 14 ]. However, while the process of EMT and the functional 
abilities it confers have profound impacts on tumor cell plas-
ticity, many of these characteristics may already be present in 
CSCs within a tumor. 

 In addition to mechanisms related to cell movement, it is 
well established that tumors require a blood supply to main-
tain growth [ 15 ]; however, proliferating tumors will quickly 
outgrow the local blood supply of the host. When oxygen is 
limited, cancer cells respond through signals mediated in part 
by hypoxia-inducible factors (HIFs) that result in the secre-
tion of pro-angiogenic factors (e.g., VEGF, bFGF) that pro-
mote formation of new blood vessels [ 16 ]. Importantly, the 
highly plastic, cancer-initiating populations within tumors 
exhibit enhanced angiogenic potential over the bulk tumor 
and may be primarily responsible for endothelial cell recruit-
ment [ 17 ]. In addition to the induction of vascular signals by 
CSCs, endothelial cells, in turn, secrete factors that support 
the survival and self-renewal capabilities of CSCs. 
Additionally, CSCs may employ other mechanisms to facili-
tate tumor perfusion, such as vasculogenic mimicry (VM) 
[ 18 ]. VM is defi ned as the de novo formation of perfusable, 
vascular-like networks by a subpopulation of aggressive 
tumor cells in in vitro 3D matrices, which resemble matrix- 
rich network structures in patients’ tumors [ 19 ]. During VM, 
cancer cells acquire an endothelial-like phenotype that 
includes expressing vascular markers such as VE-cadherin 
[ 2 ]. VM can accompany vessel co-option of preexisting ves-
sels, mosaic vessels, angiogenesis, vasculogenesis, and intus-
susceptive microvascular growth [ 20 ]. This ability of CSCs 
to adapt to and modulate the changing microenvironment in 
order to meet growth demands of a developing tumor exem-
plifi es the dynamic plasticity of cancer cell subpopulations. 

 Another critical factor in cancer progression is the immune 
system, which has evolved not only as a protective barrier 
towards infectious disease but also as a hurdle for abnormal 
cell growth within the body. As tumor cells accumulate muta-
tions, certain characteristics such as changes in antigen pre-
sentation are often recognized by the immune system as 
foreign, leading to cancer cell targeting and elimination. 

However, cancer cells may possess the capacity to inhibit 
immune responses or reduce detection. Evasion of the 
immune system can be accomplished through mechanisms 
that include downregulation of cancer cell antigen expression 
or dampening of innate and adaptive immune responses, e.g., 
by inhibitory cytokine release [ 21 ]. Recently, a report involv-
ing the study of T cell activation in melanoma determined 
that a subpopulation of tumor cells referred to as malignant 
melanoma initiating cells (MMIC) and marked by ABCB5 +  
and stem cell-like qualities, were capable of decreasing T cell 
activation through IL-2. These cells further altered the 
immune system by increasing populations of immune sup-
pressive regulatory T cells (Treg) and inducing secretion of 
the anti-infl ammatory cytokine IL-10 from both Treg and 
peripheral blood monocytes [ 22 ]. These alterations led to the 
reduction of T cell-mediated killing of melanoma cells. 
Importantly, this effect was not induced by the ABCB5 −  pop-
ulation, demonstrating that the distinct MMIC tumor popula-
tion alone was capable of mediating this effect. This study 
provides an example of intricate immune system modulation 
by tumor-initiating cells within a melanoma that is not shared 
by less plastic populations of tumor cells. 

 Since the resurgence of the CSC hypothesis, therapeutic 
and translational efforts have been made to target the stem 
cell-like subpopulations of tumors that exhibit the highest 
degree of cellular plasticity [ 23 ]. By targeting tumor- 
initiating cells, recurrence of cancer in patients may be 
reduced. In recent years, however, data have been accumulat-
ing that the hierarchal nature of stem cell lineage and divi-
sion may not be as unidirectional as once believed. Initial 
reports demonstrated that differentiated cells could be repro-
grammed to a stem cell-like state by specifi c transcription 
factors and embryonic cell culture conditions [ 24 – 26 ]. These 
pioneering studies are supported by subsequent reports of 
induced pluripotency in other cell types and initiated the 
fi eld of induced pluripotent stem (iPS) cell biology. While 
these studies provided the molecular framework detailing 
how a differentiated cell can be induced to dedifferentiate 
into an embryonic-like phenotype, dramatically increasing 
its potential for plasticity, it remained unclear if this process 
occurred naturally. This idea was addressed when human 
mammary epithelial cells (HMECs) were shown to sponta-
neously convert to a CD44 hi CD24 low ESA -  progenitor-like 
cell type with stem cell features [ 27 ]. Remarkably, these 
cells were capable of differentiation into multiple lineages of 
mammary cells and were able to reconstitute a mammary fat 
pad in NOD/SCID mice. Importantly, this study also demon-
strated that oncogenic HMECs transformed with H- ras  
underwent spontaneous conversion to stem cell-like states. 
This latter observation provided evidence for spontaneous 
dedifferentiation to a CSC. This suggests that, rather than 
only a specifi c tumor subpopulation possessing the ability to 
undergo self-renewal, produce differentiated lineages, and 
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maintain plasticity, differentiated cells are also intrinsically 
capable of contributing to this population. Therefore, tar-
geted CSC therapies could potentially be hindered when 
considering that CSC populations may spontaneously arise 
within a genetically diverse tumor.  

    Cell Signaling and Tumor Cell Plasticity 

 There is mounting evidence that signaling pathways critical 
for embryonic development and stem cell plasticity also play 
important roles in promoting cancer progression and tumor 
cell aggressive behavior. Studies focused on different tumor 
types have identifi ed functions for multiple embryonic path-
ways, including TGFbeta, Notch, Wnt, and Hedgehog sig-
naling [ 28 ,  29 ]. Two signifi cant pathways that are both 
associated with the embryonic stem cell phenotype and can-
cer progression are Notch and Nodal signaling. Recent 
research suggests that these pathways are critical regulators 
of tumor cell plasticity and aggressive behavior, and, at least 
in melanoma, cross talk between Notch and Nodal signaling 
is an important driver of the plastic phenotype [ 1 ]. 

 The Nodal pathway is a fundamental developmental sig-
naling pathway involved in regulating pluripotency in embry-
onic stem cells, as well as in embryonic mesoderm formation 
and body plan establishment in amniotes [ 30 ]. Nodal, a 
secreted growth factor and member of the TGFbeta super-
family, is specifi cally expressed during embryogenesis, but is 
not typically detected in normal adult tissues. Importantly, 
Nodal expression is reactivated in aggressive cancers includ-
ing melanoma, and breast, prostate, cervical, and pancreatic 
carcinomas [ 31 ]. Canonical Nodal signaling is propagated 
via Nodal ligand binding to heterodimeric complexes of 
activin-like kinase receptors: type I (ALK4/7) and type II 
(ActRIIB), either with or without the Nodal coreceptor, 
Cripto-1 [ 30 ]. Receptor activation leads to the phosphoryla-
tion of SMAD2 and SMAD3, which associate with SMAD4, 
and altogether translocate as a complex to the nucleus, where 
they regulate the transcription of target genes such as Lefty 
(a Nodal antagonist) and Nodal itself. During normal devel-
opment, the feedback of signaling on both Nodal and Lefty 
maintains the pathway in a homeostatic balance [ 30 ]. In can-
cer cells, however, the Lefty promoter is heavily methylated, 
so Nodal but not Lefty is upregulated in response to Nodal 
signaling, such that the Nodal pathway is allowed to propa-
gate without the normal regulatory controls [ 32 ]. 

 Like the Nodal pathway, Notch signaling has important 
functions during embryogenesis and is involved in stem cell 
pluripotency and cell fate determination, as well as organ 
system development and maintenance [ 33 ]. Notch signaling 
is typically initiated by binding of a membrane-bound Notch 
ligand (DLL1, DLL2, DLL4, JAG1, or JAG2) to one of the 
four Notch receptors (Notch1–4) on an adjacent cell. Binding 

triggers a series of cleavage events that releases the intracel-
lular domain (ICD) of the Notch protein into the cytoplasm. 
The Notch ICD, in complex with other proteins such as 
MAML and RBPJ, then acts as a transcription factor to regu-
late expression of target genes such as Hes and Hey [ 34 ]. 
During early vertebrate development, Notch signaling pro-
motes a distinct subset of cells to express Nodal during left- 
right asymmetry determination, regulated via an 
RBPJ-dependent upstream enhancer element known as the 
Node-specifi c enhancer (or NDE) [ 35 ], thus adding Nodal to 
the list of Notch-regulated target genes. Work from our labo-
ratory indicates that, at least in melanoma, Notch4 receptor 
expression correlates with Nodal expression in aggressive 
but not nonaggressive cell lines [ 1 ]. In addition, and similar 
to Nodal, Notch4 protein was more commonly detected in 
advanced-stage melanoma biopsies than in early-stage dis-
ease [ 1 ]. Importantly, Nodal expression in aggressive mela-
noma cells is dependent upon Notch4 signaling, since 
targeting Notch4 activity with neutralizing antibodies or 
Notch4 expression with siRNAs signifi cantly reduced the 
expression of Nodal and the aggressive behavior of these 
cells. This regulation appears to be propagated via an RBPJ- 
dependent mechanism since a reporter of the NDE (the 
RBPJ-dependent, upstream Nodal enhancer element) was 
active in aggressive melanoma cells, but only when the RBPJ 
binding sites were intact. Cross talk between the Notch and 
Nodal pathways may be further regulated by the Nodal core-
ceptor, Cripto-1, since Cripto-1 can directly bind to the 
Notch receptors and can enhance the proteolytic maturation 
of Notch receptor ICD [ 36 ]. 

 Work from our laboratory and others indicate a strong 
relationship between the expression and activity of Nodal 
and the plasticity of tumor cells. For example, Nodal is 
detected in advanced-stage breast cancer and melanoma 
more readily than in early-stage disease [ 1 ,  37 ,  38 ]. In cell 
lines, Nodal can regulate invasion into a defi ned extracellular 
matrix [ 37 ]. Furthermore, aggressive cancer cell lines cul-
tured on 3D matrices can spontaneously form VM networks, 
cellular networks reminiscent of vascular channels that are 
perfusable with fl uorescent dye [ 19 ]. Treatment with the 
ALK4/5/7 inhibitor SB431542 or with anti-Nodal antibodies 
diminished the ability of aggressive melanoma cell lines to 
form vascular-like networks on 3D matrices [ 37 ,  39 ]. 
Similarly, treatment with anti-Notch4 antibodies inhibited 
vascular-like network formation that could be partially res-
cued with inclusion of recombinant human Nodal, suggest-
ing that this plasticity is dependent upon a Notch-Nodal 
signaling axis [ 1 ]. Importantly, Nodal expression appears to 
be specifi cally localized to the subpopulation of cells form-
ing vascular-like networks in melanoma [ 40 ], and in aggres-
sive melanoma and breast cancer cell lines, Nodal protein is 
detected only in a subpopulation of cells in culture [ 1 ,  41 ]. 
Of note, Notch4 protein is also limited to a subpopulation of 
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cultured melanoma cells and is enriched in VM networks 
[ 1 ,  42 ]. Coexpression of Notch4 and Nodal is restricted to 
approximately 10 % of cells in culture, suggesting the pos-
sibility that this may represent a subpopulation of cells with 
stem-like, plastic properties capable, for example, of trans-
differentiation into vascular-like cells [ 1 ]. Certainly in pan-
creatic adenocarcinoma cells, Nodal expression and signaling 
are elevated in the CD133 + , anchorage-independent, sphere- 
forming stem cell subpopulation, and manipulation of Nodal 
signaling affected sphere formation, invasive capacity, and in 
vivo tumorigenicity [ 43 ]. Furthermore, in breast cancer cell 
lines, Notch4 activity is enriched in the breast CSC subpopu-
lation (identifi ed by the ESA + /CD44 + /CD24 low  molecular 
signature), and inhibition of activity or expression reduced 
the tumor-initiating ability of cells in vitro and in vivo [ 44 ]. 
Whether Notch4 activity plays a role in the regulation of 
Nodal expression in pancreatic or breast CSCs has not been 
determined, but warrants further investigation. 

 Cripto-1, the coreceptor for Nodal, is a marker of embry-
onic stem cells and is associated with pluripotency [ 45 ]. 
Cripto-1 may also be involved in the regulation of tumor cell 
plasticity, since, in some cancers, it is detected in a subset of 
cells with stem-like properties [ 46 – 48 ]. For example, in the 
aggressive human melanoma cell line C8161, Cripto-1 cell 
surface expression is detected only on a subpopulation of 
cells in culture (<5 %) by fl uorescence-activated cell sorting 
[ 46 ]. Interestingly, when these Cripto1-positive cells were 
isolated from the heterogeneous population and cultured sep-
arately, cells were smaller and slower growing than parental 
cells. Continuous culture in a human embryonic stem cell 
(hESC) medium resulted in melanosphere formation in 
Cripto-positive but not parental cells, concurrent with 
increased expression of pluripotency markers (e.g., Nanog 
and Oct4) and the drug resistance molecule, MDR1, suggest-
ing that these cells are more stem cell-like. Importantly, 
Cripto-1 has also been described to regulate melanoma cell 
invasiveness, one indicator of tumor cell plasticity [ 49 ], as 
well as exhibiting the capacity to promote EMT in epithelial 
tumor cells [ 50 ]. Whether Nodal can also contribute to the 
regulation of EMT in cancer cells is not clear, but warrants 
further investigation, since Nodal can upregulate EMT- related 
transcription factors during embryonic development [ 51 ]. 

 Typically, tumor aggressiveness and advanced-stage dis-
ease is associated with a less differentiated phenotype. 
Certainly in melanoma, more aggressive cells tend to lose 
expression of lineage-specifi c, melanocytic markers and 
exhibit a more primitive phenotype and an expression profi le 
more typical of undifferentiated cells [ 2 ]. Interestingly, 
transplanting aggressive, GFP-labeled C8161 melanoma 
cells into the neural crest microenvironment of a chicken 
embryo resulted in the induction of a subset of these cells to 
behave as their ancestral neural crest neighbors and to 
migrate in typical neural crest patterns [ 52 ]. Importantly, a 

subset of these melanoma cells also appeared to be epige-
netically reprogrammed, as they were able to reexpress the 
melanocyte marker, Melan-A/MART-1, or the neuronal 
marker, Tuj1. This phenomenon may be dependent upon 
Nodal signaling since C8161 cells in which Nodal expres-
sion was downregulated with morpholinos were unable to 
migrate away from the site of transplant, which was typi-
cally seen in control cell transplants where Nodal was still 
highly expressed [ 53 ]. Importantly, nonaggressive c81-61 
cells which have little-to-no Nodal expression were not 
competent to migrate away from the transplant site, suggest-
ing that this plastic behavior is specifi c to more aggressive, 
less differentiated melanoma cells that express the embry-
onic morphogen Nodal [ 52 ]. 

 Tumor cells also exhibit the capacity to respond to other 
embryonic microenvironments, such as a hESC-conditioned 
microenvironment [ 54 ]. Exposure of aggressive melanoma 
cells to the extracellular matrix laid down by hESCs enabled 
a subpopulation of cells to form spheroids reminiscent of 
hESC colonies [ 55 ]. Importantly, this phenomenon was 
coincident with a decrease in invasive cellular behavior and 
an increase in expression of the melanocyte-specifi c lineage 
marker, Melan-A/MART-1. Further studies determined that 
this reprogramming capacity was restricted to hESC- 
conditioned matrix, and was behavior not recapitulated by 
other stem cell types, such as those derived from amniotic 
fl uid and adult bone marrow [ 38 ]. Analyses of possible 
tumor-suppressive factors led to the identifi cation of the 
Nodal antagonist, Lefty, as a factor secreted by hESCs into 
the 3D matrix. Most noteworthy, Lefty was capable of inhib-
iting the tumorigenic activity of Nodal-expressing, aggres-
sive melanoma and breast cancer cell lines. Considering the 
anti-tumorigenic effects of inhibiting the Nodal pathway, 
exploiting targets such as Notch4, Nodal, or Lefty may prove 
useful strategies for therapeutic intervention, which is high-
lighted in the following section.  

    Potential for Targeting Tumor Cell Plasticity 

 It is becoming increasingly evident that cancer tissue is not 
comprised of cells with identical molecular and biologic 
properties, but rather consists of a heterogeneous population 
with distinct functional characteristics, which may enable 
cellular subpopulations to acquire survival advantages in 
specifi c environments. This paradigm has important implica-
tions for how we treat cancer. 

 Results of our studies and others have shown that embry-
onic pathways such as Nodal signaling are reactivated in 
various aggressive tumor types, and expression appears to be 
restricted to a subset of cells within a population that exhibit 
enhanced plasticity [ 1 ,  31 ,  41 ]. Since Nodal expression is not 
generally detected in normal tissues, it represents an exciting 
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potential anticancer target. Certainly, tumors in nude mice 
formed from orthotopically injected Nodal-positive aggres-
sive human melanoma cell lines exhibited decreased tumor 
cell proliferation and increased apoptosis when mice were 
treated intratumorally with the hESC-derived Nodal antago-
nist, Lefty [ 56 ]. Similarly, aggressive melanoma cells 
injected retro-orbitally in nude mice and allowed to colonize 
to the lung formed fewer tumor cell colonies when treated 
with intraperitoneal injections of a function blocking anti- 
Nodal antibody compared with mice injected with isotype 
control immunoglobulin [ 39 ]. Furthermore, melanoma cells 
observed in the lungs of Nodal antibody-treated mice showed 
more frequent signs of cellular stress and apoptosis com-
pared with melanoma cells in the lungs of control animals. 
Coupled with the in vitro observations that targeting Nodal 
or the upstream regulator Notch4 reduced cellular plasticity 
and VM formation in melanoma cells cultured on 3D matrix 
[ 1 ,  39 ], we suggest that targeting the Nodal pathway may 
offer a potentially attractive alternative treatment strategy for 
melanoma and other cancers. 

 EMT represents an example of tumor cell plasticity 
whereby alterations in the molecular and phenotypic profi le 
of cancer cells can infl uence their biological behavior and 
affect therapeutic outcome. As such, EMT has been sug-
gested as a key factor in determining the success rates of 
anticancer therapy. In certain cancers, specifi c inhibitors are 
more effective in epithelial-like tumor cells than in tumor 
cells that exhibit a more mesenchymal-like phenotype [ 57 –
 59 ]. In one example, ErbB receptor inhibition in aggressive 
infl ammatory breast cancer was associated with reversal 
from an aggressive mesenchymal phenotype to a less aggres-
sive, more chemosensitive epithelial phenotype [ 60 ]. This 
and similar observations suggest that the reversal of EMT 
could lead to enhanced sensitivity of cancer cells to specifi c 
anticancer agents. 

 Considering the heterogeneity of tumor cells, one theory 
is that treatment of a particular tumor type with a certain 
anticancer drug may only affect the subset of malignant cells 
with sensitivity, while other cells within the cancer are unaf-
fected either because they are resistant to the specifi c agent 
or do not express the drug target. This idea is exemplifi ed in 
the treatment strategies for melanoma that target the mitogen- 
associated protein kinase signaling pathway associated with 
activating NRAS or BRAF mutations [ 61 ]. Although NRAS 
and BRAF inhibitors have shown promise in a subset of mel-
anoma patients, a signifi cant proportion of patients do not 
benefi t from these novel targeted approaches, at least in part, 
because not all melanomas present these specifi c mutations 
or activated signaling pathways. Equally noteworthy, though, 
is the observation that most patients with an initial response 
to treatment, subsequently developed drug resistance [ 62 ], 
likely due to the evolution and adaptation of some cells. The 
treatment of breast cancer by direct targeting of the estrogen 

hormone receptor (ER) or the epidermal growth factor recep-
tor, HER2, provides another example of the drawbacks of 
targeted therapies on heterogeneous cancer cells. Although 
these specifi c breast cancer therapies have signifi cantly 
impacted patient survival, not all patients benefi t from this 
approach since not all breast cancers express ER or HER2. 
Moreover, the expression of these receptors can vary dra-
matically over time. For instance, patients that were once HR 
positive may become HR negative and vice versa, thus sig-
nifi cantly impacting treatment outcome [ 63 ]. 

 In general, once cancer cells sensitive to a particular treat-
ment have been eliminated, it is possible that a phenotypi-
cally distinct residual population of cancer cells with 
resistance to treatment will continue to proliferate unaf-
fected. This is especially true given the support for the pres-
ence of cancer cells with stem cell-like characteristics 
(including chemoresistance and reduced proliferation rate) 
that can give rise to a plastic, tumor-initiating progeny with 
the potential to assume phenotypes distantly related to the 
original cancer tissue. This may explain why certain break-
throughs in anticancer therapy, although highly promising in 
initial clinical trials, have encountered diffi culties and even 
failure when applied to a broader population of cancer 
patients. Our understanding of the molecular underpinnings 
of tumor cell plasticity responsible for the dynamic changes 
that regulate molecular and functional heterogeneity of can-
cer cells will help to provide the scientifi c rationale for 
adapting a more dynamic therapeutic approach capable of 
keeping in step with the ever-changing characteristics of the 
cancer being targeted.  

    Conclusion 

 The plasticity of aggressive tumor cells has presented a sig-
nifi cant challenge in the detection and targeting of the meta-
static, multipotent phenotype. Although the development of 
anticancer drugs has focused primarily on inducing tumor 
cell death and/or suppressing a tumor’s blood supply by tar-
geting endothelial cells, these strategies have been ineffec-
tive in eradicating the most deadly cancer cells. To address 
the reason(s) for this failure, we must fi rst comprehend the 
biological evidence underlying the plasticity of tumor cells 
and its myriad implications—to drive the strategic develop-
ment of new therapeutic approaches. 

 Tumors are composed of heterogeneous populations of 
cells with disparate cellular properties and unique targets. 
Based on this premise, recent studies are advocating an inte-
grative approach to cancer therapy, including a combinato-
rial approach of targeting tumor cells and their 
microenvironment with immune-based therapies [ 64 ]. Other 
fi ndings related to the pathways critically involved in tumor 
cell vasculogenic mimicry and the reactivation of embryonic 
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stem cell signaling pathways (such as Nodal and Notch4) 
constitute excellent, additional targets for suppressing tumor 
cell plasticity. Each of these pathways and properties con-
tributing to tumor cell plasticity and escape from immune 
surveillance warrants serious scrutiny as potential new strat-
egies to target the metastatic phenotype.     
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     Abbreviations 

   5-LO    Arachidonate 5-lipoxygenase   
  AML    Acute myeloid leukemia   
  BAD    Bcl-2-related death promoter   
  BAK    Bcl-2 homologous antagonist killer   
  B-ALL    B cell acute lymphoblastic leukemia   
  BAX    Bcl-2-associated X protein   
  Bcl-2    B-cell lymphoma/leukemia-2   
  BID    BCL2-like 11 (BIM) and BH3-interacting 

domain death agonist   
  CLL    Chronic lymphocytic leukemia   
  CML    Chronic myeloid leukemia   
  CSC    Cancer stem cells   
  CXCR4    C-X-C chemokine receptor type 4   
  EVI1    Ecotropic viral integration site 1   
  EZH2    Enhancer of zeste homolog 2   
  GMP    Granulocyte-macrophage progenitor   
  HDAC    Histone deacetylase   
  Hh    Hedgehog   
  HLF    Hepatic leukemia factor   
  HOX    Homeobox   
  HSC    Hematopoietic stem cell   
  ICN1    Intracellular NOTCH1   
  JAK2    Janus kinase-2   
  LSC    Leukemia stem cells   
  MPN    Myeloproliferative neoplasm   
  PcG    Polycomb group   
  PRC    Polycomb repressive complex   
  RUNX1    Runt-related transcription factor 1   
  Shh    Sonic Hedgehog   

  SIRT1    Sirtuin 1   
  STAT5    Signal transducer and activator of transcription-5   
  T-ALL    T cell acute lymphoblastic leukemia   

          Introduction 

 Cumulative evidence suggests that many tumors are propa-
gated by cells located in selective niches that have subverted 
stem cell properties, including self-renewal, survival, differ-
entiation, and dormancy [ 1 – 9 ]. Although the majority of 
cancer treatments eliminate rapidly dividing cells, patients 
suffering from solid tumors and hematologic malignancies 
continue to relapse and develop resistance to standard thera-
pies. A cancer stem cell (CSC) population has been described 
in a number of malignancies and may function as a reservoir 
of quiescent cells with tumor-regenerating capacity that ulti-
mately reactivates, leading to therapeutic recalcitrance, 
relapse, and metastases—the leading causes of cancer-
related mortality [ 10 – 12 ]. The concept that a subset of bulk 
cancer cells has the ability to propagate the malignancy is 
based on early studies in which a small number of self-
renewing tumor cells were required to regenerate all aspects 
of the tumor [ 13 ,  14 ]. This CSC hypothesis posits that CSC 
harbor characteristic functional features of stem cells albeit 
in a deregulated manner and is not predicated on cells shar-
ing the same cell surface characteristics as normal stem cells. 

 Cancer stem cells were fi rst identifi ed as leukemia stem 
cells (LSC) in human acute myeloid leukemia (AML) [ 15 , 
 16 ], a disorder associated with accumulation of immature 
myeloid blasts in the marrow and decreased normal hemato-
poiesis. Initiating oncogenic events have been described at 
the level of the hematopoietic stem cell (HSC) in leukemias 
of both myeloid and lymphoid types. During leukemic pro-
gression, this abnormal progenitor cell compartment expands 
and evolves from a molecular standpoint, resulting in the 
activation of pro-survival and self-renewal signaling path-
ways and facilitating the acquisition of additional stem cell-
like functional properties. In this chapter we will discuss 

      Molecular Evolution of Leukemia 
Stem Cells 

           Leslie     A.     Crews      and     Catriona H.M.     Jamieson     

        L.  A.   Crews      •    C.H.M.   Jamieson ,  M.D., Ph.D.      (*) 
  Department of Medicine and Sanford Consortium 
for Regenerative Medicine, Moores Cancer Center , 
 University of California, San Diego ,   2880 Torrey Pines 
Scenic Drive ,  La Jolla ,  CA   92037 ,  USA   
 e-mail: lcrews@ucsd.edu; cjamieson@ucsd.edu  



450

LSC evolution at a functional, genetic, epigenetic, and tran-
scriptomic level and the contribution of these alterations to 
the progression of myeloid and lymphoid leukemias.  

    Malignant Disorders of Abnormal HSC 
Development 

    Myeloid Leukemias 

 While AML LSC were originally identifi ed as 
CD34 + CD38 − CD90 − Lin −  immature cells [ 17 ], recent reports 
suggest that CD34 + CD38 −  or CD34 + CD38 +  fractions may 
contain leukemia initiating potential in myeloid malignancies 
depending on disease stage and the individual patient [ 18 – 20 ]. 
The phenotypic and molecular identity of LSC was initially 
established in robust xenotransplantation systems involving 
primary human AML samples (primagrafts) [ 21 ,  22 ]. These 
models recapitulate key aspects of the leukemic microenvi-
ronment and take into account some, but not all, niche-specifi c 
effects of gene expression. Despite groundbreaking advances 
in genetic and epigenetic classifi cation of AML (Table  1 ) [ 23 –
 28 ], the overall 5-year survival rate remains low at 25 % [ 29 ]. 
This is due in part to the fact that the current classifi cation 
criteria do not defi ne the self- renewal genes that fuel leukemic 
regeneration and relapse. Additionally, most effective thera-
peutic strategies, such as allogeneic hematopoietic cell trans-
plantation, are limited to patients under 55. However, AML is 
a disease of aging, as 69 % of patients are diagnosed at age 55 
or above [ 29 ]. Thus, better understanding of the molecular 
mechanisms of leukemic progression is needed in order to 
develop new therapies that can be used in patients who cannot 
be treated with current standards of care due to advanced age 
or therapeutic resistance.

   The fi rst tangible insights into the molecular pathogenesis 
of cancer stemmed from the discovery of the Philadelphia 

chromosome positive (Ph + ) and its constitutively active 
BCR-ABL protein tyrosine kinase product in the most highly 
studied myeloproliferative neoplasm (MPN)—chronic 
myeloid leukemia (CML). Studies of primary CML patient 
samples coupled with well-characterized xenograft mouse 
models of CML have furthered our understanding of the 
molecular evolution of LSC in myeloid malignancies [ 9 ]. 
CML represents an important paradigm for understanding 
the molecular evolution of cancer because it was the fi rst 
cancer shown to be initiated at the HSC level by BCR-ABL; 
the fi rst cancer found to undergo blastic transformation fol-
lowing malignant reprogramming of committed progenitors 
[ 9 ,  30 ]; and the fi rst target of molecular therapy with the 
introduction of the BCR-ABL targeted tyrosine kinase inhib-
itor (TKI) imatinib. 

 It is estimated that there are approximately 4,800–5,200 
new diagnoses of CML in the United States annually [ 31 ], 
and the estimated annual mortality, which before the advent 
of TKIs was approximately 10 % for the fi rst 2 years and 
20–25 % in subsequent years, has now been reduced to an 
estimated all-cause mortality of 2 % annually for the fi rst 10 
years of follow-up [ 31 ]. Moreover, as a result of these 
improved therapeutic outcomes, the prevalence of CML has 
started to grow annually reaching an estimated prevalence of 
CML that is approximately 70,000 patients in the USA in 
2010. This is expected to increase to 112,000 in 2020, 
144,000 in 2030, 167,000 in 2040, and 181,000 in 2050, 
when it will reach a plateau [ 31 ]. While current treatments 
are relatively effective at managing the disease in the chronic 
phase, TKI intolerance and noncompliance drive therapeutic 
resistance and disease progression in approximately one 
third of patients. Moreover, lifelong treatment with current 
standard of care TKI therapies comes at signifi cant fi nancial 
and physical costs. The estimated cost of imatinib today is 
approximately $54,000 annually, whereas the cost of second- 
generation TKIs is approximately $80,000 to $90,000 per 

    Table 1    WHO classifi cation of AML subgroups with genetic and molecular characteristics and prognosis   

 AML subgroup  Genetic, molecular, and clinical characteristics  Prognosis 

 AML with recurrent genetic abnormalities  (a) Translocation of chromosomes 8 and 21 ( AML1 / ETO )  Good prognosis, responsive 
to therapy, high remission rates  (b) Inversion or translocations of chromosome 16 ( CBFβ / MYH11 ) 

 (c) Changes in chromosome 11 ( MLL ) 
 (d)  Acute promyelocytic leukemia with translocations involving 

chromosomes 15 and 17 ( PML / RARα ) 
 AML with multilineage dysplasia  Preceding history of myeloproliferative neoplasm (MPN) or 

myelodysplastic syndrome (MDS) 
 Poor prognosis, poor response 
to therapy 

 More than one abnormal myeloid cell type is involved 
 Therapy-related (or secondary) 
AML and MDS 

 History of radiation and/or chemotherapy (alkylating agents or 
topoisomerase-II inhibitors) 

 Poor prognosis, resistance 
to therapy 

 Complex cytogenetic abnormalities 
 AML not otherwise specifi ed (NOS)  Disease features are based primarily on the major cell lineage(s) 

involved and the degree of maturation (erythroid, monocytic, or 
basophilic cell types, among others) 

 Variable 
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patient per year [ 31 ]. Over 60 % of CML patients relapse 
within 12 months of TKI discontinuation supporting the 
existence of a quiescent LSC population [ 32 ]. Moreover, the 
acquisition of kinase domain mutations in the activating 
oncogenes may promote drug resistance [ 33 ]. Ultimately, a 
signifi cant percentage of patients are expected to develop 
TKI resistance driven by quiescent LSC. 

 Additionally, due to the more effective treatment options 
currently available that delay the progression of the disease, 
the age at which patients progress to the accelerated phase or 
undergo blastic transformation is increasing. Unfortunately, 
this aging patient population is often unable to tolerate stan-
dard induction chemotherapy or myeloablative hematopoi-
etic cell transplantation or even reduced intensity condition 
protocols. Notably, discontinuation of imatinib therapy pro-
duces a molecular relapse rate of approximately 60 %, and it 
is estimated that with current strategies, less than 5–10 % of 
patients may be able to discontinue imatinib therapy [ 31 ]. 
Thus, development of alternative treatment strategies specifi -
cally targeting the molecular drivers of the disease is of great 
clinical importance.  

    Lymphoid Leukemias 

 While in vivo xenograft studies of human myeloid leukemia 
demonstrate that LSC are capable of serially transplanting 
leukemia [ 9 ,  16 ,  18 ,  21 ], cellular subpopulations within pre-
cursor B cell acute lymphoblastic leukemia (B-ALL) sam-
ples demonstrate greater functional and genetic heterogeneity 
[ 34 ,  35 ]. Recently, DNA copy number alteration (CNA) pro-
fi ling and in vivo analysis suggested that patients with BCR- 
ABL1 ALL have increased rates of early relapse [ 36 ]. In 
another leukemia subtype that often exhibits early relapse 
[ 37 ]—pediatric T cell acute lymphoblastic leukemia 
(T-ALL)—serially transplantable cells were found to be 
enriched in CD34 + CD4 −  and CD34 + CD7 −  fractions of newly 
diagnosed patient samples [ 38 ]. While T-ALL represents 
only 25 % of adult and 15 % of pediatric ALL cases, it pro-
vides another distinct example of a hematologic malignancy 
driven by specifi c molecular alterations. In approximately 
60 % of T-ALL cases, activating mutations in NOTCH1 and 
FBXW7 result in constitutively active NOTCH1 signaling 
[ 39 – 41 ]. Somatic activating mutations in the NOTCH1 het-
erodimerization domain (HD) or PEST domain or alterna-
tively loss-of-function mutations in FBXW7, a NOTCH1 E3 
ubiquitin ligase, increase release or stability of cleaved intra-
cellular NOTCH1 (ICN1). This, in turn, leads to transcrip-
tional activation of genes that promote proliferation and 
survival such as MYC and HES1 [ 39 ,  42 ]. 

 The LSC population has been reported to be an essential 
driver of therapeutic resistance and relapse in adult T-ALL 

[ 43 ]. In pediatric T-ALL the CD34 +  fraction of pediatric 
 NOTCH1   Mutated   T-ALL samples possesses enhanced survival 
and self-renewal potential, characteristic of LSC, compared 
with their CD34 +  NOTCH1 wild-type ( NOTCH1   WT  ) counter-
parts [ 44 ]. These  NOTCH1   Mutated   LSC were susceptible to 
targeted inhibition with a therapeutic human NOTCH1 
monoclonal antibody, while normal hematopoietic progeni-
tors were spared [ 44 ]. These observations highlight the cell 
type and context-specifi c effects of NOTCH signaling [ 45 –
 51 ] and the importance of oncogenic addiction to NOTCH1 
signaling in T-ALL LSC maintenance [ 44 ]. 

 Mutation and aberrant activation of members of several of 
these pathways including NOTCH1 are common among 
multiple forms of lymphoid and myeloid malignancies. A 
number of novel cancer genes (FBXW7, SF3B1) were 
recently identifi ed in chronic lymphocytic leukemia (CLL), 
an indolent B-cell leukemia [ 52 ], suggesting that the molec-
ular pathways driving the initiation and progression of dis-
ease may be quite similar across a variety of hematologic 
malignancies, while cell type and context-specifi c factors 
may dictate the clinical manifestation of each disorder. For 
example, CLL accessory cells, such as endothelial cells and 
activated T lymphocytes, have been shown to play a signifi -
cant role in the maintenance of CLL tumor cells in vivo [ 53 , 
 54 ]. Thus, intracellular alterations such as acquired muta-
tions and epigenetic changes that ultimately result in deregu-
lated signal transduction coordinate with extracellular, 
niche-derived cues to maintain malignant cell populations by 
infl uencing cell differentiation and enhancing cell survival, 
niche retention, and self-renewal. In this chapter we will dis-
cuss the functional characteristics of LSC and molecular 
mechanisms driving their evolution into self-renewing reser-
voirs of disease resurgence, along with alterations at genetic, 
epigenetic, and RNA levels that promote LSC generation 
and maintenance.   

    Functional Characteristics of LSC and 
Molecular Evolutionary Mechanisms 

 Populations of LSC were fi rst functionally validated in 
AML, and later in CML and other hematologic malignan-
cies. These functionally validated LSC populations possess 
multiple stem cell-like properties along with serial transplan-
tation capacity in vivo—the gold standard for evaluating 
LSC self-renewal capacity. In CML, BCR-ABL transloca-
tion occurs generating the p210 form of this constitutively 
active kinase at the level of the HSC and initiates the chronic 
phase of the disease. However, BCR-ABL is necessary but 
not suffi cient to enhance survival and self-renewal of human 
progenitor cells. Following initiating oncogenic events, such 
as BCR-ABL translocation in CML or chromosomal translo-
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cations and inversions associated with the development of 
AML, genomic instability is increased. Subsequent acquisi-
tion of additional cellular abnormalities facilitates aberrant 
signal transduction through pathways that regulate cell dif-
ferentiation, survival, self-renewal, and dormancy in protec-
tive niches. 

    Aberrant Differentiation 

 In myeloid malignancies, LSC progeny demonstrates skewed 
differentiation potential towards myeloid lineages, and in 
lymphoid malignancies, B-cell differentiation is favored. In 
advanced stages of CML, myeloid differentiation is favored 
at the expense of erythroid differentiation, and thus many 
patients suffer from anemia at varying levels of severity. The 
factors that skew cellular differentiation towards specifi c 
hematopoietic lineages in hematologic malignancies are the 
subject of intense investigation, and many important factors 
have been identifi ed; however, the precise mechanisms and 
relative contribution of various molecular regulators remain 
unclear. Early seminal studies demonstrated that enforced 
expression of the oncogene and known reprogramming fac-
tor c-Myc can trigger the development of both myeloid [ 55 ] 
and lymphoid [ 56 ] neoplasias in mouse models. Interestingly, 
it appears that the expression level of MYC is a critical factor 
in determining the type of neoplasia that is established and 
the hematopoietic differentiation lineage that is favored [ 57 ]. 
c-Myc plays an important role in maintaining a healthy bal-
ance between HSC self-renewal and differentiation in normal 
hematopoiesis [ 58 ]; however, other factors may cooperate. 

 Another factor implicated in LSC differentiation is arachi-
donate 5-lipoxygenase (5-LO) gene (Alox5), which was iden-
tifi ed as a critical regulator of LSC in BCR-ABL-induced 
CML [ 59 ]. In a mouse model, recipients of BCR-ABL trans-
duced bone marrow cells from Alox5 −/−  donor mice failed to 
develop CML. Alox5 defi ciency impaired the function of 
LSC but not normal HSC through effects on differentiation, 
cell division, and survival, resulting in a depletion of LSC, 
suggesting that 5-LO is an attractive target for pharmacologi-
cal intervention [ 59 ]. In MPNs, activation of the Janus kinase 
2 (JAK2) signaling pathway has been shown to play an impor-
tant role in driving HSC towards erythroid differentiation 
[ 60 ], and signaling through signal transducer and activator of 
transcription-5 (STAT5) downstream of JAK2 has been more 
recently implicated in BCR-ABL-induced CML-like MPN 
and B-ALL phenotypes [ 61 ,  62 ]. In MLL-induced AML, a 
component of the polycomb repressive complex (PRC) 2 and 
a target of c-Myc transcriptional regulation—enhancer of 
zeste homolog 2 (EZH2)—inhibits differentiation programs 
in LSC likely through regulation of downstream genes rele-
vant to the developmental and differentiation processes such 
as the transcription factor Egr1, thereby augmenting their 

 leukemogenic activity [ 63 ]. Thus, transcriptional regulators 
and signaling molecules are important factors in driving 
skewed differentiation in leukemic disorders.  

    Enhanced Survival 

 During blast crisis transformation in CML, myeloid LSC 
arise from the expanded granulocyte-macrophage progenitor 
(GMP) population with amplifi ed BCR-ABL1 expression 
[ 9 ]. These malignant GMP are reprogrammed via aberrant 
activation of survival and self-renewal pathways leading to 
therapeutic resistance [ 9 ,  15 ,  18 ,  64 ]. Previous studies have 
demonstrated that dormant BCR-ABL + , CD34 +  CML pro-
genitors are resistant to apoptosis induced by imatinib [ 65 ] 
or dasatinib [ 66 ], suggesting that cellular pro-survival path-
ways may be aberrantly activated in CML LSC. Critical 
regulators of CML LSC include members of the intrinsic 
apoptosis pathway such as the B-cell lymphoma/leukemia-2 
(Bcl-2) family of proteins including Bcl-2, Bcl-XL, and Mcl- 
1, which promote cell survival and have been previously 
implicated in LSC maintenance [ 67 ,  68 ]. Additionally, fac-
tors that regulate Bcl-2 such as the stearoyl-CoA desaturase 
1 (Scd1) gene, which was recently shown to have a tumor 
suppressive role in a CML mouse model [ 69 ], also infl uence 
LSC survival. Other related molecules with antagonizing, 
pro-apoptotic functions include proteins such as Bcl-2- 
associated X protein (BAX), Bcl-2-related death promoter 
(BAD), Bcl-2 homologous antagonist killer (BAK), BCL2- 
like 11 (BIM), and BH3-interacting domain death agonist 
(BID). Interestingly, upregulation of BIM is required for the 
induction of apoptosis in kinase-driven cancers, and a recent 
study identifi ed a common intronic deletion polymorphism 
in the gene encoding BIM in CML patient samples [ 70 ]. 

 Apoptosis-related genes have also proved to be useful 
prognostic indicators of AML outcome [ 71 ]. Specifi cally, 
high levels of Bad and Bax mRNA expression predicted 
adverse outcome in de novo and secondary AML [ 71 ]. In 
lymphoid leukemias such as CLL, tumor cells upregulate 
some anti-apoptotic proteins, such as pro-survival members 
of the Bcl-2 family (Bcl-2 and Mcl-1) and other programmed 
cell death factors [ 72 ]. Moreover, increased Mcl-1 expres-
sion has been associated with other poor prognostic markers 
[ 73 ]. Interestingly, in the past CLL was considered to be a 
disease of tumor cell accumulation due to impaired apopto-
sis rather than over-proliferation. However, more recent 
research clarifi es that CLL is rather a dynamic disease with a 
higher leukemic cell turnover than previously detected, 
which is derived from proliferative pools in the bone marrow 
and lymph nodes [ 74 ,  75 ]. Thus, precise regulation of the 
balance between pro-survival and pro-apoptotic signals is a 
critical contributor to survival of LSC in both myeloid and 
lymphoid leukemic malignancies.  
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    Increased Self-Renewal Potential 

 Self-renewal pathways that are commonly deregulated in 
LSC include canonical developmental pathways, such as the 
Wnt/β-catenin [ 9 ,  76 ,  77 ] and Hedgehog (Hh) signaling path-
ways [ 76 ,  78 ,  79 ], which are evolutionarily conserved and 
direct essential developmental processes. While these signal-
ing molecules and developmental processes are tightly con-
trolled and generally inactive in differentiated adult tissues, 
they play an important role in normal adult stem cells. During 
blastic transformation of CML, activation of Sonic hedgehog 
(Shh) [ 76 ,  79 ] and β-catenin [ 9 ,  77 ] and also inactivation of 
the negative regulator of β-catenin GSK3β through produc-
tion of a misspliced kinase-defi cient form [ 18 ] enhance the 
self-renewal capacity of leukemic GMP. Enforced BCR-
ABL expression drives increased β-catenin levels, suggesting 
that the effects of β-catenin on CML LSC maintenance may 
be directly related to BCR-ABL kinase activity [ 80 ]. 

 Deregulation of the β-catenin pathway appears to be a 
common event in leukemic transformation, as activation of 
β-catenin has been observed in AML [ 64 ]. Other signal 
transduction factors also contribute to LSC maintenance, 
such as constitutive activation of Flt3 and STAT5A, which 
has been shown to play a role in self-renewal and aberrant 
differentiation of AML LSC through a process that can 
involve downstream pathways involving STAT5, homeobox 
(HOX) genes, and hepatic leukemia factor (HLF) [ 81 ]. HOX 
genes are master transcription factors that are highly con-
served and tightly regulated during embryonic patterning 
and development [ 82 ] and in tissue repair and regeneration. 

This family of genes also plays a role in hematopoietic devel-
opment [ 83 ] and has recently been investigated for use in ex 
vivo reprogramming strategies targeting bone marrow- 
derived cell populations [ 84 ]. Other self-renewal factors 
involved in LSC maintenance include the polycomb group 
(PcG) protein Bmi1 along with cofactors Meis1 and Hoxa9 
in MLL-induced AML [ 85 ,  86 ]. In T- and B-cell lymphoid 
malignancies, the NOTCH1 signaling pathway is an impor-
tant driver of progenitor self-renewal [ 87 ], along with the 
activation of the LIM-only domain protein LMO2 and/or 
inactivation of the tumor suppressor Arf [ 88 ]. Thus, it has 
become increasingly clear that developmental stem cell path-
ways represent a common molecular thread linking a wide 
range of CSC-driven human malignancies. Aberrant activa-
tion of these pathways can facilitate the acquisition of stem 
cell-like properties, thus driving the evolution of LSC to 
favor more primitive phenotypes and functions (enhanced 
survival and self-renewal) throughout disease progression.  

    Niche Retention and Progenitor Cell Dormancy 

 Interactions between LSC and their specialized niches are 
vital for maintenance of the stem cell-like characteristics of 
LSC, and signals derived from the stromal microenviron-
ment can alter the expression patterns of survival pathways 
implicated in LSC generation and maintenance. In leukemic 
disorders, LSC can become dormant in supportive microen-
vironments such as the bone marrow [ 89 ,  90 ] (Fig.  1 ). 
Bone marrow resident LSC harbor enhanced survival and 

  Fig. 1    Schematic diagram of 
components of the bone marrow 
microenvironment in leukemia. 
Leukemia stem cells migrate into 
the bone marrow where they can 
become dormant and reside 
preferentially in the endosteal 
niche. Aberrant intercellular 
signaling between LSC and other 
constituents of the bone marrow 
microenvironment (osteoblasts, 
osteoclasts, mesenchymal stem 
cells, adipocytes, endothelial 
cells, stromal cells, and normal 
hematopoietic stem cells) can 
disrupt microenvironmental 
homeostasis and promote LSC 
survival and self-renewal       
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self- renewal capacity and persist in a quiescent state [ 91 ], 
particularly in the endosteal niche [ 92 ] (Fig.  1 ). Notably, cel-
lular quiescence induced by niche localization may also pro-
tect cells from radiation or chemotherapy [ 93 ], and poor 
disease outcomes can occur as a result of resurgence of leu-
kemic cells derived from these resistant populations of LSC.

   Numerous molecules can infl uence LSC interactions with 
the bone marrow microenvironment, including cell surface 
markers and signaling receptors. Preclinical studies identifi ed 
the transmembrane glycoprotein CD44—a β-catenin target 
gene and putative CSC marker in a variety of cancers [ 94 ]—
as an important mediator of the interaction between LSC and 
the bone marrow niche in both myeloid and lymphoid malig-
nancies. Interestingly, antibody-mediated inhibition of CD44 
resulted in a reduction of LSC burden in murine recipients of 
CD44-mutant BCR-ABL1-transduced progenitors [ 95 ] or 
human AML LSC burden in xenograft models [ 96 ]. Another 
cell surface receptor that is critical to HSC homing to the 
bone marrow and acquisition of quiescence is C-X-C chemo-
kine receptor type 4 (CXCR4) and its ligand, CXCL12 (SDF-
1) [ 97 ,  98 ]. CML cells express CXCR4 [ 99 ], and upregulation 
of CXCR4 by the TKI imatinib promotes migration of CML 
cells to the bone marrow, inducing cell cycle arrest and facili-
tating the survival of quiescent CML progenitor cells [ 100 ]. 
Together these results indicate that the bone marrow micro-
environment provides a privileged sanctuary for LSC that 
protects them from TKI intervention and promotes the evolu-
tion of LSC towards therapeutically recalcitrant LSC.   

    Role of Additional Molecular Alterations 
in LSC-Driven Leukemic Transformation 

 Extensive research on molecular events fueling human leu-
kemic progression has focused on acquired DNA mutations. 
Besides the known initiating oncogenic events that can occur 
at the HSC level in leukemia, such as BCR-ABL transloca-
tion in CML, NOTCH1 mutations in T-ALL, and in AML 
chromosomal abnormalities involving chromosomes 8 and 
21 (translocations), 16 (inversions or translocations), 15 and 
17 (translocations), or changes in chromosome 11 (Table  1 ), 
advances in DNA sequencing technologies in recent years 
have facilitated the identifi cation of additional genetic abnor-
malities associated with leukemic transformation. Additional 
cytogenetic abnormalities, present in approximately 7 % of 
CML patients at diagnosis [ 101 ], may promote genetic insta-
bility and drive the development of additional DNA aberra-
tions. Massive parallel sequencing studies of lymphoid 
leukemias such as CLL identifi ed four mutated genes in cod-
ing regions (KRAS, SMARCA2, NFKBIE, and PRKD3) all 
in cases with progressive disease [ 102 ]. Acquired mutations 
or genetic polymorphisms in molecular regulators of HSC, 
such as the recently described BIM polymorphism that medi-

ates TKI resistance [ 70 ], contribute to the molecular evolu-
tion of LSC by promoting cell survival, self-renewal, 
dormancy, and other functions. 

 Deregulation of epigenetic modifi ers that control the acet-
ylation and methylation status of DNA plays a pivotal role in 
leukemic transformation and the molecular evolution of 
LSC. Mutations in the DNA methyltransferase gene 
DNMT3a show age-related correlation with poor prognosis 
in AML [ 103 ], while activation of the lysine-specifi c demeth-
ylase KDM1a appears to sustain the MLL-AF9-induced 
oncogenic program in AML LSC [ 104 ]. Histone deacetylase 
(HDAC) enzymes, which regulate DNA expression by modi-
fying histone proteins in chromatin, have been identifi ed as 
therapeutic targets in several cancers [ 105 ,  106 ], and inhibi-
tors of these enzymes have shown promise in eliminating 
LSC in CML alone and in combination with TKIs [ 107 ]. 
Similarly, a more selective inhibitor strategy targeting NAD- 
dependent histone deacetylase Sirtuin 1 (SIRT1) enhanced 
sensitivity of CML progenitors to imatinib-induced apopto-
sis but did not affect survival of normal progenitors [ 108 ]. 

 Also in CML, translocations in ecotropic viral integration 
site 1 (EVI1), resulting in overexpression of this transcrip-
tional regulator, appear to coordinate with BCR-ABL1 in the 
evolution of TKI-resistant blast crisis [ 109 ]. Notably, EVI1 is 
also deregulated in human AMLs and was recently identifi ed 
as a target of transcriptional regulation by runt-related tran-
scription factor 1 (RUNX1)—a frequent mutational target in 
myelodysplastic syndromes (MDS) and AML [ 110 ]. One of 
the mechanisms by which RUNX1 regulates the transcrip-
tion of EVI1 is by acetylation of the histone H3 on its pro-
moter region [ 110 ], and RUNX1 mutations in cytogenetically 
normal AML have been associated with poor prognosis and 
upregulation of lymphoid genes or lineage infi delity [ 111 ]. 

 Although AML is quite heterogeneous in terms of its 
cytogenetic features in different forms of the disease, muta-
tional analyses have begun to show promise for providing 
molecular diagnostic and prognostic markers. The 12 most 
frequently mutated genes in AML are FLT3, NPM1, CEBPA, 
KIT, N-RAS, MLL, WT1, IDH1/2, TET2, DNMT3A, and 
ASXL1 [ 112 ], and better understanding of the prognostic 
and functional signifi cance of specifi c mutations may 
improve patient stratifi cation and clinical outcome with more 
personalized treatment strategies based on molecular altera-
tions. Base-pair resolution DNA methylation sequencing 
studies revealed profoundly divergent epigenetic landscapes 
in AML [ 113 ], and a number of the commonly mutated genes 
associated with leukemic transformation are factors involved 
in epigenetic modifi cation of gene expression, particularly 
RNA processing, exon skipping, and splicing, and directly 
regulate stem cell function [ 114 ]. General changes in pre-
mRNA splicing as a result of p210BCR/ABL kinase activity 
may contribute to CML pathogenesis [ 115 ]; however, the 
mechanisms promoting abnormal RNA processing in CML 
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remain to be elucidated. We have recently shown in whole 
transcriptome RNA sequencing studies that specifi c pro-
survival splice isoforms of BCL2 family genes are enriched 
in LSC during CML progression [ 116 ]. Together with recent 
seminal studies identifying spliceosome mutations as har-
bingers of leukemic transformation and therapeutic resis-
tance of leukemias, these fi ndings have underscored the 
importance of elucidating the role of RNA alterations in 
cancer progression. 

 DNA sequencing and microarray gene expression results 
suggest that prognosis in human myeloid disorders is gov-
erned by specifi c mutations in splicing-related and RNA- 
processing genes that may generate splice isoform diversity 
more typical of primitive stem cells. Alterations in splicing 
factor genes [ 117 ] and epigenetic modifi ers, such as  SF3B1  
and  U2AF1 , have been increasingly found in hematologic 
malignancies [ 52 ] but with varying prognostic implications 
suggesting that effects of these mutations are cell type and 
context-specifi c. Recent genome sequencing research 
revealed a recurrent missense mutation at Ser34 of U2AF1, 
an essential component of the spliceosome that was associ-
ated with an increased risk of secondary AML transforma-
tion in patients with MDS [ 118 ]. Similarly,  SF3B1  mutations 
have been identifi ed in approximately 10 % of CLL patients 
[ 119 ], and mutational status of this gene appears to correlate 
with disease progression and has prognostic value [ 120 ]. 

 Essential differences between murine and human malig-
nancies, particularly with regard to DNA repair and splicing, 
have been highlighted in recent years. Aberrant splicing 
could occur as a result of described leukemia-associated 
mutations in splicing factor genes but also as a downstream 
effect of deregulation of other RNA-processing mechanisms. 
An RNA-processing event that is relatively unexplored in the 
context of LSC maintenance and evolution is RNA editing, 
which occurs via enzymatic RNA editase activity targeting 
adenosines or cytidines in cellular mRNAs. RNA editing 
plays an important role in both embryonic hematopoietic cell 
fate determination and in maintenance of normal hematopoi-
esis [ 121 ,  122 ], and recent studies implicate increased 
expression of RNA-editing enzymes in the mutational evolu-
tion of cancer [ 123 ]. This family of enzymes is receiving 
growing attention in hematologic malignancies as overex-
pression of the RNA editase adenosine deaminase acting on 
RNA (ADAR)1 occurs in LSC during CML progression 
[ 124 ]. Furthermore, genetic knockdown of the ADAR1 gene 
in human or mouse cells prevents development of CML-like 
disease in in vivo models, highlighting the potential utility of 
novel therapeutic strategies targeting aberrant RNA process-
ing activity in LSC [ 124 ,  125 ]. Furthermore, another poorly 
understood posttranscriptional modifying event of RNA—
methylation of the N(6) position of adenosine (m(6)A)—is 
enriched in 3′UTRs and near stop codons, which may have 
additional implications for the epigenetic regulation of the 
mammalian transcriptome [ 126 ]. Thus, it is quite possible 

that aberrant posttranscriptional RNA alterations may con-
tribute to remodeling of the cellular transcriptome and pro-
teome of LSC that drive tumor progression and relapse; 
however, future studies will be necessary to elucidate the 
precise role of these events in leukemic progression and evo-
lution of therapeutically recalcitrant LSC.  

    Conclusions 

 Recent advances in genomic technologies raise the possibil-
ity that the molecular pathways driving the initiation and 
progression of leukemia may be quite similar across a vari-
ety of myeloid and lymphoid malignancies, whereas cell 
type and context-specifi c factors may dictate the precise 
clinical presentation and outcome of each individual disease. 
Precise regulation of the balance between cell survival, dif-
ferentiation, self-renewal, and dormancy is critical for the 
maintenance of LSC in both myeloid and lymphoid leuke-
mic malignancies. Furthermore, the epigenetic and transcrip-
tomic landscape of LSC represents a vital component of this 
process that is tightly integrated with genetic aberrations and 
molecular pathways that drive LSC generation and therapeu-
tic resistance. 

 While current treatments are relatively effective at manag-
ing CML in early stages, TKI intolerance and noncompliance 
drive therapeutic resistance and disease progression in a sig-
nifi cant fraction of patients. The development of effective 
therapies that eliminate LSC is predicated on a comprehensive 
understanding of a network of epigenetic and genetic muta-
tions that alter differentiation, survival, dormancy, and self-
renewal as well as the cellular context in which they arise. 
Future studies incorporating stem cell functional validation 
into cancer genomics, self-renewal, survival, and quiescence 
properties will be vital to facilitate evaluation of these essen-
tial CSC properties and will inform prognostication and thera-
peutic strategies that may avert relapse, particularly in patient 
populations that are poor candidates for current treatments.     
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           Introduction 

 The concept of bipotent hepatic progenitor cells residing in 
the cholangioles, the smallest ducts that connect the bile 
canaliculi to the biliary tree, was postulated more than 50 
years ago by Wilson and Leduc [ 1 ]. This concept has been 
supported by many subsequent studies demonstrating the 
activation and proliferation of small basophilic progenitor 
cells with ovoid nuclei after physical or chemical injury or 
treatment with hepatocarcinogens [ 2 – 7 ]. Because these so- 
called oval cells were only activated under extreme condi-
tions, they were designated by Grisham et al. as “facultative 
stem cells,” a designation suggested by their ability to 
undergo hepatocyte or ductal cell differentiation [ 8 ]. In the 
past the presence of a stem/progenitor cell population in the 
adult liver and their roles in injury, regeneration, and carci-
nogenesis had been a source of debate. This controversy is 
due to the lack of cell turnover in the normal liver and the 
demonstration that hepatocytes and bile ductal epithelial 
(BDE) cells have an immense capacity for self-renewal that 
is more than suffi cient to regenerate and maintain the size 
and functional capacity of the liver [ 9 ,  10 ]. Now there is evi-
dence from a number of recent studies that has led to the 
general acceptance of the existence of cell population(s) with 
stem-like properties in the adult liver [ 11 ,  12 ]. The term 
“oval cell” is commonly used to describe a heterogeneous 
population of liver cells that likely includes multiple cell 
types in addition to cells with stem-like properties. 
Controversy still remains over the origin, phenotypic identi-
fi cation, molecular traits, and role of oval cells in normal 
regeneration and carcinogenesis. It is also unclear whether 

oval cells from different species or that arise from different 
insults are comparable [ 13 ]. In the future it seems likely that 
the descriptions of various stem/progenitor populations in 
the liver will include cell-surface marker designations. 

 Under severe or chronic liver injury where the prolifera-
tive capacity of hepatocytes and ductal cells has been com-
promised, hepatic stem/progenitor cells play an essential role 
as a fail-safe system that can repair the liver [ 8 ]. Indeed, 
studies suggest that there are three and possibly four bi- or 
multipotent cell populations coexisting in the normal adult 
liver. Primitive periductal progenitors, designated as type 0 
by Sell [ 3 ] and as “blast” or “basal” cells by Novikoff and 
Yam [ 14 ], are the fi rst cells that undergo DNA synthesis and 
proliferation following treatment with liver carcinogens [ 14 –
 16 ]. These cells lack lineage markers and reside either in the 
portal mesenchyme in close proximity to bile ductules or 
sequestered inside a basal compartment formed by bile duct 
epithelial cells (BDEC). Other bipotent liver progenitors 
such as those designated type I, type II (classic oval cells), or 
type III (transitional hepatocytes with ductal and hepatocyte 
features) are viewed by some as “transit” cells that rapidly 
proliferate and eventually differentiate into hepatocytes or 
ducts [ 3 ,  4 ,  6 ,  17 ]. The Sox9-positive cells isolated by Dorrell 
et al. using cell-surface antibodies seem to closely resemble 
those progenitors designated as type II [ 11 ]. In relating these 
adult stem cell types to fetal progenitors, the rat type 0 pro-
genitors, the OC.10 positive, bipotent, fetal ductal cells iso-
lated by Simper-Ronan et al. [ 18 ] from embryonic day 16 
fetal livers, and the type II progenitors in adult liver would 
seem to most closely resemble the 12–14-day progenitors 
described by several groups [ 19 – 21 ]. In addition, Gordon 
et al. [ 22 ],    Tateno et al. [ 23 ,  24 ], and others have also 
described what have been called “small hepatocyte progeni-
tor” (SHP) cells. SHPs are present in normal liver in low 
numbers but expand rapidly in retrorsine-treated rats. SHPs 
would seem to fi t the characteristics ascribed by Sell [ 3 ] for 
type III progenitors since they initially express both hepato-
cyte and bile ductal markers and seemed to be restricted to 
differentiation along a hepatocyte lineage. 
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Regeneration, and Carcinogenesis 
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 Because hepatocytes and BDE cells have an immense 
capacity for proliferation and “self renewal” [ 9 ,  25 ], it has 
been suggested that they are in reality “unipotent” stem cells 
[ 26 ], a concept that seems at odds with the basic properties 
ascribed to true stem cells. For example, proliferation of 
hepatocytes and BDE appears to involve symmetric cell divi-
sion. In essence the two daughter cells are identical to their 
parent. True stem cells, in contrast, not only undergo sym-
metric cell divisions but also divide asymmetrically. This 
results not only in self-renewal but also in the production of 
daughter cells that can undergo further differentiation [ 4 ]. 
Recent investigations in  Drosophila  and  C .  elegans  demon-
strate that this process is mediated by factors that direct the 
orientation of the mitotic spindle and asymmetric localiza-
tion of adaptor proteins and cell fate determinants into one 
daughter cell. After mitosis the proteins involved in cell fate 
determination act together to prevent self-renewal and prolif-
eration and promote differentiation [ 27 ]. Although most of 
the key players involved in asymmetric cell division in these 
model organisms are conserved in vertebrates, their function 
still remains unclear. Herein lies a second distinction between 
“stem cells” and hepatocytes—the absence of differentiation 
and lineage progression, a hallmark of stem cells that is 
unnecessary for hepatocytes or mature BDEC. Under condi-
tions where the replicative capacity of hepatocytes has not 
been compromised, such as restitutive proliferation follow-
ing partial hepatectomy, regeneration appears to be a purely 
replicative process mediated by mature hepatocytes or ductal 
cells [ 25 ,  28 ]. In addition, true stem cells have a self-renewal 
capacity that renders them immortal relative to the normal 
life span of the animal. Hepatocytes, in contrast, have a fi nite 
longevity and, over the course of a year, are completely 
replaced by “new” hepatocytes through the normal 
process(es) of renewal [ 29 ]. In this respect, hepatocytes are 
more akin to progenitor cells, a bi- or multipotent cell popu-
lation distinguished from stem cells by their more limited 
capacity for self-renewal [ 28 ]. 

 When all of the current information on hepatic progenitor 
cells is viewed as a whole, the picture that emerges is a mul-
titiered system of renewal designed to provide alternative 
pathways to liver regeneration that assure the retention or the 
reestablishment of liver functionality even when mature 
hepatocytes and ductal cells have been severely compro-
mised. Various studies have documented the ability of hema-
topoietic stem cells (HSC) to differentiate into hepatocytes 
[ 30 ,  31 ]. Transplantation experiments using genetic markers 
demonstrate that the majority of HSC-derived hepatocytes 
contain genetic information from both the donor and the host 
indicating that bone marrow-derived hepatocytes are a result 
of cell fusion [ 32 ,  33 ] or of the uptake of hepatocyte 
microvesicles with the ability to induce the expression of 
characteristic hepatocyte genes [ 34 ]. However, the involve-
ment of HSCs in the regenerative response remains contro-

versial as studies have demonstrated that HSCs contribute 
less than 1 % to liver repopulation [ 35 ,  36 ]. 

 Since hepatic stem/progenitor cells are few in number and 
thus not usually apparent in the normal adult liver, develop-
ment of methods to induce their activation, expansion, and 
differentiation in a reproducible fashion is essential for 
understanding the molecular events that determine their ulti-
mate fate, particularly during the course of liver carcinogen-
esis and chronic disease. In the remainder of this review, we 
discuss a number of the most commonly used animal models 
for studying hepatic progenitor cell populations and strate-
gies used for lineage analysis.  

    Selective Activation of Rodent Liver 
Progenitor Cells 

 In most animal models, activation of progenitor cells requires 
treatment with agents that severely compromise the prolifer-
ative capacity of hepatocytes but have little or no effect on 
progenitor cells, presumably because progenitors lack the 
cytochrome P450s needed to generate mitoinhibitory metab-
olites. 2-acetylaminofl uorene (2-AAF), a liver carcinogen 
that is effective in blocking the regenerative capacity of 
hepatocytes at noncarcinogenic doses, has been used for this 
purpose in a number of oval cell induction protocols [ 37 – 39 ]. 
When coupled with partial hepatectomy or treatment with 
CCl 4 , 2-AAF induces a moderate oval cell expansion (Fig.  1 ) 
that peaks between 7 and 9 days after PH or CCl 4  [ 38 ,  40 ]. 
The reproducibility and short induction period have led to 
wide use of this protocol. A considerably larger oval cell 

  Fig. 1    Oval cells in the liver of Fischer rat 7 d after treatment with 
2-AAF and partial hepatectomy. Hematoxylin and eosin staining of 
formalin-fi xed paraffi n-embedded liver. Oval cells are the basophilic 
cells emanating from the portal tracts and diffusing out into the liver 
parenchyma. Bar = 50 mm       
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expansion can be obtained by combining 2-AAF with a cho-
line-defi cient (CD) diet [ 37 ]. With this protocol, as much as 
80 % of the liver is occupied by oval cells and atypical oval 
cell ducts within 2–4 weeks. A major drawback to this sys-
tem is the high mortality in treated animals (100 % by 5 
weeks), a fi gure that does not improve signifi cantly when 
animals are placed on a choline-suffi cient diet [ 37 ]. It could 
be that in the AAF/CD-treated liver, an unfavorable microen-
vironment shortens the life span or hinders the differentiation 
of oval cells, the end result being inadequate liver function 
due to a failure to regenerate functional hepatocytes. 
Whatever the mechanism, the lethality appears to require the 
combined effects of 2-AAF and CD diet. This conclusion is 
based on our own studies showing that oval cells recovered 
from AAF/CD treated rats form GGT+ colonies of hepato-
cytes when transplanted into rats maintained on CD diet [ 41 ].

   Oval cells can also be induced by placing animals on a 
CD diet containing 0.05–0.1 % ethionine (CDE), a low tox-
icity protocol with very low mortality [ 42 ,  43 ]. Alternatively, 
rats maintained on a CD diet can be administered ethionine 
via daily injection (Fig.  2 ). On this protocol, small periportal 
cells positive for phospho-histone H3 fi rst appear on day 7. 
By day 11 oval cells are present along the portal tracts and by 
day 15 are distributed throughout the liver and account for 
55 % of the total liver area [ 44 ]. Interestingly, CD diet with 
or without ethionine destroys the acinar pancreas. This 
causes the activation of ductal progenitor cells that for 
unclear reasons differentiate into hepatocytes instead of aci-
nar cells. Ethionine in a CD diet appears to act indirectly to 
cause DNA damage by elevating levels of reactive lipid per-
oxidation products, free radicals, and reactive oxygen spe-
cies [ 45 ]. Ethionine is also known to cause changes in gene 
expression by altering DNA methylation patterns which in 
turn alter differentiation and/or growth regulatory pathways 

[ 46 ]. In addition, there is evidence that CDE diet may 
decrease growth inhibitors and increase growth stimulators, 
a shift that could facilitate oval cell expansion [ 47 ]. As one 
might expect, combining ethionine with a CD diet greatly 
enhances formation of HCC and cholangiocarcinomas [ 48 , 
 49 ], relative to CD diet [ 50 – 52 ] which by itself is also carci-
nogenic in Fischer rats [ 53 ,  54 ]. Studies from our and other 
laboratories have shown that many CDE-induced HCC 
express both hepatic and oval cell/ductal antigens, a pheno-
type consistent with a derivation from oval cells arrested at 
an intermediate stage in hepatocytic differentiation [ 42 ,  55 ].

   From a practical standpoint, protocols that avoid the use 
of liver carcinogens would be highly desirable and several of 
these have been devised. Intraperitoneal injection of galac-
tosamine, for example, induces extensive liver damage that 
results in marked oval cell proliferation beginning within 
24 h postinjection, peaking at 5 days [ 56 ,  57 ] and diminish-
ing thereafter as oval cells undergo hepatocytic differentia-
tion or apoptosis. In Long-Evans Cinnamon (LEC) rats, an 
inbred strain that carries a defect in the Wilson disease gene, 
oval cell expansion occurs spontaneously in response to the 
acute hepatitis that occurs at 20–23 weeks of age [ 58 ,  59 ]. 
Survivors of the acute hepatitis (the end result of copper 
accumulation caused by the genetic defect) develop chronic 
hepatitis that ultimately leads to the generation of cholangio-
carcinomas and hepatocellular carcinomas at a high inci-
dence [ 60 ]. Yasui et al. have demonstrated that LEC oval 
cells differentiate into hepatocytes when transplanted into a 
normal rat liver, suggesting that at least a portion of HCC in 
this model system derive from oval cell progenitors [ 60 ]. 
Ethanol has also been reported to activate oval cells, but the 
time course of activation differs signifi cantly from CDE or 
other rapid induction protocols. After 4 weeks of treatment 
with ethanol, oval cells are barely detectable but increase 

  Fig. 2    Oval cells induced in rats fed a choline-defi cient diet in combi-
nation with daily ethionine injection. Oval cells are brightly stained by 
indirect immunofl uorescence with a monoclonal antibody OC.10 ( red ) 

that recognizes oval cells and bile duct epithelial cells and the prolifera-
tion marker phospho-histone H3 ( green ). Rats maintained on the proto-
col for ( a ) 11 or ( b ) 15 days. Bar = 50 mm       
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steadily with time thereafter, multiplying by more than 
15-fold over the next 23 months [ 61 ]. In comparison, ani-
mals maintained on a CDE diet attain oval cell densities at 4 
weeks that are fourfold higher than those induced by ethanol 
after 24 months. 

 Although the rat has been the preferred animal model for 
studying oval cell activation, an increasing number of studies 
now take advantage of genetically manipulated mice to inter-
rogate stem/progenitor cell activation and expansion. 
Overexpression of “TNF-like weak inducer of apoptosis” 
(TWEAK) stimulates oval cell proliferation [ 62 ] as does dele-
tion of “damaged DNA binding protein 1” (DDB1) or dele-
tion of upstream members of the Hippo-Salvador pathway 
[ 63 – 66 ]. Deletion of DDB1 abolishes hepatocyte prolifera-
tion leading to compensatory activation of oval cells, while 
inactivation of WW45, an upstream member of the Hippo 
pathway, leads to oval cell activation despite the retention by 
adult hepatocytes of a normal regenerative capacity [ 64 ]. The 
deletion of WW45 results in the development of hepatomas 
with an intermediate phenotype suggesting a progenitor cell 
origin [ 64 ], while deletion of the upstream kinases Mst1 and 
Mst2 leads to the development of hepatocellular carcinoma 
and cholangiocarcinoma again suggesting that the tumors 
may have arisen from progenitor cells [ 65 ]. SV40 transgenic 
mice offer a model system not only for studying the role of 
oval cells in hepatocarcinogenesis but also for examining the 
factors that lead to their spontaneous activation around the 
tenth week after birth [ 67 ]. Oval cell proliferation also occurs 
in mouse models of chronic hepatitis induced by infection 
with cytomegalovirus [ 68 ]. Many of these genetic models 
offer the advantage of specifi cally targeting hepatocytes in a 
background of very mild or no liver damage. 

    As in the rat, a number of mouse models take advantage 
of the oval cell expansion that occurs following chemical 
injury, pertinent examples being ethionine in a choline- 
defi cient diet [ 69 ],  N -acetyl-para-aminophenol (APAP) [ 70 ], 
3,5-diethoxycarbonyl-1,4-dihydro-collidin (DDC) [ 71 ], 
diethylnitrosamine (DENA) [ 72 ], allyl alcohol [ 73 ], or 
 N -nitrosodimethylamine in combination with Helicobacter 
hepaticus [ 74 ]. Interestingly, the repair process in the mouse 
following exposure to allyl alcohol differs signifi cantly from 
the rat. For one thing, necrotic areas in the mouse are not 
restricted to the periportal zone. In addition, restoration of 
necrotic areas is primarily mediated by hepatocytes instead 
of oval cells, the major agents of repair in the rat. Mice and 
rats also differ in their response to 2-AAF/PH, a commonly 
used method for inducing oval cells in the rat that is ineffec-
tive in mice [ 13 ]. There is also evidence that there are distinct 
differences in the phenotypes of rat and mouse oval cells 
induced by CDE diet, a dietary regimen that induces oval 
cells in both species. Oval cells induced in the rat expressed 
cytokeratin, AFP, and Dlk/Pref-1 while only cytokeratin was 
expressed by oval cells in mice. A rare subpopulation of oval 

cells in the mice with a robust response transiently expressed 
Dlk/Pref-1[ 13 ]. These differences in phenotype urge caution 
when comparing progenitor- mediated regeneration between 
individual species and protocols. 

 Treatment with dipin in combination with partial hepatec-
tomy has proven to be a useful model system for studying 
mouse oval cell activation, expansion, and differentiation. Of 
interest is the close resemblance between the dipin/PH pro-
tocol in mice and the retrorsine/PH regimen used in rats [ 75 , 
 76 ]. Both dipin and retrorsine are potent alkylating agents 
capable of causing irreversible damage to liver cell DNA that 
severely inhibits the replicative capacity of differentiated 
hepatocytes [ 77 ]. This creates a dire situation that leads to 
the activation of proliferation-competent, bipotent progeni-
tors capable of hepatocytic differentiation and restoration of 
the liver mass. Herein lies a major difference between the 
two model systems, the nature and origin of these bipotent 
progenitors. Results from both autoradiographic and mor-
phological analyses indicate that regeneration in dipin-/
PH-treated mice is mediated by oval cells in the canals of 
Hering that express A6 and A7, two antigens common to 
oval and biliary epithelial cells and transitional hepatocytes. 
In contrast, oval cells appear to play a relatively minor role in 
the retrorsine/PH model where reconstitution seems to be 
mediated almost entirely by a population of small hepatocyte- 
like progenitors (SHP) [ 76 ]. 

 The origin of SHPs in retrorsine-/PH-treated rats is a 
much debated subject. Best and Coleman have shown that 
treatment with 2-acetylaminofl uorene blocks the SHP 
response in retrorsine-exposed rats providing new evidence 
that these cells are not derived from oval cells [ 78 ]. A study 
by Avril et al. using a retroviral-based model to label mature 
hepatocytes with B-galactosidase showed that a signifi cant 
number of SHP clusters expressed B-galactosidase in retror-
sine-/PH-treated rats, leading these authors to conclude that 
mature hepatocytes give rise to SHPs [ 79 ]. However whether 
other cell types were labeled with the B-galactosidase gene 
was never specifi ed, leaving open the question as to whether 
SHPs are the progeny of mature hepatocytes or represent a 
novel stem-like progenitor cell. 

 Signifi cantly, SHPs are also present in healthy rat livers, 
suggesting they may play a role in normal repair and renewal 
processes [ 24 ]. SHPs are distinguished in several respects 
from oval cells, BDEC, and other liver progenitors (Fig.  3 ). 
At the time of emergence, SHPs already express the 
hepatocyte- specifi c proteins albumin and transferrin [ 22 ]. In 
addition, early SHPs transiently express the ductal markers 
OC.2 and OC.5 [ 22 ,  55 ] and display high levels of the trans-
ferrin receptor which is not detectable by IIF on oval cells or 
any other liver epithelial cell types [ 80 ]. SHPs are also distin-
guished from oval cells and oval cell progenitors by their 
expression of H.4, a hepatocyte-specifi c epitope that is never 
found on oval cells or fetal/adult BDEC [ 22 ].
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       Human Model Systems for Oval Cell 
Activation 

 It is impossible, for obvious reasons, to treat human subjects 
with agents that induce oval cell proliferation. Consequently, 
studies of human liver have to rely on biopsy specimens, 
excess tissue from tumor resections, and tissue from liver 
transplants or donated livers that for logistical or immuno-
logical reasons went unused. When taken together, results 
from a number of studies suggest that progenitor cells arise 
in the human liver under conditions similar to those that acti-
vate their rodent counterparts. Oval cell expansion is a con-
sistent feature of liver tissue taken from patients with 
alcoholic liver disease, genetic hemochromatosis, and NASH 
and from patients infected with HCV or HBV [ 81 – 84 ]. 

 In human liver disease there is an association between 
severity and an increase in the number of progenitor cells 
[ 83 ]. Hepatic progenitor cells positive for c-kit and OV6 
have been found in liver specimens from pediatric patients 
diagnosed with biliary atresia, alpha 1 anti-trypsin defi -
ciency, or fulminant hepatic failure [ 85 ,  86 ]. Type II oval 
cells and type III intermediate hepatocyte-like cells have also 
been found in specimens from children with chronic HBV 
infection [ 87 ]. As in rodents, oval cell activation also occurs 
in humans exposed to afl atoxin, a potent human carcinogen 
that in mice works synergistically with HBV to produce a 
more rapid and extensive oval cell proliferation and a short-
ened time of progression to HCC [ 88 ]. The availability of 
human liver tissues containing proliferating hepatic 
 progenitors raises the possibility of using strategies devel-
oped in rodent model systems for isolating these cells and 

  Fig. 3    Characterization of endogenous and transplanted small hepatic 
progenitor cells in the retrorsine partial hepatectomy model. DPPIV- 
negative hosts were subjected to the retrorsine/PH protocol and trans-
planted with freshly isolated small hepatocytes (SHPs) from normal 
DPPIV- positive rat liver. ( a ) An area containing colonies composed of 
exogenous dipeptidyl peptidase IV-positive ( green ) small hepatocytes 
( arrows ) and endogenous DPPIV −  SHPs ( arrowheads ) 7 days after 
PH. Both exogenous and endogenous SHPs show high levels of trans-

ferrin receptor staining ( red ). ( b ) Exogenous DPPIV-positive ( green ) 
small hepatocyte colony ( small upper arrow ) and an endogenous SHP 
colony ( large lower arrow ) with positive sinusoidal reactivity for 
transferrin receptor. ( c ) Expression of hepatic marker H.1 ( red ) in 
exogenous DPPIV-positive ( yellow ) small hepatocytes ( small arrow ) 
and endogenous SHPs (outlined with  arrowheads ) 21 days after trans-
plantation. Bar = 100 mm. Photomicrographs originally published in 
Tateno et al. [ 80 ]       
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characterizing their growth and differentiation under both in 
vivo and in vitro conditions.  

    Targeted Liver Injury in the Rat 

 Hepatotoxins can be valuable tools to amplify rare pathways 
of differentiation. Their major drawback is a lack of specifi c-
ity that results in varying degrees of collateral damage which 
can often confound the interpretation of results. This is 
exemplifi ed by 4,4′-methylenedianiline (DAPM), a polycy-
clic aromatic amine that produces a time- and dose- dependent 
ductal necrosis [ 89 ]. In rodents, DAPM treatment has been 
shown to inhibit carcinogenesis initiated in the liver by ethyl-
hydroxy- ethyl-nitrosamine, 2-AAF, and methyl-dimethyl- 
amino-azobenzene [ 90 ], suggesting that DAPM was 
destroying initiated ductal progenitors. Support for this con-
clusion was provided by Peterson et al. [ 38 ] who reported 
that treatment with DAPM prior to PH greatly attenuated 
oval cell expansion in response to AAF/PH. A recent study 
by Limaye et al. used DAPM in conjunction with bile duct 
ligation in chimeric rats that only express dipeptidyl- 
dipeptidase IV in hepatocytes [ 91 ]. This protocol resulted in 
the transdifferentiation of hepatocytes into BDEC. Taken 
together, these studies suggest that there are unrecognized 
variables that infl uence the effects of DAPM, raising uncer-
tainties about the usefulness of this biliary toxin for assess-
ing the nature and origin of biliary progenitors. 

 Allyl alcohol, another hepatotoxin that induces progenitor 
cells, is distinguished by its ability to target hepatocytes 
located in the periportal region [ 92 ]. Intraperitoneal injection 
of allyl alcohol initiates the proliferation of intraportal pro-
genitors lacking both ductal cell and hepatocyte lineage 
markers. Following expansion into the region of periportal 
necrosis, these hepatic “stem-cells” repair the damage by 
undergoing hepatocytic differentiation [ 92 ]. The restriction of 
stem cell-mediated regeneration to the periportal region is the 
key advantage offered by this system. Unfortunately, the 
marked lobular and intralobular variability in the extent of 
damage and stem cell activation is a major limitation that 
hampers analysis and complicates the interpretation of results. 

 In a series of reports, Sirica and coworkers have shown 
that under extreme conditions of liver injury or toxicity 
where there is extensive damage to existing hepatocytes, pro-
genitors other than oval cells can be activated. CCl 4  treat-
ment of bile duct-ligated rats was reported by these 
investigators to produce duct-like structures composed of 
ductal cells and hepatocyte-like cells in various stages of dif-
ferentiation, suggesting that under these severe conditions, 
interlobular BDEC had undergone hepatocytic differentia-
tion [ 6 ,  93 ]. Severely hepatotoxic doses of furan also pro-
duced hepatocyte-containing ducts resembling the mixed 
ducts induced by BDL/CCl 4  treatment [ 10 ]. Unfortunately, 

the high mortality associated with this protocol severely lim-
its its application for lineage analysis at the molecular level. 
However, at lower nonlethal doses of furan, a very different 
outcome was observed. Under these conditions, ductal cells 
in the right and caudate lobes entered into an intestinal lin-
eage leading to the appearance of well-developed intestinal 
glands [ 94 ]. Prolonged treatment with furan led to the devel-
opment of primary hepatic adenocarcinoma with small intes-
tine cell differentiation in the right and caudate lobes only 
[ 95 ]. The intestinal metaplasia observed in this model is 
associated with the expression of the intestine-specifi c tran-
scription factor CDX1 and overexpression of the growth fac-
tor receptors c-neu and c-met [ 96 ,  97 ]. Although the 
mechanism for this dramatic change in lineage commitment 
remains unclear, it seems likely that furan treatment resulted 
in the activation of multipotent periductular stem cells. 
Under the infl uence of a microenvironment that was appar-
ently unique to the right and caudate lobes, these multipotent 
progenitors entered an intestinal instead of a hepatocytic 
pathway of differentiation. A similar change in commitment 
is also observed with pancreatic ductal cells following deple-
tion/repletion of copper, in this case a shift from a pancreatic 
to a hepatocytic lineage.  

    Carcinogenesis Protocols Producing 
Progenitor Cell-Derived HCC 

 Numerous studies with human samples and animal models 
indicate that progenitor cell activation is a consistent feature 
of viral hepatocarcinogenesis. Patients with chronic HCV 
and HBV infections often exhibit extensive oval cell prolif-
eration, usually in close proximity to regenerating nodules 
and HCC [ 82 ,  83 ]. Furthermore, approximately 50 % of the 
HCC found in HBV-positive individuals express oval cell 
and hepatocyte markers, a percentage similar to CDE diet- 
induced carcinomas in the rat. These observations suggest 
that a portion of HCC with a viral etiology arise from oval 
cell progenitors. In the Woodchuck experimental model sys-
tem for viral hepatocarcinogenesis [ 42 ,  82 ], oval cells are 
nonpermissive for virus infection, suggesting that similar to 
other induction protocols, activation of progenitors in the 
Woodchuck model results at least in part from the ability of 
the virus to directly or indirectly compromise the viability/
replicative capacity of hepatocytes. Indeed, based on their 
studies of the pathogenesis of hepatitis B virus in human 
liver and the livers of mice transgenic for the HBV surface 
antigen, Dunsford et al. [ 98 ] suggested that chronic liver 
injury and infl ammation and the resulting compensatory 
mitogenesis play a central role in the carcinogenic process 
by causing mutations in proliferating hepatocytes or in 
chronically activated progenitors. A recent report by Lowes 
et al. indicates that similar mechanisms are also operative 
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during hepatocarcinogenesis mediated by HCV [ 83 ]. At 
odds with these fi ndings are results from a study by Tabor 
et al. demonstrating that HBV surface antigen was detected 
in oval cells and transitional cells, but not in bile ducts or 
ductule cells in nontumorous tissue adjacent to HCC in 
human liver [ 99 ]. More recently oval cell lines have been 
tested for their permissiveness to HCV infection. HepaRG 
human liver progenitor cells were susceptible to HCV infec-
tions only in an immature undifferentiated state but required 
differentiation along a hepatocyte lineage to support long- 
term production of infectious HCV particles [ 100 ]. These 
results suggest that oval cells in vivo may be permissive to 
HCV infection, and this could directly lead to hepatocarcino-
genesis arising from oval cell progenitors that sustain viral 
damage suffi cient to initiate neoplastic progression but insuf-
fi cient to cause apoptosis. 

 In the rat, CDE diet (described above) and the Solt-Farber 
protocol have been the most widely used treatments for 
studying the progenitor cell origin of HCC. In the Solt- Farber 
protocol, initiation is achieved by a single intraperitoneal 
injection of DENA. The key element in this regimen is the 
delivery of a noncarcinogenic dose of 2-AAF to block hepa-
tocyte proliferation following PH at 2 weeks after DENA 
(Fig.  4 ). This selectively promotes the growth of initiated 
cells that have become “resistant” to the mitoinhibitory activ-
ity of 2-AAF [ 101 ,  102 ]. Since oval cell proliferation occurs 
to a similar degree and with a similar time course as was 
described for oval cell induction with 2-AAF followed by 
PH, the initiation with DENA appears to have little or no 
effect on the proliferative response of progenitors. An analy-
sis of the progression to HCC in this model demonstrated that 
50 % of persistent nodules and all HCCs express cytokeratin 

19 (Ck19) suggesting that this is a model of progenitor- 
derived HCC [ 103 ]. Moreover, comparative functional 
genomic analysis using the Ck19-positive signature accu-
rately predicted HCC patient outcomes. Dumble et al. [ 104 ] 
have recently described a novel liver carcinogenesis model 
utilizing p53 knockout mice. These investigators showed that 
oval cells from p53 knockout mice maintained on CDE diet 
progressed to hepatocellular carcinoma following transplan-
tation into nude mice, a fi nding that provided further support 
for oval cells as progenitors of HCC.

   There are many additional hepatocarcinogens that induce 
oval cell expansion and their discussion is beyond the scope of 
this review. However, it is interesting to note that much of 
what is known about the process of liver carcinogenesis, e.g., 
initiation, promotion, and progression, has been acquired 
using carcinogenesis protocols that induce minimal activation 
of progenitors cells and produce almost exclusively HCC 
derived from initiated hepatocytes [ 105 – 108 ]. It is not surpris-
ing, therefore, that for many years, attention centered on hepa-
tocytes, a bias that diminished the role of hepatic progenitor 
cells. Recent studies that classify patients with HCC accord-
ing to progenitor cell markers have found that tumors positive 
for these markers represent a novel subclass of HCC with a 
unique genetic signature [ 109 ,  110 ]. These tumors are also 
associated with a more aggressive phenotype and a poor prog-
nosis compared to progenitor marker- negative tumors [ 109 , 
 111 ,  112 ]. However, both the progenitor cell and hepatocyte 
models of liver carcinogenesis may be closely linked if one 
considers the possibility that initiated oval cell progenitors 
undergo differentiation into hepatocytes prior to progression 
to HCC. This idea is suggested by recent studies demonstrat-
ing the ability of transplanted or endogenous oval cells to 

  Fig. 4    Preneoplastic foci in liver of Fischer rat 70 d after starting the 
Solt-Farber protocol. ( a ) Hematoxylin and eosin staining of formalin-
fi xed paraffi n-embedded liver showing dysplastic foci surrounded by 

oval cells. ( b ) Immunohistochemical staining for the preneoplastic 
marker GST-P showing homogeneously stained persistent foci and light 
heterogeneously stained remodeling foci. Bar = 50 mm       
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differentiate into hepatocytes [ 113 ,  114 ]. It also explains the 
presence of HCC displaying hepatocyte and oval cell markers, 
a phenotype consistent with the blocked ontogeny model pro-
posed by Sell and Pierce [ 115 ]. This is not contradictory to the 
classifi cation of tumors as undergoing differentiation prior to 
HCC development and would likely result in tumors with a 
different genetic signature and phenotype. 

 If HCC produced by treatment with hepatocarcinogens 
arise from progenitor cells, it follows necessarily that pro-
genitor cells may become initiated at some point during 
exposure to the carcinogenic agent. Initiation requires DNA 
synthesis/cell proliferation and appropriate enzymes for acti-
vating the carcinogen. Farber et al. have argued that oval 
cells cannot be progenitors of HCC in the Solt-Farber proto-
col, because they do not fulfi ll either of these requirements 
[ 107 ,  116 ] at the time of DENA injection. However, at least 
two studies, one in rats and one in mice, have observed a 
transient proliferation of oval cells following treatment with 
DENA [ 72 ,  117 ]. Rapid activation of progenitors also occurs 
following treatment with other liver carcinogens. 
Signifi cantly, Bisgaard et al. and others have shown that oval 
cells undergo DNA synthesis within 24 h of a noncarcino-
genic dose of 2-AAF [ 16 ]. There are also a number of reports 
indicating that progenitor cells express cytochrome P450 
enzymes (CYPs) needed for activating carcinogens [ 118 , 
 119 ]. Small hepatocytes, transitional cells described by 
Golding et al. [ 114 ], and BDEC all express CYPs capable of 
metabolizing 2-AAF and DENA, two of the most frequently 
used liver carcinogens [ 22 ,  120 – 122 ]. In addition, Yang et al. 
[ 123 ] and Ring et al. [ 124 ] have detected expression of CYPs 
by human embryonic liver cells at very early stages of gesta-
tion, raising the possibility that immature stem-like cells 
such as oval cells may also have signifi cant levels of CYPs. 
It is well known that oval cells are a heterogeneous cell pop-
ulation composed of undifferentiated periductal/periportal 
progenitors and bipotent oval cells in different stages of duc-
tal differentiation [ 125 ]. The most primitive oval cells, desig-
nated by Sell as type 0 and type 1 progenitors, would seem to 
be the least likely to undergo initiation because they are 
sequestered in a protected niche free of contacts with sur-
rounding cells and most likely lack the CYPs needed for car-
cinogen activation [ 3 ,  14 ,  15 ]. In contrast, their hepatocyte or 
oval cell progeny, the type II and III progenitors [ 3 ], is more 
likely to express the appropriate CYPs. They will also upreg-
ulate CYP expression as they differentiate and integrate into 
hepatic cords, a location that will expose them to the promot-
ing agent and hasten their progression to HCC. 

 Consideration must also be given to the possibility that 
cells lacking essential CYPs may become initiated by indi-
rect mechanisms. Previous studies by Novikoff et al. have 
shown that oval cells can acquire a dual polarity by forming 
two apical domains, one with hepatocytes through a shared 
bile canaliculus and a second as part of the lumen of an oval 

cell duct [ 14 ]. Since the canalicular domain is delineated by 
specialized junctions shared with hepatocytes, it is conceiv-
able that oval cells lacking appropriate CYPs could be initi-
ated by metabolites produced by their hepatocyte partner. A 
similar situation may exist between oval cells and BDEC at 
the interface between oval cells and intralobular ducts. It 
should also be considered that oval cells are capable of 
expressing either connexin 43 or connexin 32, the gap junc-
tion proteins found on BDEC and hepatocytes [ 126 ,  127 ]. 
This raises the possibility that oval cells may be exposed to 
carcinogenic metabolites transferred through gap junctions. 
In addition, progenitor cells arise and proliferate in a micro-
environment of chronic infl ammation, reactive oxygen spe-
cies, and growth factors [ 128 ], a microenvironment 
associated with the acquisition of mutations and promotion 
of carcinogenesis. If progenitor cells are the cell of origin for 
a subtype of HCC, it would be expected that the earliest 
lesions would contain progenitor cells, which is the case for  
55 % of the earliest defi ned premalignant lesions that lead to 
HCC in humans [ 128 ].  

    Animal Models for Lineage Analysis 

 In the past, the fate of progenitor cells has been determined by 
inference using classical histochemical or immunological 
methods to identify oval cells and transitional hepatocyte/
ductal cells with both oval cell and hepatocyte characteristics 
[ 129 ]. One of the most widely used markers for lineage anal-
ysis has been AFP, a fetal protein expressed at high levels by 
oval cells and many HCC. Since AFP is a secreted protein, 
serum levels can be used as a minimally invasive means to 
measure appearance and expansion of AFP+ oval cells and 
the growth of AFP+ HCC. More recently, epithelial cell adhe-
sion molecule (EpCAM) which is expressed in small bile 
ducts, early fetal liver, and oval cells, but not adult hepato-
cytes, has been used to trace the fate of progenitor cells. These 
studies have shown that EpCAM is a marker of progenitor 
cells and that these cells transition into EpCAM+ intermedi-
ate cells with features of both oval cells and hepatocytes and 
fi nally to EpCAM+ hepatocytes [ 130 ,  131 ]. Labeling with 
tritiated thymidine or BrdU has also been used to provide evi-
dence for hepatocytic differentiation of oval cells [ 37 ,  40 , 
 132 ,  133 ]. In general, the labeled nucleotide is injected at 
time points during oval cell induction where there is minimal 
hepatocyte proliferation, thereby restricting labeling to oval 
cells. This timing is critical since the appearance of hepato-
cytes labeled with tritium or BrdU is the primary evidence in 
these studies for the differentiation of oval cells into hepato-
cytes. Signifi cantly, transference of label from hepatocytes 
into oval cells or ductal cells has never been convincingly 
demonstrated, suggesting that the formation of Ck19 ducts by 
hepatocytes in primary culture may be a rare event that occurs 
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with a relatively high frequency in vitro because of the inabil-
ity to accurately reproduce conditions in vivo. 

 A number of new strategies for following cell fates are 
based on the creation of subpopulations carrying endogenous 
or exogenous markers. Transduction in vivo with adenoviral 
or retroviral vectors has been used successfully by several 
investigators to transfer marker genes such as β-gal into 
hepatocytes, BDEC, and other nonparenchymal cell types. 
Yu et al. [ 134 ] used an adenovirus encoding β-gal to trans-
duce normal and injured rat livers and found that nonparen-
chymal cells were transduced more effi ciently than 
hepatocytes over a range of adenoviral titers. A major advan-
tage of adenovirus is the high effi ciency of transduction 
which can approach 100 % in vivo and in vitro. However, 
this high infectivity is counterbalanced by the transient 
nature of expression (7–14 days) and the possibility of an 
immune response against viral structural proteins. The latter 
problem can be overcome with a baculoviral vector carrying 
a reporter gene driven by a mammalian promoter and viral 
genes controlled by insect promoters that are inactive in 
mammalian cells [ 135 ,  136 ]. Although somewhat longer 
than adenoviral vectors, expression conferred by baculovirus 
is still transient in nature. 

 Retroviral vectors, on the other hand, produce long-term, 
stable expression following integration into the host genome. 
While the integration provides for stable expression, the inte-
gration site of the vector is often unknown, and off-target 
effects must be taken into consideration when interpreting 
data. In addition there is often extinction or attenuation of the 
promoter driving transgene expression in vivo [ 137 ], a prob-
lem that can be overcome to a great extent by using tissue- 
specifi c promoters such as the one for transthyretin which 
Ponder et al. [ 138 ,  139 ] showed was still driving the expres-
sion of activated  ras  in HCC 6 months after transduction 
[ 140 ]. To determine whether a retroviral vector could trans-
duce the biliary tree, Cabrera et al. [ 141 ] introduced a gibbon 
ape leukemia virus (GALV) carrying the β-gal gene into the 
biliary tree of bile duct-ligated rats 24 h after ligation. 
Interestingly, their results showed that at 12 h after infection, 
most of the β-gal activity was located in Ck19-negative 
peribiliary cells. Although the basis for this selectivity 
remains to be determined, it could be that Pit 1, a sodium- 
dependent phosphate transporter that acts as the GALV viral 
receptor [ 142 ], is differentially expressed on hepatic progen-
itors and hyperplastic BDEC. Lentiviral vectors have been 
shown to transduce both proliferating and growth arrested 
cells at a very high effi ciency and are an attractive system for 
transducing liver cells. Hepatocytes and hepatoblasts trans-
duced with a lentiviral vector expressing GFP was used to 
assess the repopulating ability of these cells. Long-term GFP 
expression up to 4 months was attained when driven by the 
albumin promoter, while GFP expression was lost within 2 
weeks when driven by the CMV promoter [ 143 ]. 

 More recently, studies have identifi ed putative liver pro-
genitor cells in mice using genetic fate mapping. For these 
experiments mice are bred to contain a cell type-specifi c Cre 
and a conditional reporter allele (e.g., LacZ, GFP, or YFP) 
that is preceded by a  loxP -fl anked stop cassette which ren-
ders it inactive until acted upon by Cre recombinase [ 144 ]. 
This technique was used to identify Foxl1 as a marker of 
progenitor cells in DDC-treated mice that give rise to both 
hepatocytes and cholangiocytes [ 145 ]. In vivo lineage trac-
ing using  Sox9creER   T2   and  Rosa26YFP  revealed that the 
cells that proliferate in response to a DDC diet in mice are 
progeny of Sox9-expressing precursors [ 11 ]. Although not 
conclusively proven, the Foxl1 cells isolated by Sackett et al. 
express Sox9 suggesting that these cells may represent a 
resident liver progenitor cell [ 12 ,  145 ].  

    Lineage Analysis in Chimeric Livers 

 As discussed above, transduction with various vectors can be 
used to generate what Cardiff has called “transgenic organs,” 
a term originally invented to describe mammary glands 
formed in situ by mammary epithelial cells expressing a 
transgene of interest [ 146 ]. In the case of the liver, most strat-
egies produce a mosaic of transgene positive and negative 
cells and thus fall short of a completely transgenic organ 
[ 138 ]. Another approach to producing organ chimeras that 
has yielded valuable information regarding organogenesis 
and cell lineage relationships has been chimeric mice gener-
ated by implanting a fusion of two 8-stage embryos into the 
uterus of a pseudopregnant female [ 147 ]. The resulting off-
spring have organs composed of cells from each of the two 
parental strains, thereby providing a means to identify mor-
phological features that are clonally derived. Chimeras 
between mouse strains with H-2k and H-2b haplotypes, for 
example, were used to show that individual crypts in the 
large and small intestine were composed entirely of cells of 
a single strain, suggesting crypts were derived by clonal 
expansion of a single stem cell [ 147 ]. Villi, in contrast, often 
contained cells of both haplotypes, indicating that they were 
formed from progeny produced by two or more crypts. 
Khokha et al. [ 148 ] used a similar approach to analyze liver 
organogenesis in chimeras generated from congenic rat 
strains differing only in their major histocompatibility com-
plex (MHC). Their results suggested that the liver was fash-
ioned with patches of cells from each strain that were fractal 
in nature. For the liver, this meant that the parenchyma was 
generated by repetitive application of a simple cell division 
program which required no bias in the spatial arrangement of 
daughter cells. The end result was a patchwork of cells from 
the two mouse strains arranged in patterns that bore no rela-
tionship to either the lobular or acinar architecture of the 
liver. This model of parenchymal organization is thus at odds 
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with both streaming liver and stem cell-fed maturational 
models where hepatocytes are thought to continually stream 
from the portal areas to the hepatic veins, a movement that 
would require biased sitting of newly formed hepatocytes 
[ 149 – 151 ]. An even simpler mosaic liver model that avoids 
the complexities involved in the formation and implantation 
of fused embryos was recently reported by Shiojiri et al. 
[ 152 ]. In this model, mosaic livers form spontaneously as a 
result of random X chromosome inactivation in female mice 
heterozygous for a wild-type and an inactive OTC gene car-
rying the spf ash  mutation. Under specifi c immunofl uores-
cence conditions, cells with wild-type OTC are intensely 
fl uorescent while cells with mutant OTC remain dark. Using 
this system, Shiojiri et al. [ 152 ] confi rmed earlier work by 
Khokha et al. [ 148 ] and showed that patches of negative or 
positive cells were connected with each other, forming cell 
aggregates with no defi nite orientations with regard to portal 
areas or central veins. However, data from Fellous et al. sup-
port the streaming model of liver development in humans. 
Clonal patches of hepatocytes identifi ed by mutations in the 
mitochondrial genome were found to originate in the peri-
portal region and spread to the hepatic vein [ 153 ].  

    Transplantation Analysis with Donor Cells 
Carrying Endogenous or Exogenous 
Reporter Genes 

 Transplantation of donor cells that can be distinguished from 
host liver cells by endogenous markers or exogenous reporter 
genes is another widely used method for generating chimeric 
livers suitable for lineage analysis and cell fate determina-
tions. However, interpretation of events in chimeric livers 
generated by transplantation can be diffi cult since there are a 
number of confounding variables that can greatly infl uence 
the results. One issue is the stability of marker gene expres-
sion. If the marker is an endogenous gene unique to the 
donor cells, expression will be regulated in a normal manner. 
This is usually advantageous but can become a problem if 
expression of the marker gene is developmentally regulated, 
a characteristic that may preclude the analysis of early devel-
opmental stages. This is exemplifi ed by DPPIV, a marker 
gene that appears late in fetal development [ 154 ] and is usu-
ally not expressed by progenitor cells in vitro. In vivo, 
expression levels can also vary signifi cantly depending on 
the origin of the promoter driving the marker gene, with 
tissue- specifi c promoters providing more stable expression 
than those of viral origin (CMV, retrovirus LTR). 

 Assessment of differentiation potential by transplantation 
also requires the development of protocols for isolating sub-
populations of putative progenitors. Purity thus becomes an 
important consideration since the presence of contaminating 
cells in signifi cant concentrations complicates interpretation 

by raising questions about the origin of the engrafted donor 
cells. In a number of studies, this issue has been resolved by 
showing that at low doses, the number of contaminating cells 
cannot account for all of the donor-derived colonies. Purifi ed 
donor cells must also be able to stably integrate into hepatic 
cords or ducts, an ability that seems to be inherent in most 
liver cell types, both normal and malignant. The effi ciency of 
engraftment, however, can vary signifi cantly depending on 
the origin of the donor cells and the status of the host liver. A 
key feature in the majority of available models is that a strong 
selective pressure exists in the host to promote donor cell 
engraftment and expansion. This selective pressure is 
attained by treating the host with an agent that impairs 
endogenous hepatocyte proliferation in combination with a 
growth stimulus or using genetic models that result in exten-
sive and chronic liver injury. Inclusion of a proliferative 
stimulus, such as 2/3 partial hepatectomy, or repeated infu-
sions of cells lead to an increase in liver repopulation [ 155 ]. 
The mode of transplantation also affects effi ciency. For 
example, transplantation of donor cells into the liver via the 
spleen increases overall viability relative to portal vein infu-
sion but delivers only 50 % of the injected cells to the liver 
[ 156 ]. Analysis in the liver can be further complicated by 
lobular differences in the distribution of donor cells and vari-
ation in density related to the distance from the liver hilum. 

 In spite of these caveats, transplantation continues to be 
the method of choice for analyzing the differentiation capac-
ity of hepatic progenitor cells. Details of a number of current 
transplantation models are reviewed in Chap.   31    . All of these 
models, by necessity, share common features. In most mod-
els, the donor cells express a gene product that distinguishes 
them from host cells. Transplantation models with wild-type 
donors and mutant hosts that lack or express an inactive form 
of a normal liver protein have been used extensively for lin-
eage analysis. Transplantation of wild-type hepatocytes or 
progenitors capable of hepatocyte differentiation has been 
shown to restore serum albumin levels in Nagase analbumin-
emic rats (NAR) [ 157 ]. Engrafted donor cells were readily 
detected in tissue sections by in situ hybridization with albu-
min cDNA probes or immunohistochemically with anti-rat 
albumin antibodies. One of the advantages of this model sys-
tem is the ability to quantitate engraftment effi ciency, the 
extent and rate of expansion of donor cells, and the duration 
of engraftment by measuring temporal changes in serum 
albumin levels. The DPPIV transplantation model developed 
by Thompson et al. [ 158 ] offers similar advantages. In this 
case, the DPPIV-negative German Fischer 344 rats used as 
hosts produce an enzymatically inactive form of DPPIV. 
This allows for the localization of transplanted donor cells 
from wild-type American Fischer rats by a simple histo-
chemical procedure for active DPPIV or by immunocyto-
chemical staining methods with monoclonal antibodies that 
recognize only the active form of DPPIV (Fig.  5a ). Although 

J.A. Sanders and D.C. Hixson

http://dx.doi.org/10.1007/978-1-4614-7696-2_31


469

DPPIV is a type II transmembrane protein, it is susceptible to 
cleavage by extracellular proteases that release a soluble 
200 kDa, enzymatically active fragment into the plasma 
[ 159 ]. Plasma levels of DPPIV can thus be used to measure 
the same parameters noted above for albumin [ 160 ]. One 
limitation of the DPPIV model system is the late expression 
of the enzyme during fetal development [ 154 ] and its absence 
on most hepatic progenitors, a temporal pattern that limits its 
usefulness for analyzing early time points in liver develop-
ment or progenitor cell differentiation. This is not an issue 
for albumin since it is one of the earliest development mark-
ers detected in fetal liver.

   Another model system that is currently enjoying wide 
usage is the retrorsine model of Laconi et al. [ 75 ,  161 ]. In this 
system DPPIV-negative host rats are pretreated with retrors-
ine, a DNA alkylating agent that promotes the selective 
expansion of donor liver cells by impairing the ability of host 
hepatocytes to proliferate following PH. After several weeks, 

donor cells repopulate as much as 80 % of the liver. Although 
this model has proven valuable, the high cost, limited avail-
ability of retrorsine, and potent hepatotoxicity and carcino-
genicity of retrorsine are major drawbacks that prompted 
Brilliant et al. to search for alternative models [ 162 ]. They 
described a rapid transplant model where DPPIV-negative 
host rats are administered a single dose of mitomycin C 1 
week prior to PH and transplantation of donor cells. This 
model allows for the engraftment and rapid expansion of 
donor hepatocytes, endothelial cells, and cholangiocytes 
(Fig.  5 ) and can be extended to allogeneic transplantation by 
administering a short course of anti-CD3 antibodies to the 
hosts. Similar effects can also be obtained by pretreatment 
with galactosamine [ 163 ] or radiation, but the degree of 
repopulation by donor cells is considerably lower. 

 Other donor cell markers that have been used successfully 
include MHC/alloantigens [ 30 ,  31 ,  164 ] and alpha 1 anti- 
trypsin [ 158 ,  165 ]. Models relying on alloantigens, an 

  Fig. 5    Transplantation of DPPIV-positive newborn ACI liver isolates 
into DPPIV-negative Fischer rats treated with mitomycin C/PH and 
anti- CD3 antibody. Frozen liver sections prepared 1 mo after transplant 
( a ). Mixed colony of donor endothelial cells and hepatocytes that were 
stained histochemically for DPPIV. ( b ) Dual immunofl uorescence for 

active DPPIV ( green ) and the endothelial marker RECA ( red ) show 
donor cells completely and partially lining sinusoids in host liver. ( c ) 
Dual immunofl uorescence for active DPPIV ( green ) and the bile duct 
epithelial cell marker OC.10 ( red ) showing engraftment of donor-
derived cholangiocytes. Bar = 50 mm       
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approach pioneered by Hunt et al. [ 164 ], utilize F1 progeny 
as hosts for donor cells from either of two inbred strains dif-
fering in their MHC haplotypes (ACI and Long-Evans or 
Wistar Furth and Fischer F344) [ 41 ,  164 ]. Donor cells are 
subsequently identifi ed using alloantisera produced by 
immunizing ACI rats or F344 rats with Long-Evans or Wistar 
Furth spleen cells, respectively. In the past, we have used this 
model system to demonstrate that oval cells induced by 
2-AAF and CD diet formed GGT+ colonies of hepatocytes 
following transplantation into partially hepatectomized F1 
hosts [ 41 ]. One drawback to tracing donor cell fates using 
alloantisera is that it is the host cells and not the donor cells 
that show positive staining with the alloantisera. 
Consequently, unstained donor cells have to be discerned 
against a positive background of host hepatocytes, making it 
diffi cult to detect small single donor cells or even small 
donor cell clusters. 

 In a number of studies, the fate of donor cells from male 
rats or mice following transplantation into female hosts has 
been determined by using fl uorescent in situ hybridization 
(FISH) to detect cells bearing a Y chromosome [ 30 ]. In stud-
ies by Theise et al. [ 31 ], this approach was used to demon-
strate that circulating stem cells, most likely of bone marrow 
origin, can integrate into the liver and differentiate into hepa-
tocytes and cholangiocytes, an observation that challenges 
current concepts of differentiation and commitment. 
However, subsequent reports demonstrated that bone mar-
row cells can fuse spontaneously with other cell types and 
assume their identity [ 33 ,  166 ,  167 ], suggesting that the pres-
ence of the Y chromosome in hepatocytes of female hosts 
could represent a fusion event rather than differentiation of 
bone marrow stem cells into hepatocytes. 

 There are increasing numbers of excellent transplantation 
models that make use of transgenic mice carrying marker 
genes as a source of donor cells. These genetically marked 
cells are transplanted into hosts treated with chemicals that 
inhibit the proliferation of hepatocytes. Dorrell et al. trans-
planted donor  Sox9creER   T2  - R26RYFP  progenitor cells into 
adult mice that were subsequently treated with tamoxifen to 
induce marking of the Sox9-expressing donor cells and their 
progeny with YFP [ 11 ]. Small numbers of YFP+ periportal 
hepatocytes and ductal cells were detected in the adult mouse 
liver even in the absence of a growth stimulus. A second 
option is the transplantation of marked donor cells into trans-
genic or mutant strains carrying genetic defects that severely 
compromise hepatocyte-/ductal cell-mediated regeneration 
and repair. Mignon et al. transplanted donor cells from trans-
genic mice expressing human Bcl-2 into immunosuppressed 
host mice treated with a nonlethal dose of anti-fas/CD95 
antibodies to induce apoptosis [ 168 ]. Since the donor cells 
were protected from apoptosis by Bcl-2, they selectively 
expanded and gradually replaced as much as 16 % of the host 
liver. Wilson et al. developed a xenotransplant model using a 
similar approach. In this case, an anti-mouse agonistic fas 

monoclonal antibody (Jo2 mAb) was used by to promote 
engraftment of rat hepatocytes into immunodefi cient beige 
mice [ 169 ]. 

 Liver cells from β-gal mice have been used by Rhim et al. 
[ 170 ,  171 ] to demonstrate the expansion of hepatocytes 
transplanted into the livers of transgenic mice expressing the 
urokinase-type plasminogen activator (uPA) under control of 
the albumin promoter. Overexpression of uPA is cytotoxic to 
hepatocytes and greatly compromises their regenerative 
capacity, giving a large growth advantage to donor β-gal+ 
hepatocytes or host hepatocytes that lose the uPA transgene. 
The end result is complete clonal repopulation of the host 
liver by donor hepatocytes. Overturf et al. [ 9 ,  172 ] reported 
similar fi ndings following transplantation of β-gal-positive 
mouse liver cells into host mice lacking the enzyme fumary-
lacetoacetate hydrolase (FAH). The lack of this gene pro-
duces symptoms similar to those observed for hereditary 
tyrosinemia type 1, a condition that produces extensive liver 
damage.    This damage accelerates and promotes repopulation 
of the liver by wild-type b-gal+ and FAH+ donor cells. 

 An unanswered question in all of these animal models is 
whether the introduction of exogenous genes into donor cells 
or the abnormal host environment needed to promote donor 
cell expansion has any effect on the differentiation capabili-
ties of donor cells. This may be particularly important for 
putative progenitor cells which are likely to be more sensi-
tive to changes in microenvironment than mature hepato-
cytes or ductal cells. Introduction of Bcl2, for example, may 
enhance the ability of transplanted cells to survive genetic 
changes that would normally induce apoptosis, thereby cre-
ating a population of damaged cells at higher risk for neopla-
sia. Wesley et al. [ 173 ] have reported that DPPIV suppresses 
the malignant behavior of melanoma cells by reversing a 
block in differentiation and by restoring growth factor- 
dependent cell survival, activities mediated by serine prote-
ases. Although previous investigations by Coburn et al. [ 174 ] 
led to the conclusion that DPPIV proteolytic activity was not 
necessary for immune competence, more recent studies sug-
gest that DPPIV enzymatic activity is essential for certain 
T-cell activation pathways and is involved in the inactivation 
of chemokines [ 175 ].  

    Future Directions 

 There is a consensus among researchers that the ultimate 
goal for stem cell research should be to determine ways to 
induce regeneration by stem cells in situ rather than by trans-
plantation. The ability to promote regeneration by endoge-
nous progenitors eliminates many of the potential problems 
with transplantation therapy, such as rejection of the trans-
planted cells by the recipient, incomplete differentiation, 
limited availability of hepatic progenitors, poor engraftment, 
and limited expansion without prior treatment. Transplantation 
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therapy, on the other hand, offers the possibility of ex vivo 
gene therapy, the success of which will depend on the 
engraftment of transgene-bearing donor cells into a normal 
liver in suffi cient numbers to produce a benefi cial effect. 
Clearly, development of effective stem cell treatments will 
require an accurate inventory of genes and the signaling 
pathways that promote or inhibit stem cell expansion and/or 
commitment regardless of whether the therapeutic effects are 
mediated by endogenous or exogenous stem cells. The abil-
ity to commit HSCs or iPS cells to a hepatocyte lineage prior 
to transplantation, for example, could enhance liver coloni-
zation suffi ciently to eliminate the need for bone marrow 
ablation and donor cell engraftment. Similarly, insight into 
the mechanisms controlling proliferation during develop-
ment could lead to new methods for inducing expansion fol-
lowing integration into hepatic cords or ducts. It is important, 
however, not to lose sight of the fact that an understanding of 
critical molecular events cannot be achieved without fi rst 
gaining insight into the temporal changes that occur in the 
developmental potential of progenitor cells as they progress 
along a hepatocyte or ductal lineage. Identifying periods 
marked by shifts in developmental or proliferative potential 
will defi ne time points and cell populations that should be 
targeted for detailed molecular analysis by proteomic or 
genomic methodologies. The realization of endogenous stem 
cell therapy will also require a better understanding of the 
activators of hepatic progenitors and the expansion and dif-
ferentiation of their offspring. 

 Another key issue in the future will be the development of 
better methods for assessing the extent of differentiation of 
hepatic progenitors under in vitro or in vivo conditions. Do 
hepatocytes derived from progenitor cells express the full 
complement of hepatocyte genes or are they only partially 
differentiated, a status that could not be discerned by examin-
ing a small handful of hepatocyte or ductal markers which 
may or may not be appropriately expressed. Functional dif-
ferentiation is another important consideration. Even if donor 
cells express a large number of hepatocyte-specifi c genes, 
they may fail to perform critical functions if the proteins 
needed for important biosynthetic pathways are not expressed 
or are expressed inappropriately. It is also essential that donor 
cells respond to the microenvironmental cues that regulate 
cell growth and death, thereby, creating a steady state that 
maintains the size and lobular structure of the liver. In this 
regard, there is evidence that hepatocyte colonies derived 
from fetal donor cells do not require a selective growth advan-
tage such as that conferred by retrorsine/PH but continue to 
increase in size even when transplanted into a normal liver 
[ 176 ]. This continued expansion is not observed with mature 
hepatocytes, suggesting a defect in the microenvironment or 
in the programming that prevents fetal progenitors from 
maintaining a G 0  status. Work by Curran et al. and Boylan 
et al. [ 177 ,  178 ] suggests a possible mechanism for this 
defect. These investigators have found that around gestation 

day 21, fetal hepatoblasts stop proliferating as they transition 
from a growth factor-independent to a growth factor-depen-
dent status. Thus, donor fetal liver cells harvested at gestation 
day 14 have never undergone this fetal/neonatal transition 
which may involve the acquisition of a key step in growth 
regulation. 

 A fi nal issue that needs further study is the ability to dis-
tinguish between phenotypic modulation and true differenti-
ation. As we and others have shown, true differentiation 
involves the loss or gain of tissue-associated genes in a well- 
ordered and invariant temporal process [ 42 ,  179 ]. This pro-
cess has been demonstrated for T cells, B cells, keratinocytes, 
and mammary epithelial cells and most recently BDEC. 
Phenotypic modulation, on the other hand, does not appear 
to follow well-defi ned patterns. Wu et al. [ 180 ] found that 
when a continuous line of mouse hepatocytes was main-
tained in serum containing medium, hepatocyte-specifi c 
gene expression was rapidly extinguished. After only 24 h in 
serum-free medium, however, a well-differentiated hepato-
cyte phenotype was restored. These fi ndings suggest that one 
way to distinguish between phenotypic modulation and true 
differentiation is to determine if the appearance of tissue- 
specifi c markers occurs in a fashion that recapitulates fetal 
liver ontogeny. The epigenetic profi le of transplanted cells 
may also be an indicator of the attainment of a fully differen-
tiated state. The epigenome has been shown to be of vast 
importance to the regulation of gene expression and the 
response to environmental stimuli, thus reprogramming of 
the epigenome of transplanted cells may be important for the 
acquisition and long-term maintenance of the differentiated 
state. Differentiation in experimental systems must also be 
defi ned in the context of the microenvironment to which the 
cells of interest are exposed. This is exemplifi ed by pancre-
atic ductal cells which can switch to a hepatocyte lineage 
when the acinar pancreas has been destroyed by copper 
depletion, thereby exposing ductal cells to a vastly different 
microenvironment [ 181 ]. 

 All of these concepts are testable using currently available 
technologies and the animal models described in this review. 
Completeness of differentiation in vitro and in vivo could be 
tested using the DPPIV transplantation model. DPPIV- 
specifi c antibodies could be used to isolate DPPIV-positive 
hepatocytes and compare them by proteomic, genomic, and 
epigenomic analysis to DPPIV-host hepatocytes isolated 
from the same liver [ 18 ]. This would be particularly interest-
ing for donor hepatocytes derived from fetal progenitors. The 
issue of phenotypic modulation versus a temporal process of 
differentiation could be analyzed using similar techniques.     
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           Introduction 

    Most tumors display a striking degree of intratumor cellular 
heterogeneity. Recent studies in a broad range of malignan-
cies have demonstrated a cellular hierarchy within cancers 
contributes to this heterogeneity.    This evidence has become 
the basis of a relatively new biological model. The cancer 
stem cell (CSC) hypothesis holds that malignancies are gen-
erated from cells that either maintain or acquire the stem cell 
property of self-renewal. It also posits that the malignancies 
produced from CSCs are organized in a hierarchical fashion 
where CSCs drive the malignant process and generate the 
more differentiated cells that make up the bulk of tumor. The 
CSC theory has been garnering acceptance for almost 2 
decades. The fi rst evidence for a population of cancer cells 
displaying stem cell characteristics was reported in 1994 in 
acute myeloid leukemia (AML) by Laipot et al. [ 1 ]. This was 
followed almost 10 years later with the discovery that breast 
cancer [ 2 ], as well as many other solid tumors, contains cells 
with similar stem cell-like phenotypes. These studies dem-
onstrated that rare populations of cells, identifi ed by specifi c 
cell surface molecules, possessed the ability to form human 
tumors upon serial passage when implanted in immunocom-
promised mice, and these new tumors recapitulated the hier-
archy of the original tumor. Further experiments demonstrated 
that these tumorigenic cells also had the capacity of self- 
renewal, an activity measurable by the ability to form several 
generations of tumorspheres in vitro. The CSC hypothesis 
has important implications for the clinical treatment of can-
cer. There is striking evidence that CSCs in most malignan-
cies, including breast, are relatively resistant to conventional 

cancer therapies including radio- and chemotherapy. If the 
CSC model holds true, this indicates that the use of CSC- 
targeting agents will be required in order to produce a lasting 
response in patients. Indeed, many novel CSC-targeted 
agents are being developed and tested currently. Here, we 
will discuss the properties of breast CSCs as well as potential 
means by which to clinically target these cells.  

    Defi ning a Breast Cancer Stem Cell 

 There is much confusion in the scientifi c arena over the term 
“cancer stem cell.” Much of this misunderstanding stems 
from misuse of terminology. The term CSC is often mistak-
enly used interchangeably with tumor-initiating cell (TIC). A 
TIC refers to the stem or progenitor cell type within the adult 
tissue from which the cancer originates. In contrast, CSCs 
mediate tumor progression and metastasis. These cells are 
also defi ned by their contribution to tumor heterogeneity by 
generating differentiated cells that constitute the tumor bulk. 
Finally, CSCs possess the capacity for self-renewal as dem-
onstrated by their capacity to initiate tumors upon serial pas-
sage in immunocompromised mice. The CSC model was 
initially proposed several decades ago in response to two 
critical observations seen repeatedly in cancer research. The 
fi rst was based on the evidence that most cancers contain a 
complex heterogeneous mix of tumor cells and secondly that 
only a fraction of cells from these malignancies are tumori-
genic [ 3 – 5 ]. CSCs were fi rst identifi ed in hematological 
malignancies during the early 1990s. These initial studies 
demonstrated that rare populations of cells with surface 
markers similar to those expressed in normal hematopoietic 
stem cells could be isolated from human chronic myeloid 
leukemias and AMLs [ 1 ,  6 ]. Fluorescence-activated cell sort-
ing (FACS) was used to isolate a specifi c population from 
patients defi ned by expression of the cell surface antigen 
CD34 that simultaneously lacked expression of the differen-
tiation antigen CD38. Similar to normal stem cells, these 
cells displayed the ability to self-renew and differentiate, as 
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well as possessed the capacity to initiate leukemias following 
implantation into non-obese diabetic mice with severe com-
bined immunodefi ciency (NOD/SCID). The fi rst  evidence 
for the existence of CSCs in solid human tumors came from 
studies in breast cancer [ 2 ]. CSCs have subsequently been 
identifi ed in a wide variety of human cancers including brain, 
colon, pancreatic, head and neck, and others [ 7 – 10 ] based on 
cell surface markers as well as functional characteristics. 

 Using primary human breast cancers, Al-Hajj et al. identi-
fi ed a population of cells by FACS using antibodies to ESA + /
CD44 + /CD24 −/low /lineage −  [ 2 ]. These cells were highly 
tumorigenic when injected into the mammary fat pads of 
NOD/SCID mice. When cells with this phenotype were iso-
lated, as few as 200 cells could effi ciently form tumors. In 
contrast, 20,000 CD44 − /CD24 +  cells failed to initiate tumors 
when implanted, and there was only ~25 % take rate when 
10,000 unsorted cells were injected. Moreover, the CD44 + /
CD24 −/low /lin −  cells were able to be serially passaged, reiniti-
ating tumors in subsequent mice. In addition to being able to 
form tumors with a low number of cells, when tumors were 
initiated from cells within the CD44 + CD24 −  fraction, the 
resulting tumors recapitulated the heterogeneity of the origi-
nal tumors. Because these cells had the capacity for self- 
renewal, differentiation, and tumorigenicity, they were 
classifi ed as breast CSCs.  

    Identifying and Measuring Breast CSCs and 
Characterizing Their Activity 

 The current “gold standard” for evaluating a breast CSC pop-
ulation is to determine the ability of these cells to initiate 
tumors following injection into immunocompromised mice 
[ 11 ]. An enrichment of CSCs can be determined when a pop-
ulation of cells isolated by one or more selective means dem-
onstrates greater tumor-initiating capacity compared to 
unsorted cells from the original tumor. Several methods are 
currently used for isolating breast cancer cells with stem cell 
activity. The most widely utilized method for isolating CSCs 
from a variety of malignancies, including breast cancer, is 
with antibodies to specifi c cell surface markers using FACS. 
Additionally, assays that characterize intracellular enzyme 
activities such as aldehyde dehydrogenase (ALDH) are also 
often used. Less utilized are tests that evaluate the presence 
of transmembrane transporters or proteasome activities. 
Finally, the ability of cells to form spherical colonies from 
single cells under nonadherent conditions and be serially pas-
saged is a measure of self-renewal capacity of CSCs in vitro. 

 Expression of cell surface markers is the most often uti-
lized characteristic to isolate CSCs. These markers can dem-
onstrate signifi cant variation among different tissue types as 
well as between species. Although several different markers 
have been identifi ed, there is currently no universal cell sur-

face marker, or combination of antigens, for the isolation of 
breast CSCs by antibody techniques. Explanations for this 
may be that several different populations of breast CSCs may 
exist within tumors or that CSCs exist within different states 
characterized by expression of different markers. The exis-
tence of multiple stem cell populations with varying self- 
renewal capacity has been demonstrated in the hematopoietic 
system [ 12 ,  13 ]. Varying CSC characteristics might be 
dependent upon which signaling pathways are deregulated. 
Alternatively, the variation could be due to different cells of 
origin for these CSC populations. 

 The fi rst combination of cell surface markers used to 
purify breast CSCs was ESA + /CD44 + /CD24 −/low /lineage − . 
This combination of antigens, originally established by 
Al-Hajj et al. [ 2 ], has since been frequently utilized to isolate 
CSCs from primary breast tumors as well as breast cancer 
cell lines [ 14 – 17 ]. Currently, the most commonly used com-
bination of antigens for isolating breast CSCs is ESA + /
CD44 + /CD24 −/low  [ 18 ]. The CD44 high /CD24 low  phenotype has 
also been used to enrich for stem cells from normal human 
mammary glands, demonstrating that this phenotype may be 
conserved in the carcinogenesis process. The percentage of 
cells isolated from cell lines with the CD44 + /CD24 −  pheno-
type can range from less than 1 to 85 % [ 16 ]. The disparity 
seen in the percentages found among cell lines is likely a 
refl ection of the breast cancer subtypes these various cell 
lines represent. The CD44 + /CD24 −  phenotype appears to be 
a better marker of CSCs in luminal type cancer cell lines, 
where other markers may be better suited for isolating CSCs 
in breast cancer cell lines characterized as mesenchymal. 

 CD133 (prominin) has been a useful marker for isolating 
CSCs from brain and colon tumors [ 7 ,  19 ,  20 ]. Relative to 
these other tumor types, CD133 has been less utilized as a 
means to enrich for CSCs in breast cancers. One study dem-
onstrated that distinct populations of CD133 +  cells with CSC 
characteristics exist within Brca1 breast tumors [ 21 ]. As few 
as 50–100 CD133 +  cells isolated from these tumors initiated 
tumor formation in NOD/SCID mice. In contrast, 50- to 100- 
fold greater unsorted cells or cells depleted for this pheno-
type were required to generate tumors in mice. The expression 
of stem cell-associated genes, including Oct4, Notch1, 
Aldh1, Fgfr1, and Sox1, was increased in CD133 +  cells. 
However, when the CD133 +  cells were cultured in monolay-
ers, they progressively lost their stem cell phenotypes. Since 
CD133 +  cells are located within the luminal compartment in 
the normal human mammary gland, CSCs exhibiting this 
marker may differ from the CD44 + /CD24 −  population that is 
more prominent in mesenchymal tumors. In any case, CD133 
as a CSC marker in luminal breast cancer remains an inter-
esting area for future studies. 

 In addition to cell surface markers, CSCs can also be 
enriched from both normal mammary gland and breast 
 cancers by selecting for their increased ALDH activity [ 22 ]. 
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The levels of this intracellular enzyme can be determined by 
FACS utilizing the ALDEFLUOR assay. ALDH is a detoxi-
fying enzyme that catalyzes the oxidation of retinol to reti-
noic acid. In addition to being a marker of stem cells, it may 
also be involved in the early stages of stem cell differentiation 
[ 23 ,  24 ]. Many other types of stem cells have been enriched 
by virtue of increased ALDH activity, including hematopoi-
etic and neural stem cells [ 25 – 28 ]. ALDH activity can also 
enrich for CSCs in ovarian cancers, further enriching CD133 
as a CSC marker [ 29 ]. Similarly, further enrichment of CSC 
populations in breast cancer can be achieved through the use 
of multiple markers. ALDH-expressing breast cancer cells 
can be enriched for CSC activity by the use of CD44 + , CD24 − , 
and CD133. The CSC populations demonstrating the highest 
tumorigenic and metastatic potential are characterized as 
ALDH + /CD44 + /CD24 −  or ALDH + /CD44 + /CD133 +  [ 30 ]. 
Moreover, these studies demonstrated that none of the CD44 + /
CD24 − /lin −  cells that are ALDEFLUOR negative are capable 
of tumor initiation [ 22 ], indicating that the CD44 + /CD24 − /
lin −  population does not contain all of the CSCs in breast 
tumors. This suggests that the population of cells identifi ed 
using the ALDEFLUOR assay is heterogeneous. 

 Antigens used for FACS identifi cation of CSCs can also 
be used for immunohistochemistry (IHC) to identify these 
cells in situ [ 17 ]. However, this approach is somewhat defi -
cient, as it cannot establish the functional stem cell activity 
of cells expressing the CSC markers. The advantage of FACS 
over IHC is that sorted cells remain viable and can be used in 
subsequent functional assays to verify the presence of CSCs 
and validate the effi cacy of targeted drugs. Functional CSC 
assays also have limitations, as large samples of fresh cells 
are required, while IHC requires only a small fi xed sample 
and can readily be carried out in the clinical setting. These 
factors must be considered when attempting to translate CSC 
assays into the clinic. 

 Both normal stem cells and CSCs have been demonstrated 
to possess drug effl ux potential [ 6 – 10 ]. Investigators have 
employed this characteristic for many years to isolate stem 
cells from tissue types using the side population (SP) tech-
nique [ 31 – 34 ]. This method depends on the ability of stem 
cells to exclude vital dyes through increased expression of 
membrane transporters. Like their normal stem cell counter-
parts, CSCs express high levels of transporters, such as the 
ATP-binding cassette protein, ABC transporter ABCG2/
BCRP1 (breast cancer resistance protein 1). These proteins 
effi ciently exclude dyes such as Hoechst 33342 from the 
cells which can then be assayed for by FACS to separate the 
CSCs from the differentiated cells that retain the dye. The SP 
technique has been used to enrich for stem cells from both 
normal mammary tissue and tumors. A higher level of 
BCRP1 expression was demonstrated in cells isolated by the 
SP method from healthy tissue derived from reduction mam-
moplasties. These cells appeared to be undifferentiated since 

they expressed neither luminal nor myoepithelial markers 
[ 35 ]. The SP technique also enriches for tumorigenicity in 
breast cancer cell lines. Only 2 % of MCF-7 cells are within 
the SP population, and these cells are highly tumorigenic in 
immunocompromised mice, forming tumors that recapitu-
late the heterogeneity of the parental line [ 36 ]. Despite its 
qualities, the SP method is not the preferred approach for 
isolating CSCs. This is due to limitations in biological stud-
ies due to the cytotoxicity of the Hoechst dye, complicating 
the interpretation of functional assays. 

 The quiescent nature of breast CSCs can be utilized as 
another means for identifi cation. A recently reported tech-
nique for detecting CSCs in culture uses PKH26 dye which 
binds irreversibly to cell membranes becoming progressively 
diluted during cell division. Thus, very little dye is lost in the 
stem cells that do not divide often. This assay provides an 
indirect measure of dormancy, and cells with high dye con-
tent identify the quiescent CSC population [ 37 ]. 

 The ability of cells to form nonadherent colonies (spheres) 
under serum-free conditions in vitro has been adapted for 
enriching stem and progenitor cells from several cancer 
types. The mammosphere assay was originally developed by 
Dontu et al. [ 38 ] for enriching normal mammary stem cells 
in culture. Differentiated cells undergo anchorage-dependent 
programmed cell death (anoikis) when cultured under non-
adherent conditions. In contrast, cells that have the capacity 
to self-renew can proliferate from single cells to form indi-
vidual spherical colonies termed mammospheres. It was later 
demonstrated that breast tumor cells grown as mammo-
spheres are relatively undifferentiated since they lack expres-
sion of both myoepithelial (CK14, CK18) and luminal cells 
(ESA) [ 14 ]. Mammospheres were shown to contain an 
increased SP fraction as well as an increased proportion of 
CD44 + /CD24 −  cells [ 14 ]. Mammospheres are enriched for 
CSCs as evidenced by the greatly increased tumor-initiation 
potential in vivo [ 39 ]. 

 Finally, it has been reported that CSCs in breast cancers 
display low proteasome activity. This feature can be exploited 
to identify and track CSCs in vitro and in vivo [ 40 ]. In vitro, 
breast cancer cells grown as mammospheres exhibit decreased 
proteasome activity when compared to monolayer cells. In 
order to use this low proteasome activity to track CSCs, breast 
cancer cells can be engineered to stably express ZsGreen fused 
to the carboxyl-terminal degron of ornithine decarboxylase. 
When there is low 26S proteasome activity within a cell, an 
accumulation of the fl uorescent fusion protein results. In vitro, 
ZsGreen-positive cells have an increased expression of CSC 
markers and a greater capacity to form mammospheres. 
Importantly, ZsGreen-positive cells demonstrate a ~100-fold 
greater ability to form tumors compared to ZsGreen-negative 
cells when injected into immunocompromised mice. This sys-
tem can be used to detect the presence of ZsGreen-positive 
CSCs in tissue samples by  immunohistochemical techniques 
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as well as in tumors using live in vivo imaging systems. Thus, 
this technique enables both in vitro and in vivo study of CSC 
populations.  

    Resistance to Cancer Therapy 

 Conventional therapies for managing locoregional and meta-
static breast cancer involve combinations of surgery, chemo-
therapy, radiation, and hormonal therapy. Chemotherapy is 
very effective at debulking tumors, conferring some clinical 
benefi ts. Apart from initial response to therapy, up to one 
fourth of patients with early disease and almost all patients 
with metastatic disease will eventually relapse [ 41 ]. Similarly, 
although radiation therapy following lumpectomy in early 
stage breast cancer signifi cantly reduces local recurrence, 
approximately 50 % of these patients experience a local 
recurrence. It is now believed that breast CSCs play an 
important role in the recurrence of tumors both locally and as 
distant metastases. Recent evidence indicates that this subset 
of cells is able to evade the effects of conventional cancer 
therapies. This innate resistance allows CSCs to survive 
treatment and thereby repopulate the primary tumor or spread 
as metastases following therapy. Strong evidence from both 
the laboratory and clinic supports this conclusion. 

    Chemotherapy Resistance 

 The resistance and enrichment of breast CSCs following 
chemotherapy has now been demonstrated both in vitro and 
in vivo [ 42 ]. The fi rst studies to show this examined the 
CD44 + /CD24 − /ESA +  population within several breast cancer 
cell lines (SUM159, SUM1315, and MDA-MB-231) [ 43 ]. 
Following 6 days of in vitro chemotherapy treatment with 
either Paclitaxel (taxol) or 5-fl uorouracil, the CSC popula-
tion was increased by 5- to 30-fold over the control-treated 
cells. Of the three cell lines, the MDA-MB-231 cells exhib-
ited the greatest amount of cell death following the chemo-
therapy, but of the small fraction (1 %) of surviving cells 
approximately one third were CD44 + /CD24 − /ESA + . Further 
studies by Ginestier et al. found similar results in vivo when 
breast cancer cells grown as xenografts in NOD/SCID mice 
were treated with chemotherapy [ 44 ]. Docetaxel treatment 
resulted in an increased percentage of ALDEFLUOR +  CSCs 
in the SUM159 cell line as well as MC1, UM2, or UM3 pri-
mary xenografts compared to cells in the control mice. 

 There is also strong clinical evidence that breast CSCs are 
enriched following chemotherapy. The sphere-forming abil-
ity of cells derived from patients treated with neoadjuvant 
chemotherapy was shown to be increased 14-fold over cells 
from untreated patients [ 45 ]. Additionally, the chemotherapy- 
treated cells could be serially passaged as spheres for a mini-

mum of 8–10 generations, while the untreated cells were 
sustainable only for 2–3 passages, demonstrating increased 
self-renewal following chemotherapy. While cells from the 
untreated patients contained around 10 % CSCs as deter-
mined by the CD44 + /CD24 −/low  phenotype, tumor cells from 
treated patients contained about 75 % CSCs. The most con-
vincing evidence that CSCs are enriched by chemotherapy 
treatment comes from studies where paired specimens from 
patients before and after post-neoadjuvant treatment were 
compared. Chemotherapy induced a ~12-fold increase in the 
number of cells able to form mammospheres when compared 
to pretreated tumors. Moreover, a tenfold increase was seen 
in the percentage of CD44 + /CD24 −/low  cells in samples after 
chemotherapy [ 45 ]. Similar results from another clinical 
study showed enrichment of CSCs following 3 months of 
docetaxel or doxorubicin + cyclophosphamide. Importantly, 
this study demonstrated that chemotherapy treatment essen-
tially doubled the tumor-initiation capacity of cells from 
patient tumors when reimplanted in immunocompromised 
mice [ 46 ]. Finally, overlapping gene expression signatures 
from mammospheres and CD44 + /CD24 −/low  cells are induced 
following docetaxel treatment in breast cancer patients [ 47 ]. 
Together, these provide strong evidence for the existence of a 
population of chemotherapy-resistant CSCs in breast tumors. 

 Potential mechanisms of resistance to chemotherapies in 
CSCs include increased expression of antiapoptotic proteins, 
increased drug effl ux transporters, and increased effi ciency 
of DNA repair [ 48 ]. Additionally, CSCs may be less sensi-
tive to antimitotic drugs since they have a low proliferative 
index. Thus, therapies may eliminate the bulk population 
(non-CSCs) from tumors, while leaving the CSCs to poten-
tially reseed the cancer.  

    Radiation Resistance 

 Similar to their resistance to chemotherapy, breast CSCs are 
also relatively resistant to radiation therapy. Ionizing radia-
tion induces free radicals and reactive oxygen species (ROS) 
that can damage DNA, leading to cell death. Recurrence is 
fairly common in cancer patients following radiotherapy, and 
new research shows that this is potentially due to CSCs and 
their heightened ability to counteract ROS and DNA dam-
age. Some of the earliest studies investigating the radiation 
response of CSCs were carried out in breast cancer [ 49 ]. 
Breast CSCs were fi rst reported as radiation resistant in 2006 
[ 15 ] and has since been confi rmed by additional studies as 
well as subsequent studies demonstrating reactive radiation 
resistance in other cancer types [ 50 – 55 ]. Mammospheres 
grown from MCF-7 and MDA-MB-231 cell lines are more 
resistant to radiation than cells grown in monolayers [ 15 ]. 
Additionally, short courses of fractionated irradiation can 
increase the proportion of CD44 + /CD24 −/low  MCF-7 CSCs. 
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 Breast CSCs produce less ROS and fewer double-strand 
DNA breaks following radiation therapy, suggesting there is 
an enhanced expression of free-radical scavengers in these 
cells [ 15 ]. Moreover, a strong anti-ROS gene signature was 
detected in CSCs using single cell RT-PCR. Pharmacological 
ROS scavengers were able to sensitize CSCs to radiation [ 53 ]. 
It was also proposed that the induction of the Notch pathway, 
a known stem cell regulator, helps mediate the radioresistance 
of breast CSCs. Notch can be activated by radiation in breast 
CSCs in a PI3K-dependent fashion. The activation of this 
pathway by radiation can thus regulate the process of self-
renewal and increase the number of CSCs [ 15 ]. Further evi-
dence suggests that radiotherapy can induce Wnt signaling, 
which in turn can confer radiation resistance as well as pro-
mote self-renewal of mammary cancer cells [ 50 ]. 

 Together, this evidence indicates that breast CSCs possess 
cell properties that confer protection from radiation-induced 
damage and cell death. This CSC population therefore has 
potential to mediate local tumor recurrence following radio-
therapy. Recent studies indicate that, in addition to targeting 
ROS scavengers, radiation resistance may be overcome by 
hyperthermia using nanoparticle technology. Hyperthermia 
therapy acts as a cancer treatment by direct cell killing and in 
addition can induce radiosensitization [ 56 ]. Hyperthermia 
increased the radiation sensitivity of breast CSCs in a pro-
cess mediated by heat shock proteins [ 57 ].  

    Resistance to Endocrine Therapy 

 The sensitivity of some breast cancers to hormone manipula-
tion was fi rst described over 100 years ago. The development 
of Tamoxifen as the fi rst antiestrogen therapy marked a mile-
stone in breast cancer treatment. Since the 1970s, estrogen 
deprivation has been a mainstay of the treatment of breast 
cancers that express the estrogen receptor-a (ERa). Hormonal 
therapy for these patients was further improved with the 
introduction of aromatase inhibitors. Unfortunately most 
patients that initially respond to the endocrine therapy will 
ultimately become hormone resistant. It has been proposed 
that one possible mechanism for this resistance is mediated 
by a population of ER-CSCs within these tumors. Following 
antiestrogen treatment, remaining CSCs could form new 
tumors and metastases. The loss of ER expression during the 
progression of a malignancy from primary tumor to malig-
nant relapse has been well documented; however, the theory 
of an antiestrogen-resistant CSC population has not yet been 
clinically verifi ed. 

 The expression level of ER is highly predictive for the 
response to endocrine therapy. However, the high relapse 
rate in breast cancer patients following endocrine therapy 
strongly suggests that this line of treatment does not target 
CSCs likely due to their lack of ER expression. It has been 

shown that a rare population of cells can be isolated from 
luminal-like ER + T47D human breast tumor xenografts. 
This population is enriched in the tumorigenic fraction of 
these xenografts and the cells are ER- and CD44 +  [ 58 ]. 
Similarly, in human cell line models of acquired endocrine 
therapy resistance, ER expression is progressively decreased 
as resistance occurs [ 59 ]. This phenomenon is also observed 
in patients. In a clinical study using paired tissue samples, 
neoadjuvant endocrine therapy resulted in a decrease in ER 
gene expression in posttreatment tumors compared to pre-
treatment tumors [ 59 ]. Thus, the survival of an ER-, highly 
tumorigenic fraction of cells represents one potential mecha-
nism for antiestrogen resistance to occur. 

 A second mechanism for how patients develop resistance 
to endocrine treatment is by an increase in growth factor sig-
naling. Typically, when ER expression decreases in cell lines 
and patients during endocrine resistance, there is a reciprocal 
increase in epidermal growth factor receptor (EGFR)/HER2 
expression. An increase in EGFR was fi rst demonstrated 
using MCF-7 cells with acquired endocrine resistance to ful-
vestrant [ 60 ], and enhanced HER2 expression was later con-
fi rmed using the same cell line with resistance to Tamoxifen 
[ 61 ]. Importantly, targeting these signaling pathways could 
block growth of these hormone-resistant cells. Clinicians 
have in fact observed that inverse relationship between the 
expression of c-erbB-2 protein, a marker of poor prognosis 
in breast cancer, and sensitivity to antiestrogen treatment on 
relapse [ 62 ]. Similar to the increase in ER- stem-like cells 
that occurs concurrently with the development of acquired 
endocrine resistance in breast cancer, the increase in EGFR/
HER2 signaling can potentially arise from the selection of 
CSCs. Recent studies have demonstrated the clinical benefi t 
of adding an mTOR inhibitor to aromatase inhibitors [ 63 ]. 
When breast cancer cells are grown as mammospheres, they 
demonstrate an enhanced expression of HER2 levels [ 64 ]. 
Additionally, it has been demonstrated that HER2 is a key 
driver of the CSC population. HER2 overexpression is cor-
related with increased expression of stem cell-regulating 
genes [ 65 ]. The expression of HER2 itself is under the con-
trol of Notch 1, a key regulator of CSC maintenance [ 64 ]. 
Overexpression of HER2 in breast cancer cell lines results in 
an expansion of CSCs as determined by ALDH activity and 
increases the tumorigenicity of the cell population [ 65 ]. 
These studies further demonstrated that the effects of HER2 
overexpression on breast CSCs can be inhibited by trastu-
zumab (Herceptin). Data from clinical trials shows that the 
treatment of breast cancer patients with lapatinib (a dual 
EGFR/HER2 inhibitor) can decrease the CSC population 
and mammosphere formation of cells from the posttreatment 
tumors [ 46 ]. The use of anti-HER2 therapy using  trastuzumab 
in HER2-expressing breast cancers has been highly success-
ful. In addition, there is now evidence from retrospective 
analyses suggesting that in the adjuvant setting, the clinical 
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benefi ts of HER2 blockade may also extend to breast cancers 
that are currently classifi ed as HER2 negative [ 66 ].    This may 
be due to the classifi cation of HER2– tumors that actually 
harbor a rare population of HER2+ CSCs. Together these 
studies indicate that CSC activity in breast cancers can be 
regulated by HER2 and suggest that the remarkable clinical 
effi cacy of therapy of trastuzumab may be due to its ability 
to target CSCs.   

    Targeting Breast CSCs 

 There is now abundant evidence demonstrating that although 
most treatments are effective at targeting the bulk population 
of tumor cells, the CSCs are relatively resistant to these 
agents and may drive regrowth of tumors and metastases fol-
lowing therapy. This highlights the need for therapeutics that 
can directly target this cell population. There are at least 
three key ways proposed for targeting breast CSCs, includ-
ing the inhibition of CSC self-renewal mechanisms, the inhi-
bition of CSC resistance mechanisms, or blocking the effects 
of the CSC niche. 

 A full comprehension of breast CSC biology, including 
the pathways that regulate the cells, will be necessary to 
effectively develop CSC-targeted therapies. Recent studies 
have helped to elucidate the pathways maintaining the 
growth, survival, and self-renewal of CSCs. There are at least 
three primary signaling pathways, Notch, Wnt, and Hedgehog, 
demonstrated to regulate breast CSCs. New evidence also 
demonstrates roles of the tumor microenvironment as well as 
certain microRNAs in the regulation of CSCs. 

    Notch 

 Notch consists of an evolutionarily conserved signaling 
pathway which is initiated when a ligand from the Jagged or 
Delta families binds to one of the Notch receptors (Notch 
1–4) on adjacent cells triggering a two-step receptor prote-
olysis event [ 67 ]. The fi rst cleavage event is mediated by 
members of the ADAM metalloproteinase family, followed 
by the second proteolytic cleavage, mediated by γ-secretase. 
These proteolytic events result in the release of the Notch 
intracellular domain (NICD) from the plasma membrane and 
its transport to the nucleus, where it forms a DNA-binding 
complex with other coactivators. This stimulates the expres-
sion of target genes including  Hes ,  Hey ,  c - Myc ,  cyclin D1 , 
and  p21 / Waf1 . NICD activity is further regulated by CDK8- 
dependent phosphorylation leading to its ubiquitination. 
Binding of Notch by the ligand Numb inhibits its activity 
through an endocytotic mechanism. 

 Notch activity has been extensively studied in breast 
CSCs, since the Notch signaling pathway has key functions 

in both normal breast development and in breast cancer 
development. In the mouse mammary gland, Notch signaling 
regulates the expansion of stem cells and their differentiation 
into luminal progenitor cells [ 68 ]. Normal human breast 
stem cells exhibit active Notch signaling, promoting their 
self-renewal as well as the differentiation of progenitor cells 
while having very little effect in fully differentiated epithe-
lial cells [ 69 ]. A role for Notch signaling in breast cancer 
was demonstrated by the identifi cation of retroviral inser-
tions into Notch4 in mouse mammary cancers [ 70 ]. In 
tumors, expression of Notch receptors is upregulated in 
breast CSCs identifi ed by expression of CD44 + /CD24 −  [ 67 ]. 
Furthermore, Notch4 activity is increased in breast CSCs, 
and inhibition of Notch4 signaling can reduce this popula-
tion as well as completely block tumorigenesis [ 39 ]. Thus, 
Notch signaling represents an attractive therapeutic target in 
breast CSCs. 

 Both in vitro and in vivo studies have verifi ed that target-
ing components of the Notch signaling pathway reduces the 
CSC population. A number of genetic and pharmacologic 
approaches to abrogate Notch signaling are under investiga-
tion. Notch receptors and ligands may be inhibited by selec-
tive means such as monoclonal antibodies or nonselective 
means such as soluble ligands or receptor decoys. Finally 
Notch signaling can be blocked by the inhibition of enzymes 
necessary for cleavage of receptors, such as γ-secretase 
inhibitors (GSIs) or ADAM inhibitors. One such GSI, DAPT, 
can signifi cantly reduce the formation of mammospheres 
from pre-invasive ductal carcinoma in situ [ 71 ] and invasive 
breast cancer cell lines [ 39 ]. Other GSIs are currently being 
tested in early phase clinical trials for breast cancer [ 72 ]. 

 It appears that not all Notch receptors are able to regulate 
breast stem cells equally. Notch1 activity is signifi cantly 
lower in breast CSCs compared to more differentiated pro-
genitor cells, and its specifi c inhibition has less effect on the 
CSC population than does Notch 4 inhibition [ 39 ]. This sug-
gests that there is specifi city of different Notch receptors in 
the regulation of breast stem and progenitor cells. If this is 
the case, then selective inhibition of Notch4 may be more 
effi cacious than Notch1 inhibition and potentially less toxic 
than GSIs that inhibit all Notch receptors.  

    Hedgehog 

 Aberrant activation of the Hedgehog (Hh) pathway has been 
demonstrated in many different types of cancer and is another 
attractive target for CSC therapeutics. Hh has been demon-
strated to signal through autocrine, juxtacrine, and paracrine 
mechanisms [ 73 ,  74 ]. Secreted Hh molecules (Sonic, Indian, 
or Desert) signal through the 12 span transmembrane Patched 
1 (PTCH) receptor. In the absence of an Hh ligand, PTCH 
inhibits the activity of the 7-transmembrane receptor-like 
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protein, smoothened (SMO). The binding of Hh to PTCH 
thus relieves SMO inhibition, allowing SMO to transduce 
the Hh signal to the cytoplasm. The translocation of activated 
SMO to nonmotile cilia initiates a signaling cascade result-
ing in nuclear translocation of active GLI transcription fam-
ily members and the induction of Hh target genes including 
GLI1 and PTCH1 [ 73 ,  75 ,  76 ]. 

 Hh signaling is a critical regulator of normal stem cell 
maintenance, stimulating self-renewal and proliferation of 
stem cells in many types of tissues [ 77 ,  78 ]. Evidence for Hh 
signaling in CSCs was fi rst demonstrated by deletion of 
SMO in BCR-ABL+ chronic myeloid leukemia (CML) stem 
cells. This deletion abrogates tumorigenicity and pharmaco-
logical inhibition of the Hh pathway can increase survival of 
mice transplanted with BCR-ABL leukemia cells [ 79 ]. Many 
members of the Hh pathway are highly expressed in 
CD44 + CD24 −  CSCs from breast cell lines, including PTCH1, 
Gli1, and Gli2. Furthermore, when cells are induced to dif-
ferentiate, the expression of these genes is downregulated 
[ 80 ]. Exogenous Hh ligand can enhance the capacity to form 
mammospheres whereas inhibition of the pathway by cyclo-
pamine (a naturally occurring plant alkaloid) blocks this 
effect [ 80 ]. The inhibition of Hh signaling with cyclopamine 
or an anti-Hh antibody can block growth of small-cell lung 
cancer cells and pancreatic cancer cells in vitro and in immu-
nocompromised mice [ 81 ,  82 ], suggesting that targeting this 
pathway may also affect CSCs in malignancies other than 
breast cancer. Current clinical studies are combining an Hh 
inhibitor with a Notch inhibitor, based on evidence that these 
are both important regulators of CSC self-renewal and the 
two signaling networks interact with each other [ 72 ,  83 ].  

    Wnt 

 While agents targeting the Notch and Hh pathways have 
shown great promise in preclinical studies, the Wnt pathway 
has been more challenging to target. Nonetheless, many 
recent advances have been made in developing therapeutic 
agents to target this CSC regulatory pathway. Wnts are 
secreted glycoproteins that bind to cell surface receptors, 
activating signaling cascades [ 84 ]. As is the case for Notch 
and Hh, Wnt signaling pathways are highly conserved across 
species. Two pathways, canonical and non-canonical, make 
up the Wnt signaling cascade. Non-canonical Wnt pathways 
do not function through β-catenin   , and have primarily been 
characterized in lower organisms [ 85 ]. Alternatively, canoni-
cal Wnt signaling is well studied in mammalian cells and is 
dependent on β-catenin activity. Canonical signaling is initi-
ated when one of the 19 known Wnt ligands binds to co- 
receptors of the Frizzled (Fzd) and low-density lipoprotein 
receptor-related protein (LRP) families. This action initiates 
a cascade of events, which results in the disruption of the 

β-catenin destruction complex. Once stabilized, this pathway 
leads to the nuclear translocation of β-catenin where it forms 
a complex with members of the T cell factor/lymphoid- 
enhancer factor (TCF/LEF) family of transcription factors. 
Together the complex recruits cofactors which drive tran-
scription of target genes including c-myc, cyclin D, and sur-
vivin [ 86 – 88 ]. 

 Wnt signaling is misregulated in a vast range of human 
malignancies. The most notable and fi rst described example 
of aberrant Wnt/β-catenin signaling is in colon cancer, where 
nearly 90 % of malignancies contain mutations of compo-
nents of the Wnt pathway, resulting in abnormal β-catenin 
activation [ 89 ,  90 ]. 

 In certain triple-negative breast cancer cell lines, high lev-
els of Wnt leads to enhanced Wnt/β-catenin activity generat-
ing an autocrine feedback loop [ 91 ]. This signaling loop can 
be suppressed by the overexpression of endogenous inhibi-
tors such as Dkk1, validating the potential to pharmacologi-
cally inhibit this network. A growing body of evidence 
suggests that Wnt signaling and β-catenin play an important 
role in CSC function [ 92 ,  93 ]. For example, colon CSCs can 
be isolated based on elevated β-catenin activity and possess 
greater tumorigenicity when implanted in immunocompro-
mised mice compared to cells with low β-catenin signaling 
[ 94 ]. A key role for Wnt signaling in mammary CSCs has 
also been documented. In the MMTV-Wnt-1 and MMTV-β- 
catenin transgenic mouse breast cancer models, the mam-
mary stem cell population is increased [ 95 ,  96 ]. Additionally, 
the conditional knockout of Apc, a component that regulates 
β-catenin degradation, in mammary cells induces the forma-
tion of mammary adenocarcinomas [ 97 ]. Finally, the Wnt/β-
catenin network is a critical regulator of CSCs within breast 
cancer cell lines exhibiting overactive PI3K/AKT signaling. 
In MCF-7 and SUM159 breast cancer cells, knockdown of 
PTEN results in increased mammosphere formation as well 
as tumorigenicity in NOD/SCID mice [ 98 ]. This effect on 
CSC phenotype is mediated through Wnt/β-catenin via the 
phosphorylation of Gsk3β as well as phosphorylation of 
β-catenin facilitating its nuclear translocation. 

 Together, this evidence indicates the Wnt signaling cas-
cade is another potential target for pharmacological interven-
tion. The complexity of the Wnt signaling network provides 
multiple potential therapeutic targets. Several therapeutic 
strategies have been proposed including disrupting ligand–
receptor interaction, inhibition of Wnt secretion, destabiliza-
tion of β-catenin, and disruption of the β-catenin/TCF/
coactivator complex. Directly targeting β-catenin activity is 
diffi cult since it does not possess enzymatic activity. 
However, a recent high-throughput screen for inhibitors of 
Wnt-/β-catenin-mediated transcription has identifi ed a small 
molecule inhibitor of this pathway thought to function via 
β-catenin destabilization [ 99 ]. Several Wnt-targeting thera-
pies are now under development or in early phase clinical 
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trials for cancer [ 100 ]. Although preliminary, the data show 
great potential for new compounds to target this pathway in 
breast CSCs.  

    CSC Microenvironment 

 Unlike in vitro cell culture, epithelial cancer cells within 
tumors exist among a myriad of other cells including fi bro-
blasts, endothelial, and hematopoietic cells and may encoun-
ter environmental stressors that vary both spatially and 
temporally. Within the tumor complex, CSCs are able to 
communicate with and receive signals from these other cell 
types and from environmental factors. In fact, most of the 
CSC self-renewal pathways are activated by the CSC niche. 
For example, the Notch, Hedgehog, and Wnt signaling path-
ways all require cell-to-cell contact to activate canonical sig-
naling. Not surprisingly, targeting the components of the 
CSC niche has long been proposed. In 1990, the use of anti-
bodies against CD44 was shown to effectively block the 
growth of murine bone marrow progenitors in vitro by inter-
fering with the interactions between the cells and the extra-
cellular matrix [ 101 ]. Following this discovery, the targeting 
of CD44 in CSCs, including breast CSCs, has been an area 
of intense focus. One such therapy P245, a monoclonal anti-
body against CD44, was tested for effi cacy on human breast 
cancer xenografts. This study showed promising results 
when the anti-CD44 therapy was combined with a cyclo-
phosphamide treatment targeting both the bulk population 
and CSC populations within tumors [ 102 ]. 

 Breast CSCs can interact with their microenvironment 
through cell–extracellular matrix communication via integ-
rins [ 103 ]. A direct link between integrin signaling through 
focal adhesion kinase (FAK) and breast CSCs is likely since 
primary tumors from FAK knockout mice harbor a reduced 
proportion of CSCs [ 104 ]. Additional studies demonstrate 
that FAK is critical for mammary tumor formation and 
metastasis in mice, adding further evidence linking FAK sig-
naling and CSC regulation. Thus, CD44 and integrin-related 
proteins that regulate CSCs serve as another alternative for 
therapeutic targeting. 

 Extrinsic factors within the tumor microenvironment can 
likewise regulate breast CSC activity and represent potential 
therapeutic targets. Several cytokines have been implicated 
in regulating breast CSCs such as stromal-derived factor-1, 
interleukin-6 (IL-6), and interleukin-8 (IL-8) [ 105 – 107 ]. 
Importantly, these environmental-derived regulators may 
play a role in breast cancer treatment resistance as was dem-
onstrated in the case of IL-6 driving CSC-mediated trastu-
zumab resistance [ 108 ]. The cognate receptor for IL-8, 
CXCR1, is selectively expressed in ALDH+ cells in breast 
cancer cell lines, and treatment with IL-8 can expand CSC 
populations [ 109 ]. Further studies using human breast cancer 

xenograft mouse models have shown that blocking IL-8 sig-
naling reduces CSC self-renewal. More importantly, the 
small molecule CXCR1 inhibitor repertaxin inhibits both 
tumor growth and metastases even though only <2 % of cells 
express CXCR1 [ 44 ]. Not only are CSCs regulated by auto-
crine production of cytokines, but other tumor cells within 
the CSC niche can secrete molecules promoting their activity 
via paracrine signaling [ 110 ]. This highlights the need for 
targeting these extrinsic mediators of CSC activity. 

 Hypoxia is a common feature of solid tumors and repre-
sents one of the hallmarks of the CSC microenvironment. It 
has long been known that tumor survival and progression are 
enhanced by the presence of hypoxia, and recent evidence 
demonstrate that this might be driven by CSCs. Low oxygen 
levels trigger changes in gene expression driven by hypoxia- 
inducible factor (HIF) proteins and their signaling pathways. 
HIFs can directly induce the expression of stem cell- regulating 
genes like Nanog, Oct4, and Sox2 [ 111 ,  112 ]. Additionally, 
HIFs can interact with and enhance other CSC regulatory 
pathways such as Notch and Wnt [ 113 ,  114 ]. Studies now 
demonstrate that hypoxia can increase the proportion of 
breast CSCs in vitro and CSC populations grow in response 
to hypoxia induced by antiangiogenic agents in breast cancer 
xenografts [ 115 ]. Targeting of HIFs pharmacologically has 
shown promise in reducing CSC populations in some hema-
topoietic cancers [ 116 ] and could potentially be used in com-
bination with antiangiogenics in breast cancer. Several 
strategies for blocking HIFs are currently under development 
showing promising results in preclinical testing [ 117 ].  

    MicroRNA Signaling in CSCs 

 Regulation of CSCs by microRNAs (miRNAs) is a relatively 
new area of research focus. The ability of each miRNA to 
regulate the expression of up to 300 different genes [ 118 ] 
makes this class of small RNAs an attractive therapeutic tar-
get. This broad range of regulation by single miRNAs allows 
for a simple mechanism for the coordinate regulation of mul-
tiple CSC regulatory pathways. Many studies have high-
lighted the role of miRNAs in regulating embryonic stem 
cells [ 119 – 121 ], and evidence suggests a role for these miR-
NAs in the regulation of CSCs. When compared to differen-
tiated cancer cells, expression of Let-7 miRNA family 
members is reduced in primary breast cancer cells enriched 
for mammosphere formation and tumorigenicity [ 45 ]. 
Induced expression of Let-7 reduces mammosphere-forming 
capacity while its repression in differentiated cells results in 
increased mammosphere formation. Moreover, forced 
expression of Let-7 can abrogate breast tumor formation in 
NOD/SCID mice [ 45 ]. 

 Numerous miRNAs can be either upregulated or down-
regulated in CSCs when compared to more differentiated 
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tumor cells. CD44 + /CD24 −  breast CSCs from primary 
human tumors differentially express at least 37 miRNAs 
when compared to the non-tumorigenic cell population 
[ 122 ]. Three clusters of miRNAs are downregulated simi-
larly in normal human breast stem cells and in breast CSCs, 
including miR-200c- 141, miR-200b-200a-429, and miRNA-
183-96-182 [ 122 ]. This strong overlap highlights the simi-
larities in the regulation of normal and malignant stem cells 
in the breast. One of the numerous targets of miR-200c, 
BMI1, is a known regulator of both normal stem cells and 
CSCs [ 123 ,  124 ]. Similar to Let-7, induced expression of 
miR-200c in CD44 + /CD24 −  breast CSCs inhibits tumor for-
mation in NOD/SCID mice.  

    Other Therapeutic Strategies 

 Many other CSC-targeting strategies are being investigated 
in the laboratory and in clinical trials for breast cancer as 
well as other malignancies [ 125 ,  126 ]. For example, studies 
have identifi ed the NF-κB pathway as an attractive therapeu-
tic target since it can cross talk with many of the other CSC-
regulating pathways. Promising data show that three different 
inhibitors of the NF-κB pathway can preferentially inhibit 
mammosphere-forming capacity and proliferation of the SP 
of MCF-7 cells [ 127 ]. 

 In the search of additional anti-CSC agents, researchers 
have turned to high-throughput screening techniques. 
However, this approach is diffi cult for identifying CSC- 
targeting compounds due to the relative rarity of CSCs as 
well as the diffi culties performing numerous clonogenic 
assays to assess stem cell activity. To address these prob-
lems, a breast cell line engineered to induce properties of 
epithelial to mesenchymal transition (EMT) has been uti-
lized to screen compounds that target CSC activity [ 128 ]. 
Using this method, salinomycin was found to selectively 
inhibit CSCs by inducing differentiation [ 129 ]. Other differ-
entiation therapies are under investigation as well. Both vita-
min A derivatives and BMPs have shown promise as agents 
inducing differentiation of CSCs [ 130 – 132 ]. 

 Additional therapies under development include agents that 
inhibit ABC drug transporters, block heat shock protein 90, or 
target the EMT program in CSCs [ 126 ,  133 ,  134 ]. Other poten-
tial means for eradicating this cell population is through immu-
notherapy by targeting specifi c antigens expressed on CSCs. 
Although many breast CSC markers are known, the identifi ca-
tion of which antigens are appropriate needs to be further 
investigated along with identifying the most effective way to 
stimulate an immune response using these antigens [ 135 ]. 
Recent studies have uncovered some exceptionally promising 
CSC-targeting candidates including metformin, a commonly 
utilized drug for diabetes therapy, which can selectively kill 
breast and other CSCs [ 136 ]. Finally, other treatments 

proposed for targeting breast CSCs include dietary com-
pounds. The polyphenols curcumin and piperine have been 
shown to modulate self-renewal of breast CSCs in vitro by 
inhibition of the Wnt pathway [ 137 ]. Sulforaphane, a natural 
compound derived from broccoli, can decrease breast CSCs in 
vitro and eliminate this population in tumor xenograft models 
of breast cancer [ 138 ]. This compound has been reported to 
inhibit both Wnt and NF-kB signaling. 

 To effectively treat patients, standard cancer therapies 
will need to be used in combination with CSC-targeted ther-
apies to provide an effective treatment strategy. Combining 
these strategies will allow the debulking of the proliferative 
cells in the tumor mass while preventing recurrence by elimi-
nating the CSCs. Combination therapy would also prevent 
the potential for bulk tumor cells to dedifferentiate to a stem 
cell-like state that might be induced by the tumor microenvi-
ronment [ 139 ,  140 ].   

    Summary and Conclusions 

 Many advances have been made in the identifi cation of breast 
CSCs utilizing markers such as CD44 + CD24 −  and ALDH + . 
However, there are still no universal markers to isolate breast 
CSCs, perhaps due to the large heterogeneity observed 
between breast cancers. Functional assays, which themselves 
have limitations, are required to more conclusively identify 
CSCs. 

 CSCs are now recognized as mediators of breast cancer 
treatment resistance and as initiators of metastasis. The rap-
idly growing fi eld of breast CSC research has signifi cantly 
increased our understanding of their complex biology. These 
fi ndings serve as a foundation to develop new therapies for 
targeting this cell population. With further investigation, 
CSC-targeted therapeutics have the potential to signifi cantly 
improve patient outcome for breast cancer as well as for 
other types of cancer. Numerous agents targeting CSCs are 
now entering clinical trials, and these studies will determine 
the clinical utility of targeting this cell population.     
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           Introduction 

    The ability of a tumor to generate a tissue-specifi c cell lin-
eage typical of its originating progenitor is arguably one of 
the most compelling evidences that tumors arise from trans-
formed stem cells. This ability is well documented in the 
pediatric malignancy Wilms tumor (WT) or nephroblastoma, 
which is noted for its remarkable mimicry of metanephric 
development in producing a caricature of the differentiation 
process. Normally, development is driven by the reciprocal 
interactions between the inductor ureteric bud (UB), which 
branches to form the collecting duct network, and the meta-
nephric mesenchyme (MM), which in part is induced by the 
bud to undergo mesenchymal–epithelial transition (MET) in 
generating the tubular epithelia of the nephron. Both the UB 
and MM arise from the intermediate mesoderm, which popu-
lates the urogenital tract. The MM originates in the nephro-
genic cord, and these cells have the potential to develop into 
interstitial stroma and nephrogenic mesenchyme, which, in 
turn, is specifi ed to form the epithelial structures of the neph-
ron, including the podocytes of the glomeruli and the proxi-
mal and distal tubular epithelia. Blastemal cells of a 
nephroblastoma behave as metanephric mesenchyme or 
multipotent stem cells in that they have retained a capacity to 
differentiate along predicted lineages to yield primitive epi-
thelial tubules and stroma while simultaneously populating 
the expanded blastema. Indeed the characteristic triphasic 
histologic phenotype of primitive tubular epithelial struc-
tures, stroma, and blastemal elements observed in the typical 
nephroblastoma and shown in Fig.  1  is consistent with a stem 
cell origin for these tumors. Furthermore, biochemical, 

molecular, and genetic analyses of the various cell popula-
tions in the nephroblastoma support this stem cell origin as 
will be described, but clearly tumor cells have retained some 
ability to differentiate, even if only to a neoplastic cell with 
characteristics of a more advanced cellular phenotype.

       Wilms Tumor: A Pediatric Problem 

 WT is predominantly a pediatric malignancy, arising with an 
incidence of nearly eight per million children between ages 0 
and 14, although tumors may occur during fetal development 
as well or even in adulthood [ 1 ,  2 ]. The vast majority of 
tumors (more than 75 %), however, are diagnosed by age 5. 
Its relatively high incidence (6 % of all childhood neoplasms), 
makes it the most common form of childhood kidney cancer 
and the third most common cancer in children under age 5 
after acute lymphoid leukemia and neuroblastoma [ 3 ]. While 
the majority of adult neoplasms show signs of widespread 
genomic instability, WTs contain a limited number of chro-
mosomal abnormalities and even fewer of these have been 
demonstrated to associate with the disease or patient progno-
sis. These include trisomy 6, 8, 12, or 18, and partial gain of 
1q. Chromosome losses occur less frequently and involve 
chromosomes 11, 16, or 22, while loss of heterozygosity has 
been reported for 1p, 1q, 11q, 16q, or 22q [ 4 ]. In fact, the 
limited but common association between chromosomal 
abnormalities and disease leads us rather optimistically to the 
belief that understanding the pathogenetic process and genetic 
mechanism(s) responsible for WT should be attainable. 
However, the genetic regions that have been implicated thus 
far are rather large and will require further resolution in order 
to identify candidate genes associated with WT pathogenesis. 
This is complicated by the fact that WT is predominantly a 
sporadic and genetically heterogeneous disease and that 
epigenetic mechanisms are also in play. 

 The vast majority of Wilms tumors occur unilaterally 
but 5–10 % arise bilaterally. Additionally, their appearance 
is most often sporadic, although a familial predisposition is 
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observed in 1–2 % of WT cases [ 5 ], and this manifests as an 
autosomal-dominant trait with incomplete penetrance. Since 
familial tumors are more often bilateral and exhibit an earlier 
onset, there may be a cancer predisposition involving a 
germline mutation, which accelerates tumorigenesis. In one 
case, a familial predisposition locus has been mapped to 
chromosome 17q12–q21. The appearance of WTs in this 
family shows incomplete penetrance (~30 %), with no evi-
dence for loss of heterozygosity in tumors [ 6 ,  7 ]. The genes 
responsible for this predisposition as well as the predispos-
ing locus in chromosome 19q13.3–q13.4 in other families 
[ 8 ] have yet to be determined. Although Wilms tumors arise 
to a limited extent in association with other congenital anom-
alies, the vast majority of familial tumors are not associated 
with any apparent phenotype other than the tumor itself. 

 Specifi c constitutional syndromes have been identifi ed 
which present with an increased risk for WT. For example, 
aniridia, a rare malformation of the iris, is a disorder of hap-
loinsuffi ciency caused by intragenic mutations in one copy 
of  PAX6 . However, about 5 % of aniridia patients are also at 
risk for WT and show a WAGR (Wilms tumor, aniridia, geni-
tourinary anomalies, and mental retardation) syndrome. 
High resolution deletion analysis of chromosome 11p13, 
which contains the  PAX6  gene, has revealed that aniridia 
patients with WT also bear deletions in the Wilms tumor 
suppressor gene  WT1 , which resides within 650 kb of  PAX6  
[ 9 ]. The Denys–Drash syndrome [DDS] (WT, genitourinary 
anomalies, early-onset renal failure, and predisposition to 
germ cell tumors) also predisposes patients to WT (~3 %) 
[ 10 ,  11 ]. In this case, germline mutations of chromosome 
11p13 have been identifi ed and specifi cally affect the zinc- 
fi nger domain of  WT1  [ 12 ], inhibiting its ability to interact 

with DNA [ 13 ]. The urogenital pathology associated with 
this syndrome is believed to be mediated by the production 
of a dominant-negative form of WT1, which then competes 
with the normal protein. 

     WT1 : A Predisposition Gene for Wilms Tumor 

  WT1  was the fi rst mutated gene to be linked with susceptibil-
ity to Wilms tumorigenesis. Following identifi cation of chro-
mosomal deletions in 11p13 of WAGR patients, a gene 
encoding this transcription factor was subsequently cloned 
and implicated in Wilms pathogenesis [ 14 ]. The so-called 
Wilms tumor suppressor gene  WT1  encodes a DNA-binding 
protein with four C-terminal zinc fi ngers. It is localized pre-
dominantly to the nucleus and can either suppress or activate 
transcription depending upon its target and/or interactive 
partner (reviewed in [ 15 ]). During metanephric develop-
ment,  WT1  expression is up-regulated in induced metaneph-
ric mesenchyme, and expression remains high in condensates 
and subsequently in newly formed epithelia [ 16 ]. With neph-
ron segmentation, however, expression becomes restricted to 
podocytes, where it remains into adulthood. In the mouse, 
 WT1  null homozygotes display a severe renal phenotype, 
showing no metanephric development since the mesenchyme 
undergoes apoptosis [ 17 ]. Thus,  WT1  plays a critical role in 
renal progenitor/stem cell maintenance and differentiation. 
Recently,  WNT4  was shown to be a direct target of WT1 
transcriptional regulation [ 18 ]. This secreted patterning mol-
ecule is essential for MET in metanephric mesenchyme dur-
ing nephron formation [ 19 ]. Thus, WT1 may regulate not 
only progenitor maintenance but also the conversion of pro-
genitors to nephronic epithelia through the stimulation of 
 WNT4  expression. WNT4-induced MET is driven by a 
calcium- dependent Wnt signaling mechanism and not by 
canonical/β-catenin-dependent Wnt signaling [ 20 ,  21 ]. 
Moreover, WT1 regulates the expression of WT1-induced 
inhibitor of  DISHEVELLED  ( WID , also known as  CXXC5 ), 
which inhibits canonical Wnt signaling through a direct 
interaction with DISHEVELLED [ 22 ]. In the absence of 
 WT1 , one could envision a mechanism whereby canonical 
Wnt signaling proceeds unrestrained in the absence of  WID , 
while MET is inhibited due to an attenuation of WNT4 
expression, resulting in the accumulation of renal progeni-
tors. While the existence of such a mechanism is speculative 
at this time, recent studies of WNT signaling indicate that the 
β-catenin- and calcium-dependent WNT mechanisms can be 
antagonistic during development [ 20 ,  23 ]. Moreover, the pre-
dicted consequences of  WT1  loss as a suppressor of canoni-
cal Wnt signaling are consistent with the observed histology 
of the tumors, i.e., an expansion of the blastemal/progenitor 
populations with nuclear localization of β-catenin.  

  Fig. 1    Wilms tumor with favorable histology. Wilms tumors typically 
contain blastemal, stromal, and epithelial/primitive tubular elements 
but with variable proportions of each       
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    Mutations in the  WT1  Locus from Wilms 
Tumors 

 The detection and distribution of  WT1 -inactivating mutations 
in a number of studies have implicated the  WT1  locus in the 
pathogenesis of a signifi cant portion of WTs [ 24 – 26 ]. The 
vast majority of tumors from patients with the WAGR syn-
drome contain a germline loss of chromosomal locus 11p13 
causing deletion of a constitutional  WT1  allele. Under these 
circumstances, the second allele frequently contains a 
somatic point mutation [ 27 ]. Thus, loss of both alleles, i.e., 
loss of heterozygosity, may be necessary for WT develop-
ment, suggesting that WT1 functions as a tumor suppressor 
in these neoplasms. As mentioned above, WT formation in 
patients with DDS is associated with specifi c point mutations 
in exons 8 and 9 of  WT1 , which involve the zinc-fi nger DNA-
binding domain of the encoded protein. Most often the muta-
tion results in an Arg residue replacement for Trp in codon 
394 within the third zinc fi nger [ 28 ]. Of more than 50 cases 
examined, about 50 % contain missense mutations in this 
codon or the adjacent codon Asp396. While it is thought that 
these mutant proteins behave as dominant-negative factors, 
the remaining wild-type allele is apparently also lost in those 
tumors [ 12 ], so tumor formation could simply be dependent 
upon the loss of normal WT1 function. A third nephropathy 
associated with  WT1  mutations called the Frasier syndrome 
resembles DDS in that germline alterations involving intronic 
point mutations interfere with splicing between zinc fi ngers 
3 and 4 of  WT1 ; however, these alterations do not result in 
WTs, so mutations in this case are not suffi cient for renal 
tumorigenesis, although patients with this syndrome are pre-
disposed to gonadal tumors. In any case, the study of muta-
tions in  WT1  from WAGR and DDS does suggest that it is 
functioning as a classical tumor suppressor in Wilms. 

 Familial predispositions to WT are autosomal-dominant 
[ 29 ], and tumor formation with no associated congenital 
abnormalities is often the only indication of a predisposition. 
In the rare familial form of WT,  WT1  mutations are infre-
quent. In one study, only 1 of 26 tumors exhibited a muta-
tion: in this case a germline deletion passed from parent to 
child [ 25 ]. Such observations suggest the involvement of 
other genes (perhaps downstream of  WT1 ) either individu-
ally or in combination with  WT1  in tumorigenesis [ 30 ]. 

  WT1  mutations are considerably more prevalent in spo-
radic tumors. Of more than 600 neoplasms now analyzed, 
roughly 10 % carry  WT1  mutations. These have included 
somatic inactivating deletions, insertions, or missense muta-
tions. The bilateral tumors examined in these studies all con-
tain germline mutations, while unilateral tumors generally 
carry somatic  WT1  alterations [ 25 ]. Mutations have been 
detected not only in tumors but also in the putative preneo-
plastic lesion, i.e., nephrogenic rest, which will be discussed 

later [ 31 ]. Its presence in these early lesions suggests that a 
 WT1  defi ciency may lead to the development of nephrogenic 
rests and enhance the likelihood of neoplastic conversion. In 
some WTs, germline mutations in  WT1  are detectable in one 
allele, but the remaining allele appears normal, which sug-
gests that other genes may participate in the silencing of the 
normal allele. Finally, a large fraction of Wilms tumors have 
no  WT1  mutations and, in fact, express high levels of normal 
functional WT1 protein, showing clearly that other mecha-
nisms can drive tumor formation. In this regard, abnormali-
ties implicating chromosomes or chromosomal loci 
previously described may be responsible [ 32 – 36 ].  

    Beckwith-Wiedemann Syndrome Involves 
a Second Locus WT2 in Chromosome 11 
and Imprinted Genes in This Locus 

 Beckwith-Wiedemann syndrome (BWS) is a congenital 
growth disorder characterized by umbilical hernia, organo-
megaly, and predisposition to malignancies including Wilms 
tumor, rhabdomyosarcoma, and hepatoblastoma. It affects 
some 1 in 14,000 live births and has been linked to the WT2 
chromosomal locus 11p15.5, through an examination of 
familial cases of BWS. Familial cases account for approxi-
mately 15 % of BWS patients, and the tumor risk is about 
7.5 % in children under 8 years of age. The majority (60 %) 
of those tumors are WTs. The remainder includes hepato-
blastomas, rhabdomyosarcomas, and neuroblastomas. 
Overall, approximately 80 % of BWS cases are associated 
with alterations in 11p15.5, which comprises two domains of 
imprinted genes [ 37 ,  38 ]; however, only one of those domains 
predisposes to WTs. The fi rst domain encompasses fetal- 
specifi c  Insulin - like Growth Factor - 2  ( IGF2 ) and  H19 , a 
putative tumor suppressor gene, which encodes a noncoding 
RNA that regulates  IGF2  expression. Normally,  H19  is 
expressed only from the maternal chromosome; whereas, 
 IGF2  is transcribed from the paternal chromosome, and both 
are reciprocally regulated by Imprinting Center 1 (IC1), a dif-
ferentially methylated region (DMR) upstream of  H19  
(Fig.  2a ). The absence of IC1 methylation on the maternal 
chromosome allows transcriptional repressor and zinc-fi nger 
protein, CCCTC-binding Factor (CTCF), to bind to DNA, 
blocking access of the  IGF2  promoter to downstream enhanc-
ers and instead permitting  H19  expression. Conversely, meth-
ylation of the paternal chromosome prevents CTCF binding, 
thus allowing access by enhancers to the  IGF2  promoter and 
causing repression of  H19  [ 39 – 41 ]. Loss of imprinting (LOI) 
for  IGF2 , which results in its overexpression, has been dem-
onstrated in about half of all WTs [ 42 ,  43 ] and includes, but 
is not limited to, BWS patients [ 38 ]. With LOI for  IGF2 , 
aberrant methylation of the maternal chromosome (i.e., 
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methylation of IC1) occurs, which, in turn, leads to repres-
sion of  H19  and expression of  IGF2  from both paternal and 
maternal chromosomes (Fig.  2b ). Approximately, 5 % of 
BWS patients have alterations that cause methylation of 
maternal IC1 and of these, more than 25 % develop tumors, 
most of which are WTs [ 44 ]. Presumably the overexpression 
of  IGF2  contributes to organ enlargement, expansion of the 
progenitor population, and subsequent tumor formation. This 
hypothesis is supported in mouse models in which  IGF2  lev-
els have been manipulated. By removing controls for imprint-
ing and allowing both parental copies of  IGF2  to be expressed, 
organomegaly occurs; however, other characteristics of BWS 
are not observed [ 39 ,  45 ,  46 ], suggesting the involvement of 
other sequences in the deleted locus.

   A second imprinting domain has been implicated in BWS 
pathogenesis and involves  CDKN1C  ( Cyclin - Dependent 
Kinase Inhibitor 1C  or  p57KIP2 ) and  KCNQ10T1 .  CDKN1C  
is a tumor suppressor which negatively regulates cell prolif-
eration at the G1 cell cycle phase. Its expression is regulated 
by the paternal gene  KCNQ10T1 , which, like  H19 , encodes a 
noncoding RNA. The 5′ end of  KCNQ10T1  also functions as 
the Imprinting Center 2 (IC2) site [ 47 ,  48 ]. IC2 is normally 
methylated on the maternal chromosome, which silences 
 KCNQ10T1  transcription and allows expression of  CDKN1C . 
In BWS cases involving IC2, loss of methylation negatively 
regulates  CDKN1C . Although LOI at IC2 accounts for about 
half of all defects associated with BWS, it yields no predis-
position to WT. Mutations have been reported in  CDNK1C ; 
however, this also does not predispose to WT, nor do mice 
with ablated  Cdnk1c  develop nephroblastomas. However, 
null homozygotes for this gene have numerous characteris-
tics of BWS, including renal dysplasia and adrenal cortical 
hyperplasia, but without the organomegaly associated with 
IGF2 overexpression [ 49 ]. 

 Only 4 % of BWS patients eventually develop WTs [ 50 , 
 51 ]; however, in a small number of patients, normal tissues 

show a mosaic pattern of 11p15 LOH with somatic duplica-
tion of the paternal loci and loss of imprinted maternal 
sequences [ 52 ]. The percentage of cells with LOH exceeded 
75 % in several normal tissues, suggesting that these cells 
undergo selection during tissue differentiation and mainte-
nance. Since tumors also arise from cells with LOH, it is 
conceivable that these abnormalities provide a growth advan-
tage during tumorigenesis. This is further supported by the 
observation that the imprinted genes are also perturbed in 
Wilms preneoplastic lesions [ 53 ].   

    Nephroblastoma: A Stem Cell Tumor? 

 As described above, the triphasic histological phenotype of 
WT is consistent with the concept that these neoplasms arise 
from a multipotent progenitor in the metanephric blastema. 
This hypothesis is further supported by genomic microarray 
analyses, which reveal that WTs express predominantly genes 
associated with the early development of metanephric mesen-
chyme. Comparative analysis of WTs [ 54 ] with rat embry-
onic kidneys [ 55 ] revealed greater concordance with early 
metanephric development as opposed to later stages. 
Moreover, a smaller set of genes was overexpressed in WTs 
relative to normal embryonic kidney, and this group was 
enriched with several transcription factors essential for sur-
vival, proliferation, or early development, such as  EYA1 , 
 PAX2 ,  HOXA11 ,  SIX1 , or  SALL2 . A further technical refi ne-
ment using laser-capture microdissection to isolate tumor 
subpopulations has also demonstrated that the resident blaste-
mal cells in WTs molecularly resemble the earliest stages of 
nephron formation [ 56 ]. In addition, markers for the cap cells, 
the condensate over the tip of the inductor ureteric bud and 
progenitor for nephronic epithelia, are highly expressed in the 
blastemal component of WTs. SIX2 and CITED1 both delin-
eate this small population of nephronic stem cells (Fig.  3a ) 

  Fig. 2    Loss of imprinting at Imprinting Center 1 (IC1) for  IGF2  
expression in Wilms tumor. ( a ) Normally,  IGF2  is expressed only from 
the paternal allele, and maternal expression is suppressed due to the 
binding of CCCTC-binding factor (CTCF) to the  H19  differentially 
methylated region (DMR). CTCF blocks access by the  IGF2  promoter 

to downstream enhancers. Instead, the enhancers are used to promote 
transcription from the  H19  locus. ( b ) With loss of imprinting in tumors, 
the maternal DMR becomes hypermethylated, preventing CTCF from 
binding the DMR and resulting in  IGF2  expression from both maternal 
and paternal alleles       
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and are well expressed in WT blastemal cells (Fig.  3b–d ) 
[ 57 – 59 ]. Since in normal kidney development, the  SIX2 -
expressing population is self-renewing and provides progeni-
tors for the nephron [ 60 ], it is likely that cells in this population 
are the origin of the transformed progenitors in WTs.

   In addition to their utility in defi ning markers for specifi c 
cell populations in nephrogenesis and tumorigenesis, micro-
array studies have also provided insight into potential signal-
ing mechanisms involved in development and tumor 
pathogenesis. Comparative studies of metanephric blastemal 
cells and the similar population in WTs has delineated a 
small set of differentially regulated genes associated with 
specifi c cell signaling mechanisms [ 56 ]. For example, 
 PHOSPHOLIPASE C - gamma - 2  ( PLCG2 ) is defi cient in 
most WTs, and we now know that metanephric mesenchyme 
is dependent upon calcium signaling for conversion to the 
epithelia of the nephron [ 20 ,  21 ]. Hypothetically, a defi -
ciency in  PLCG2  might inhibit this morphogenesis, resulting 
in the accumulation of blastemal cells. Furthermore, up- 
regulated genes in WTs include members of the FRIZZLED 
family, the receptors for WNT ligands, and implicate the 
WNT signaling pathway in the disease process [ 61 ]. In 
efforts to better defi ne a WT stem cell progenitor, Dekel 
et al. [ 62 ], passaged WTs in immunodefi cient mice to select 

for a more aggressive and less heterogeneous population. 
The resulting xenografts differentially expressed several crit-
ical early metanephric progenitor genes, such as  LIM1 ,  SIX2 , 
and  WT1 , as well as WNT pathway genes and the cell adhe-
sion molecule  NCAM  [ 63 ]. They also overexpress genes 
associated with stem cell maintenance, such as Polycomb 
genes  EZH2 , a histone methyltransferase that represses cell 
cycle inhibitors p16/p14, and  BMI - 1 , a ring fi nger oncogene 
that represses p16 and p19. These Polycomb family mem-
bers have been implicated in stem cell self-renewal and 
tumor development in other systems, so their detection in 
this model is not surprising. Their role in the biology of these 
tissues, however, remains unclear. 

 While WTs generally exhibit a triphasic histological phe-
notype, there is a continuum in the quantitative representa-
tion of each subpopulation within different tumors. Thus, 
tumors may appear predominantly blastemal, epithelial, or 
stromal. While the blastemal and epithelial elements resem-
ble the structures observed in the differentiating metaneph-
ros, stromal-predominant tumors can undergo heterologous 
differentiation to yield cartilage, adipose tissue, striated 
smooth muscle, and even bone, suggesting that cells of meta-
nephric mesenchyme retain this plasticity, that tumor cells 
are derived from an even more primitive stem cell population, 

  Fig. 3    Wilms tumor blastemal cells express markers of condensed cap 
mesenchyme. ( a ) The transcriptional co-activator CITED1 is normally 
expressed in a restricted population of cells that overlay the inductor 
ureteric bud (UB). Cell lineage analysis shows that these cells are not 
only incorporated into all segments of nephronic epithelia but also self-
renew to maintain the progenitor/stem cell population for nephron elon-

gation. The blastemal population in Wilms tumor expresses CITED1 
protein ( b ) and transcript ( d ), but the primitive epithelial tubules in the 
tumor do not produce CITED1 ( c ). This suggests that the tumor’s blas-
temal cells are derived from the cap progenitors.  CM  cap mesenchyme, 
 G  glomerulus,  SB  S-shaped body (stage of nephron development),  UB  
ureteric bud       
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e.g., a mesenchymal stem cell, or that plasticity is acquired 
with transformation. Recent lineage studies of FOXD1-
positive stromal cells in the kidney have demonstrated that 
these progenitors are responsible for forming not only the 
interstitial mesenchyme in the kidney but also the pericytes, 
associated with the vasculature, and smooth muscle [ 64 ]. 
Thus, some of this differentiation can be attributed to a puta-
tive renal progenitor. However, there is some evidence to sug-
gest that these renal stromal progenitors are derived at least in 
part from the paraxial mesoderm, and not just from the inter-
mediate mesoderm [ 65 ]. Moreover, cultured, predominantly 
stromal WTs express markers consistent with cultured mes-
enchymal stem cells [ 66 ]. A paraxial mesodermal origin for 
these tumor cells would help explain the greater differentia-
tion potential of this population, although the assumption 
here is that all of the stromal cells are derived from the tumor, 
but they may instead be in part recruited from adjacent tis-
sues by the tumor. 

    Intermediate Filaments and Extracellular 
Matrix Components 

 Patterns of intermediate fi lament expression are also useful 
in analyzing the nature of the histologic components of WT. 
Blastemal cells either in WT or in the metanephros express 
vimentin, while primitive normal and neoplastic epithelia 
show staining for cytokeratins and stromal tissues for vimen-
tin [ 67 ]. Integrin and extracellular matrix transitions have 
been implicated in metanephric differentiation, and patterns 
observed in WTs resemble the expression profi les of normal 
tissue components [ 68 – 70 ]. Specifi cally, integrins α2, α3, 
and α6 as well as laminin and type IV collagen are all ele-
vated in the epithelial component of WTs and normal primi-
tive tubules, while α1, α4, and α5 with fi bronectin are 
detected in stromal populations. Blastemal elements in WTs, 
however, are defi cient for expression of most ECM protein 
examined but do stain for α3 and α6 integrins and show vari-
able levels of fi bronectin. Neural cell adhesion molecule 
(NCAM) and the transcription factor MYCN have also 
proven useful as markers of both neoplastic and nonneoplas-
tic renal blastema [ 71 – 74 ], and as mentioned above, NCAM 
may identify a stem cell population in WTs [ 63 ].  

    Each WT Cell Component Carries the Same 
Genetic Polymorphism 

 That the various populations are indeed derived from tumor 
tissues and not just recruited from normal surrounding struc-
tures has been demonstrated through microdissection of the 
various tissue elements. In all tumors analyzed with LOH for 
the  WT1  locus, each histologic element contained the identi-

cal polymorphism [ 75 ], indicating a clonal origin for each 
tumor component despite the histological differences. Thus, 
stromal elements, including muscle, show the same loss of 
 WT1  as the blastemal populations, suggesting that all heter-
ologous elements are neoplastic.  

    Epigenetic Changes Are a Common Feature 
of Wilms Tumors 

 As already described, epigenetic changes in chromatin are 
commonly observed in WTs. Notably,  IGF2  expression from 
the paternal allele is replaced with biallelic expression in 
BWS due to hypermethylation of the  H19  DMR,    i.e., LOI, 
and this results in more than a twofold increase in serum 
IGF2 levels. In addition, recent advances in chromatin analy-
sis now permit the mapping of promoters, transcripts, or 
Polycomb-binding repression sites based upon the state of 
histone H3 methylation. The presence of bivalent domains, 
i.e., DNA regions with both promoter- and Polycomb-
specifi c trimethylated- histone binding sites, is believed to 
identify a silent gene that is primed for expression. It is 
thought that transient silencing of genes in this manner may 
leave them vulnerable to aberrant hypermethylation and 
result in heritable silencing and cancer [ 76 ]. Using chroma-
tin analysis in comparing WTs, embryonic stem cells (ESCs), 
and normal kidney, studies of whole-genome profi les have 
revealed striking similarities between gene expression pro-
grams in WTs and ESCs [ 58 ]. Thus, WT cells are primed to 
maintain stem cell/blastemal markers, such as  SIX2 ,  EYA1 , 
and  OSR1 , and to proliferate. More importantly, there is a 
subset of genes, which is normally expressed in epithelial 
cells but which in tumor cells is maintained in a “bivalent” or 
poised state, suggesting that these cells are inhibited in their 
ability to convert to an epithelium. Moreover, genes associ-
ated with early stromal, e.g.,  FOXD1 , or epithelial, e.g., 
 LHX1 , are also bivalent, suggesting that the WT blastemal 
progenitor precedes the divergence of these two differentia-
tion pathways. Whether these bivalent genes are also hyper-
methylated and silenced in tumor cells remains to be 
determined.  

    Precursor Lesions in Wilms Tumor 
Pathogenesis 

 In humans, metanephric development is completed around 
36 weeks of gestation, so the presence of metanephric mes-
enchyme postnatally is abnormal. In a retrospective study of 
over 1,000 necropsies of newborns, almost 1 in 100 carried 
persistent blastemal cells in the kidney; 100 times the inci-
dence of Wilms tumors. Furthermore, more than 40 % of 
Wilms tumor patients with unilateral disease and 100 % with 
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bilateral disease have readily demonstrable preneoplastic 
lesions. The term nephrogenic rest has been applied to these 
WT precursors and includes all lesions from dormant to 
maturing, hyperplastic, or neoplastic. Nephroblastomatosis 
then is used to describe a condition characterized by multiple 
or diffuse nephrogenic rests. Beckwith has characterized 
these lesions based upon their distribution in the renal lobe, 
which also refl ects their differentiation status [ 77 ,  78 ]. Since 
differentiation occurs along a proximal–distal axis with 
nephron layering from medulla to cortex, the most medullary 
structures are produced fi rst and those distributed cortically 
occur at the termination of organogenesis. Lesions are there-
fore classifi ed either as perilobar (PLNR), which are distrib-
uted at the periphery of the renal lobe, or intralobar (ILNR), 
which arise within the lobe and deep within the renal paren-
chyma [ 78 ]. Moreover, ILNRs tend to be more heteroge-
neous histologically, displaying elements of cartilage, fat, 
and bone, and therefore may originate in an earlier progeni-
tor. WTs associated with ILNR also have a high rate of muta-
tion in both  WT1  and  CTNNB1 . Morphologically, the PLNRs 
appear as peripheral spherical blastemal foci but are more 
epithelial in character in later lesions. These are commonly 
observed in BWS patients. Kidneys often contain several, 
well-defi ned lesions, although their margins may also be dif-
fuse. On the other hand, ILNRs are predominantly stromal 
but with some blastemal and epithelial populations. These 
occur randomly within the renal lobe as single foci with 
irregular margins. In the 40 % of unilateral Wilms tumors 
with nephrogenic rests, the incidence of either PLNR or 
ILNR is roughly equivalent. In bilateral disease, however, 
tumors with PLNR vastly outnumber those with ILNR by 3 
to 1. Similarly, in WT patients with BWS, PLNR also pre-
dominates. Conversely, in cases of Wilms tumor associated 
with WAGR or DDSs, the primary lesion is ILNR, which 
arises in most tumors evaluated (84 % and 91 %, respec-
tively), while PLNR is observed in less than 20 % of cases. 

 Beckwith’s descriptive studies suggest a varied outcome 
to the presence of nephrogenic rests [ 77 ]. Clearly all rests do 
not progress to Wilms tumors as only 1 in 100 patients with 
rests develops neoplastic disease. In fact, the rests may 
remain dormant for years, mature and sclerose, become cys-
tic, regress, or form hyperplastic nodules. These outcomes 
are not unlike those described in tumor progression involv-
ing preneoplastic lesions in other tissues, e.g., the liver or 
skin. However, a clear association between rests and tumors 
has not been established as for other tissues. One might pre-
dict from Knudson’s model that the rest would carry the fi rst 
“hit,” e.g., a mutation in one allele of  WT1 , with the second 
alteration arising during neoplastic conversion. Thus far, this 
has not been demonstrated. In the case of  IGF2 , constitu-
tively high levels of expression have been reported for both 
nephrogenic rests and Wilms tumors and even epithelial 

structures occasionally showed sustained expression [ 79 ]. 
On the other hand,  WT1  mutations have been observed in 
nephrogenic rests but a progression has not [ 31 ]. This may 
refl ect the complexity of nephroblastoma development in 
that all of the genes involved have not been identifi ed. This is 
supported by genetic studies linking high frequencies of 
PLNR with either trisomy 13, which is associated with 
hyperplastic nephromegaly and Wilms tumor [ 80 ], or tri-
somy 18, which also predisposes to Wilms tumor in surviv-
ing patients [ 81 ,  82 ].   

    Genes Associated with Wilms Tumorigenesis 

 While thus far a limited number of genes have been impli-
cated in the etiology of WT, namely  WT1  and  IGF2 , the vari-
ety of alterations associated with their involvement have 
greatly complicated our understanding of WT pathogenesis. 
Both genetic and epigenetic alterations in 11p13 ( WT1 ) and 
11p15.5 ( IGF2  domain) have been reported. Moreover, many 
tumors contain alterations at multiple loci. In a comprehensive 
examination of 35 sporadic WTs, more than 80 % contained 
single or multiple genetic or epigenetic changes in  WT1  or 
 WT2  [ 83 ]. For the gene  WT1 , loss of expression was not 
always accompanied with a demonstrable genetic alteration, 
indicative of epigenetic causation. Indeed, LOI at 11p13 and 
involving  WT1  has been described [ 84 ]. Conversely, LOI for 
 IGF2  is not the only mechanism associated with dysregulated 
 IGF2  expression. Notably, constitutional paternal uniparental 
disomy, which causes paternal  IGF2  duplication [ 85 ], or 
microdeletion/microinsertion in the  IGF2 / H19  (IC1) imprint-
ing center are also associated with the disease [ 86 ]. These 
mutations are demonstrable in lymphocytes from patients and 
occur either in the germline or very early in development due 
to their wide somatic cell distribution. Moreover, their early 
appearance suggests a predisposing or initiating role in tumor-
igenesis. Similarly for  WT1 , mutations observed in WTs may 
also be detected in nephrogenic rests, the putative preneoplas-
tic lesion, but not in the germline [ 31 ]. This suggests that inac-
tivation occurs as an early event in tumorigenesis. As 
previously mentioned, however,  WT1  mutations alone are not 
suffi cient for tumorigenesis, and this has been confi rmed in a 
mouse model [ 87 ], which will be discussed later. Therefore, it 
is not surprising that  WT1  mutations are often associated with 
alterations  involving other genes, most notably in  IGF2 , as 
already mentioned, or  CTNNB1 , as will be discussed. These 
pathways interact to regulate growth or progenitor mainte-
nance at some level. For example, the  IGF2  promoter contains 
multiple binding sites for WT1, which represses the expres-
sion of  IGF2  [ 88 ]. Derepression of  IGF2  following  WT1  dele-
tion then results in the increased availability of this important 
oncogenic growth factor. 
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    Wnts and β-Catenin/CTNNB1 in Metanephric 
Development 

 Assuming that WTs originate from metanephric mesenchy-
mal progenitors, then understanding the signaling mecha-
nisms that drive normal development may provide substantive 
clues to the factors responsible for the dysregulation that 
occurs in tumorigenesis. Accordingly, some attention has 
been focused on characterizing the mechanisms that mediate 
the maintenance of these progenitors and signaling factors 
that direct their MET. WNTs play critical roles in stem cell 
maintenance and renewal, differentiation and morphogene-
sis, and tumorigenesis, and several are expressed during 
metanephric development. Typically a WNT interacts with a 
Frizzled membrane receptor to indirectly stabilize a second-
ary messenger β-catenin through inactivation of a GSK-3β- 
mediated ubiquitination pathway responsible for β-catenin 
degradation. Accumulated β-catenin can then translocate to 
the nucleus for transcriptional activation of Wnt-dependent 
targets, such as cell cycle regulator  CYCLIN D1  [ 89 ] or  C - 
MYC     [ 90 ], via canonical (CTNNB1-dependent) cooperation 
with a member of the T-cell factor (TCF) family of DNA- 
binding proteins. Although both Wnt4 [ 19 ] and β-catenin 
[ 91 ] are essential for nephron formation, an examination of 
the role of canonical Wnt signaling in MET has revealed that 
it may be critically important for MM progenitor mainte-
nance and proliferation but not for its differentiation or mor-
phogenesis. Notably, constitutive activation of  CTNNB1  in 
MM expands the clusters of condensed metanephric mesen-
chymal cells, but these clusters fail to epithelialize [ 91 ,  92 ]. 
On the other hand, Wnt4, which induces MET in mesenchy-
mal progenitors, activates a calcium-dependent signaling 
mechanism without stimulating canonical Wnt signaling 
[ 20 ], and a calcium ionophore triggers MET in these cells. 
Calcium signaling in response to a Wnt is initiated through a 
G-protein-coupled receptor, which activates phospholipase C 
(PLC). PLC then generates active phosphoinositide (PIP) 
secondary messengers which stimulate the release of calcium 
stores from the endoplasmic reticulum. The released calcium 
initiates a signaling cascade involving calmodulin (CaM) and 
the phosphatase calcineurin, and calcineurin then activates 
members of the NFAT family of transcription factors through 
direct dephosphorylation [ 20 ,  21 ]. It is NFAT transcriptional 
activation that is currently thought to mediate MET. The 
above-described signaling cascade is operative in MM pro-
genitors and responsible for their differentiation (Fig.  4 ). A 
similar mechanism was recently described in the specifi ca-
tion of mouse ESCs. Calcineurin-NFAT signaling is essential 
for the conversion of pluripotent self-renewing stem cells to 
an early lineage commitment [ 93 ]. Furthermore, inhibition of 
this signaling sustained the self-renewing stem cell popula-
tion long term. It is tempting to propose a similar role for 
NFAT signaling in metanephric mesenchymal progenitors.

       Dysregulated Calcium Signaling in WTs 

 There is ample evidence in WTs to suggest that calcium sig-
naling is disrupted in tumor cells, although its precise role in 
the disease process has not been established. The expression 
of  STIM1 , a key activator of store-operated calcium entry, is 
defi cient in a small sampling of passaged WTs [ 94 ]. Also, 
 PAX2 , an early metanephric progenitor marker, is commonly 
expressed in WTs [ 54 ], and  Calcineurin A - Binding Protein  
( CnABP ) functions as a target downstream of  PAX2  [ 95 ]. 
CnABP interacts with calcineurin to prevent its dephosphor-
ylation of NFAT, thus attenuating calcium-dependent tran-
scriptional activation. It is overexpressed in more than 70 % 
of WTs and, when transfected into kidney cells, it stimulates 
proliferation and migration, suggesting that it plays a signifi -
cant role in WT pathogenesis. On the other hand,  CACNA1E , 
a calcium channel gene, has been implicated by comparative 
genomic hybridization studies as a microamplifi cation in 
about 8 % of WT patients, and its appearance correlates with 
WT relapse [ 96 ]. Its expression upregulated the proliferation- 
associated genes,  EGR  and  FOS , although its effect on cal-
cium signaling in WTs has not been established. Regardless, 
the potential role of calcium in tumor suppression is intrigu-
ing and further supported by studies in other tissues, which 
document the antagonistic relationship between calcium and 
canonical Wnt signaling [ 23 ]. Indeed, calcium-dependent 
NFAT activation suppresses canonical Wnt signaling in 
Xenopus embryos [ 97 ], and this suppression is mediated at 
least in part by the binding of NFAT to Dishevelled, which 
otherwise would be recruited to the β-catenin transcriptional 
complex [ 98 ]. In so doing, NFAT sequesters Dishevelled 
from the transcriptional activation of canonical Wnt target 
genes (Fig.  4 ) and thus interferes with proliferation in tissue 
progenitors.  

    A Role for β-Catenin/ CTNNB1  in WTs 

  CTNNB1 , through the canonical Wnt pathway, can behave as 
an oncogene in a variety of tumors [ 99 ,  100 ], and mutations 
in this gene represent dominant lesions, requiring single 
changes for dysregulation. In an analysis of multiple WTs, 
15 % contained mutations in a domain of β-catenin targeted 
by GSK-3β for phosphorylation, resulting in stabilization of 
the protein [ 101 ,  102 ]. Moreover, nuclear localization of 
β-catenin in subpopulations of cells in the majority of WTs 
has been reported [ 103 ,  104 ]. Mutations are observed in spo-
radic and Denys–Drash- or WAGR-associated neoplasms. 
Furthermore, WTs exhibiting mutations in  CTNNB1  consis-
tently also carry  WT1  mutations [ 102 ]. As already men-
tioned, WT1 induces the expression of  WID , an inhibitor 
of canonical WNT signaling through its interaction with 
DISHEVELLED (Fig.  4 ). However, in tumorigenesis, 
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mutations in CTNNB1 were detected only in tumors and not 
in normal somatic tissue or nephrogenic rests, suggesting 
that it functions primarily in tumor progression [ 105 ].  

    WTX/FAM123B/APC Membrane Recruitment 1 
(AMER1) Tumor Suppressor 

 The  WTX  locus and its association with WTs was fi rst 
revealed using high resolution comparative genomic hybrid-
ization arrays with DNA from sporadic Wilms tumors [ 106 ]. 
This approach identifi ed deletions in chromosome Xq11.1 in 
about a third of tumors examined and led to the discovery of 
the  WTX  gene. The encoded protein is expressed in two iso-
forms, the larger of which contains three APC-binding sites 
and is localized to the plasma membrane due to the presence 
of two PIP binding domains at the proteins C-terminus. The 
smaller alternatively spliced form, which lacks the PIP 
domains, translocates to the nucleus where it interacts with 
the β-CATENIN degradation complex. Functional studies 
describe a rather enigmatic protein with confl icting roles. 
WTX interacts with several proteins in the β-CATENIN 
destruction complex, including AXIN1 and APC, and nega-
tively regulates WNT/β-CATENIN signaling by promoting 
the ubiquitination of β-CATENIN (Fig.  4 ) and thus facilitat-
ing its subsequent proteasomal degradation [ 107 ]. 
Conversely, WTX inhibits the ubiquitination of transcription 
factor NRF2, which mediates cellular antioxidant responses, 
by binding to its ubiquitin ligase adapter KEAP1 [ 108 ]. 
Furthermore, the smaller WTX isoform interacts with WT1 
and up-regulates  WT1  expression (Fig.  4 ), presumably 
enhancing its tumor suppressor function by negatively regu-
lating the canonical WNT pathway. To further complicate 

matters, it recruits the AXIN/GSK3/CK1 complex to the 
plasma membrane in order to promote phosphorylation of 
LRP6, the FRIZZLED coreceptor and coactivator of canoni-
cal WNT signaling. The result is activation of canonical 
WNT signaling, which seemingly opposes its role as a sup-
pressor in the β-CATENIN destruction complex [ 109 ]. In 
fact, AXIN behaves similarly in that, in the absence of a 
WNT ligand, it promotes β-CATENIN degradation; how-
ever, in the presence of a ligand, axin also stimulates canoni-
cal WNT signaling through phosphorylation of LRP6 [ 110 ]. 

 During development,  WTX  is expressed in metanephric 
mesenchyme in cap mesenchyme and primitive tubular 
structures [ 111 ]. Germline ablation of  WTX  in the mouse 
manifests as malformations principally in tissues of meso-
dermal origin, namely, the bones and kidneys, which exhibit 
dramatic overgrowth [ 112 ]. The kidneys in particular contain 
massively expanded caps of mesenchyme, the putative origin 
of WTs.  WTX  loss results in neonatal lethality; however, con-
ditional ablation in the bones yields defects consistent with 
the human X-linked disorder, osteopathia striata with cranial 
sclerosis (OSCS), which is associated with germline muta-
tions in  WTX  [ 113 ]. The lack of predisposition to WT in 
OSCS patients suggests that these mutations are not suffi -
cient to initiate tumorigenesis, and this is supported by stud-
ies which have demonstrated heterogeneity for mutations 
within the confi nes of the same tumor [ 114 ].  

     TP53  in Anaplastic WTs 

 Although  TP53  is one of the most commonly mutated genes 
in human cancer, mutations in this gene are detected in only 
about 5 % of all WTs. On the other hand, nearly 75 % of 

  Fig. 4    Hypothetical model for the role of Wilms tumor-associated 
genes in regulating the balance between differentiation/morphogenesis 
and proliferation. Tumor suppressors, WT1, WTX, and p53, all nega-
tively regulate signaling by IGF or β-catenin, which function as onco-
genes in Wilms tumor development. Dysregulation of any of these 

factors might shift the balance in the metanephros towards expansion of 
the self-renewing blastemal population observed in these neoplasms. 
 Ca   2+  / CaM  calcium/calmodulin sensor,  CnABP  calcineurin A-binding 
protein,  DVL  DISHEVELLED,  PLC  phospholipase C,  WID  WT1 
inhibitor of DISHEVELLED       
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anaplastic WTs, which have a propensity for relapse, contain 
inactivating mutations in  TP53  [ 115 ,  116 ], which then serve 
as a prognostic marker for these aggressive neoplasms. In an 
examination of disease relapse, an initial primary WT show-
ing favorable histology presented as anaplastic upon relapse 
and molecularly was homozygous for  TP53  deletion, sug-
gesting that the loss of the suppressor was indeed responsible 
for the change [ 117 ]. More recently, a variety of genomic 
alterations involving loci that are independent of  TP53  have 
been demonstrated for this category of WTs, including a gain 
of  MYCN  [ 118 ]. Loss of  TP53  is associated primarily with 
the later stages of tumorigenesis, i.e., progression, relapse, 
and metastasis [ 119 ,  120 ]. The molecular basis for  TP53  
involvement in WT development may be related to its critical 
role in regulating  IGF - 1R  expression [ 121 ]. Wild-type TP53 
suppresses  IGF - 1R  transcription, while mutant forms of 
 TP53  enhance expression [ 122 ]. Moreover, TP53 suppresses 
expression of the IGF-1R ligand  IGF - 2  [ 123 ] and stimulates 
expression of  IGF - Binding Protein 3  ( IGFBP3 ) [ 124 ], which 
inhibits IGF signaling. Thus, TP53 functions at several levels 
to negatively regulate IGF signaling (Fig.  4 ), which, as men-
tioned previously, is a frequent participant in the pathogene-
sis of WTs. Similarly, WT1 suppresses  IGF - 1R  levels and 
IGF-induced proliferation through interaction with the 
IGF-1R promoter [ 125 ], and now WTX has also been 
reported to regulate  TP53  activity (Fig.  4 ). In this case, how-
ever, WTX enhances TP53 acetylation by CBP/p300, which 
is required for TP53-driven cell cycle arrest and induction of 
apoptosis [ 126 ]. Presumably WTX further suppresses 
 IGF - 1R     and its ligands indirectly through its effect on TP53, 
but this remains to be determined. Regardless, all of the 
tumor suppressors associated with WTs can inhibit cell 
growth by a TP53-mediated process and loss of any of them 
could result in increased IGF signaling.  

    Signal Transducers and Activators 
of Transcription Activation in Metanephric 
and Nephroblastoma Development 

 Members of the  STAT  family, especially  STATs 3  and  5 , play 
key roles in the pathogenesis of a wide variety of both hema-
tologic and solid neoplasms     [ 127 ]. Furthermore, recent stud-
ies in invertebrates and mammals indicate that signal 
transducers and activators of transcription (STAT) signaling 
is required for maintenance and renewal of stem cell popula-
tions [ 128 ,  129 ]. In the developing metanephric rudiment, 
STATs 1, 3, and 5 are highly expressed and also tyrosine and 
serine phosphorylated (transcriptionally activated) [ 130 ]. 
Surprisingly, STAT1 was found to stimulate proliferation and 
inhibit the differentiation of metanephric mesenchymal pro-
genitors. An investigation of STAT activation in WTs 
revealed that STAT1 is activated but only by serine phos-

phorylation and that serine phosphorylation contributed to 
the tumorigenic phenotype [ 131 ]. The role of activated 
STAT1 was attributed to up- regulation of expression of the 
survival factors  MCL1  and  HSP27  and proliferation factor 
 CUX1 / CDP . These same proteins are highly expressed in 
primary WTs. Activation of STAT1 is mediated by protein 
kinase CK2, a serine- threonine kinase commonly expressed 
in many types of cancer, but the mechanism responsible for 
CK2 activation in tumors is ill understood. Furthermore, at 
what point STAT activation becomes relevant to the cancer 
process in WTs remains undefi ned.  

    Other Predispositions to WT 

 In addition to BWS, WAGR, and DDSs, other developmental 
disorders carry a small but signifi cant risk for nephroblas-
toma. These can be divided into syndromes involving organ/
tissue overgrowth, such as BWS, and those not associated 
with tissue overgrowth, such as WAGR. Among the former 
category is Perlman syndrome, which is characterized by 
fetal gigantism, renal dysplasia, and a predisposition for WT. 
The responsible locus has been mapped and determined to 
involve  DIS3L2 , an exonuclease with tumor suppressor 
activity [ 132 ]. Ablation of the gene causes mitotic abnormal-
ities, and partial deletions in this gene are detected in 30 % of 
sporadic WTs. Sotos syndrome manifests as a cerebral 
gigantism. Sotos is caused by mutations in  Nuclear Receptor 
SET Domain - containing Protein  ( NSD1 ) [ 133 ,  134 ]. NSD1 
encodes a methyltransferase that modifi es a variety of pro-
teins, but prominent on the list of substrates is lysine residue 
36 on histone 3 (H3K36) [ 135 ]. This event is generally asso-
ciated with transcription of active euchromatin. Finally, the 
Simpson-Golabi-Behmel syndrome is characterized by mac-
roglossia and renal and skeletal abnormalities. In this case, 
the molecular basis of the disorder has been traced to the 
X-linked heparin sulfate proteoglycan  Glypican 3  ( GPC3 ) 
[ 136 ]. GPC3 plays a signifi cant role in growth control, and 
loss of expression in mice causes tissue overgrowth due in 
part to hyperactivation of HEDGEHOG signaling [ 137 ]. 

 Of the nonovergrowth-associated WT predisposing syn-
dromes, Alagille syndrome is characterized by congenital 
cardiopathy, facial dysmorphy, vertebral defects, bile duct 
paucity, and renal abnormalities. Mutations in  JAGGED1 , a 
ligand for the Notch pathway, have been detected in the 
majority of Alagille patients [ 138 ]. Bloom Syndrome is also 
included in this category but exhibits quite different charac-
teristics. BS patients experience immunodefi ciency, hypogo-
nadism, growth retardation, sensitivity to sunlight, and 
predisposition to a variety of cancers. The etiology of the 
syndrome has been linked to mutations in a DNA helicase 
from the RecQ family, which affects DNA repair and results 
in chromosomal fragility [ 139 ,  140 ]. Finally, Li-Fraumeni 
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Syndrome dramatically increases cancer susceptibility as a 
result either of the loss of  TP53  or CHECKPOINT KINASE 
2 ( CHK2 ), which regulates TP53 activity [ 141 ,  142 ]. 

 All of the syndromes described in this section implicate 
distinct genetic loci in their respective pathologies. How this 
refl ects on WT pathogenesis, however, is unclear. Whether 
each of these putative suppressor genes is capable directly of 
suppressing WT development or whether they act indirectly 
through a mechanism described previously has not been deter-
mined. In this regard, it will be critical to establish their impact 
on those major factors already implicated directly in WTs.   

    Modeling Nephroblastoma in Animals 

 Despite the described molecular heterogeneity of WT tumor, 
current treatment modalities for patients affl icted with the 
disease are often remarkably effective at achieving eradica-
tion of detectable neoplasms. Roughly 10 % of patients, 
however, do not achieve successful remission, and while 
many do, these individuals become more susceptible to sec-
ondary cancers like leukemia or may suffer a recurrence of 
the original disease. As such, there is still a great need for the 
establishment of solid preclinical animal models in which 
the disease can be evaluated for new therapies. 

    Non-laboratory Animals 

 In animals, neoplasms bearing resemblance to WT are labeled 
nephroblastoma, and they have been observed in a great vari-
ety of species as a spontaneous tumor. In the Japanese eel, 
 Anguilla japonica , a report of wild-caught and farm-raised 
specimens revealed a large percentage of animals with encap-
sulated nephroblastoma that contained a signifi cant blastemal 
component [ 143 ]. Interestingly, a follow-up study demon-
strated that the eel homolog of WT1 (EWT1) is pathologi-
cally involved in a large proportion (>44 %) of the tumors, 
suggesting evolutionary conservation of function [ 144 ]. 
While anecdotal evidence exists for spontaneous nephroblas-
toma in other fi sh like Koi,  Cyprinus carpio  [ 145 ], there are 
as yet no substantial reports in the established and widely 
used zebrafi sh model. Intriguingly, several chemical carcino-
gens, most notably  N -Methyl- N ′-nitro- N -nitrosoguanidine 
(MNNG), have been reported to induce nephroblastoma in 
rainbow trout,  Oncorhynchus mykiss  when administered at 
various developmental stages [ 146 ,  147 ]. 

 Nephroblastomas arise spontaneously in chickens [ 148 ] 
and can be induced to reliably form tumors at 8–10 weeks of 
age after injection of newborn chicks with myeloblastosis- 
associated virus [ 149 ]. Other evidence for spontaneous 
tumors exists for higher vertebrates such as swine, where 
nephroblastoma is the most common tumor reported by 

slaughterhouses and arises as both prevalent unilateral (80 %) 
and bilateral (20 %) cases [ 150 ]. In exceedingly rare cases, 
tumors have been reported in cattle [ 151 ,  152 ], and there is a 
small body of evidence for nephroblastoma in other domestic 
and nondomestic animals like dogs [ 153 ,  154 ], horses [ 155 ], 
sheep [ 156 ], guanaco [ 157 ], foxes [ 158 ], and meerkat [ 159 ].  

    Laboratory Animals 

 Considering their broad value as a model for carcinogenesis, 
it is not surprising that there is much more detailed informa-
tion concerning nephroblastoma in laboratory rodents. Of 
great curiosity, there exists an apparent inability of hamsters 
or of the mouse, regardless of genetic strain, to develop 
nephroblastoma under either spontaneous or chemically 
induced circumstances. While mice do naturally or inducibly 
develop renal tumors, they are always of the adult-type ade-
nomas and adenocarcinomas irrespective of developmental 
age at carcinogenic challenge [ 160 ]. In fact, in a mouse 
model of the Aniridia-Wilms Tumor deletion syndrome 
where the congruous human susceptibility genes are deleted, 
the mice develop exquisite aniridia, but despite the loss of 
the  Wt1  locus, no nephroblastomas develop [ 161 ]. Curiously, 
both rats and rabbits are susceptible to the development of 
nephroblastoma, whether spontaneously or following chemi-
cal induction [ 162 ]. These nephroblastomas exhibit the clas-
sic triphasic histological features of WT and bear resemblance 
to the human disease. 

 Utilizing a transplacental delivery method to expose 
embryos to a direct-acting alkylating agent such as 
 N -nitrosethylurea (ENU), nephroblastomas can be reliably 
induced in rabbits and in laboratory rats. In the rat, it is note-
worthy that both spontaneous and induced tumors are depen-
dent upon the strain. Where tumors have been described for 
the Sprague–Dawley [ 163 ,  164 ], Noble [ 165 ], Wistar [ 166 ], 
F344 rats are resistant to nephroblastoma induction by 
chemical carcinogen but, as for Noble strain, they do develop 
tumors that histologically resemble mesoblastic nephroma, 
being stromal in nature and localized to the outer cortex of 
the organ [ 167 ]. Where Sprague–Dawley rats are considered, 
a sub-strain (Upj:TUC(SD)spf.nb) which exhibits a heritable 
6–15-fold (female and male, respectively) increased inci-
dence of spontaneous nephroblastoma carrying a blastemal 
component, suggests the emergence of a potential model for 
heritable WT study [ 168 ]. In these rats, spontaneous preneo-
plastic lesions have been observed and described as intralo-
bar nephroblastomatosis, which resembled human ILNR 
[ 169 ]. Concordant with a subset of human tumors, 
 MNU- induced nephroblastomas in the parent Sprague–
Dawley strain display a point mutation in the  Wt1  gene, 
implicating it pathologically in the progression of chemi-
cally induced rodent disease [ 170 ]. 
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 Induction of nephroblastoma in the Noble rat strain is 
exquisitely dependent upon both chemical carcinogen and 
developmental stage at the time of challenge. For instance, in 
these rats ENU induces nephroblastoma with an incidence 
rate of nearly 50 % after a single transplacental dose at 
embryonic day 18. When administered neonatally, however, 
the resulting renal tumors are almost exclusively mesenchy-
mal [ 171 ]. For comparison, dimethylnitrosamine, a carcino-
genic agent relying on host metabolism for alkylating 
activity, causes only renal mesenchymal tumors in neonatal 
Noble rats, and never a nephroblastoma despite any earlier 
embryonic exposure [ 172 ]. When crosses between Noble 
and F344 strains are made, the susceptibility to ENU-induced 
tumors is inherited as an incomplete dominant trait that is 
independent of mutations in the predicted WT-associated 
genes  Wt1  and  Wtx  or  Ctnnb1 , but demonstrates elevated 
expression of Wnt and Notch pathway genes, connecting 
these pathways in the pathogenesis of nephroblastoma [ 173 ]. 

 Recently and importantly, several advances in modeling 
WT in mice have been made. In one report, a transgenic 
mouse wherein K-RAS and  Ctnnb1  were synergistically 
overexpressed formed renal tumors, which had histologi-
cally similar features to those of epithelial WTs [ 174 ]. A 
major shortcoming of this mouse, perhaps, is the lack of a 
more classical triphasic histology that resembles the broader 
human disease. A more signifi cant advance to the fi eld is the 
generation of a mouse in which  Wt1  has been ablated in a 
mosaic fashion in the metanephros while  Igf2  is constitu-
tively activated [ 87 ]. These mice develop an arrest in meta-
nephric mesenchyme differentiation coincident with an 
elevated phosphorylation of downstream MAPK signal 
effectors that results in a triphasic neoplasm and thereby 
truly mimic a subset of WTs. This mouse model is quite 
imaginative in its design as it mimics human  Wt1  deletion 
and concomitant  Igf2  up-regulation—a phenomenon that can 
occur simply by the inactivation of the  Wt1  gene on chromo-
some 11. In the mouse, these genes are located on different 
chromosomes where loss of heterozygosity at the  Wt1  locus 
does not result in the simultaneous genetic rearrangement 
affecting  Igf2 , and, as such, the mice do not develop nephro-
blastoma. This new model’s creativity, mimicking synteny, 
has also added to the fi eld through the discovery and confi r-
mation of the involvement of MAPK signaling in a subset of 
human WTs, opening a door for new study.   

    In Vitro Models of Wilms Tumor 

 A continuing effort to develop a reliable and renewable 
source of WT and/or nephroblastoma tissue for use in rou-
tine molecular and biochemical analyses has proven to be 
challenging and largely unsuccessful. The avenues pursued 
have included spontaneous and induced immortalization of 

cultured tumor cells, heterotransplantation of both spontane-
ous and chemically induced nephroblastomas, short-term 
primary culture of dissociated tumors or tissues transformed 
by transduction of a virus, and optimization of conditions 
for the culture of normal, intact metanephric mesenchyme 
tissue. To date, these practices have failed to produce a uni-
versally accepted standard in vitro model with which to reli-
ably study nephroblastoma. Aside from a dwindling number 
of inadequately characterized cell lines, most culture models 
of WT rely on the scarce availability of fresh primary human 
or rodent tumors, or those tumors which have been main-
tained by in vivo serial transplantation in immunocompro-
mised mice. 

    Cell Lines and Primary Culture 

 A major historical hurdle for the maintenance of WT in vitro 
has been their seemingly limited life span in the dish. Typical 
new cultures grow, with diminishing prowess, for a period of 
10–15 passages before succumbing to growth arrest at the 
cell crisis phase—a phenomenon likely associated with the 
cessation of proliferation or death of the blastemal compo-
nent that drive the tumors. In certain rare instances, however, 
cell lines have been established that appear to have overcome 
this crisis stage and are apparently immortalized. One such 
line is designated SK-NEP-1, and was derived from a malig-
nant pleural effusion which was cultured in RPMI-1640 
supplemented with 10 % fetal bovine serum [ 175 ]. These 
cells resemble metanephric blastema and coexpress TGF-α 
and EGFR [ 176 ], form tubule-like epithelial structures when 
grown in a matrix and are growth suppressed when ectopic 
human chromosome 11 is forcibly expressed [ 177 ]. Further 
studies utilizing this line demonstrate its effectiveness in 
modulation of heterotransplant aggressiveness [ 178 ] and 
they were subjected to microarray analysis in the search for 
prognostic markers of WT [ 179 ]. Regrettably, recent genetic 
profi ling of the cells have reclassifi ed them as likely deriva-
tive Ewing’s sarcoma cells, since they express the classic 
fusion protein EWS-Fli1, decreasing their usefulness as a 
model for Wilms study [ 180 ]. A rat nephroblastoma cell line, 
ENU-T-1, was isolated from a chemically induced tumor that 
had previously been maintained as a serial xenotransplant 
[ 181 ]. These cells have demonstrated the ability to form 
tumors in nude mice and display discrete clonal histological 
subtypes, suggesting the tumor seed cells have retained some 
level of multipotency [ 182 ]. The most frequently studied cell 
line is the G401 line, though they also suffer from a question-
able origin and are believed to be most representative of a 
renal rhabdoid tumor following further characterization 
[ 183 ]. A newer and potentially more robust cell line, WiT49, 
is derived from a fi rst-generation xenograft of a WT lung 
metastasis and has demonstrated expression of  WT1  with 
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overexpression of  IGF2  and a classic mutation of  p53  [ 184 ]. 
These cells have been shown to propagate a tumor in nude 
mice when transplanted orthotopically; however, the resul-
tant tumors lack an appreciable blastemal component and are 
as such predominantly epithelial and stromal in nature [ 185 ]. 
Culturing conditions for the generation of WT lines are 
steadily improving; however, as longer-lived cultures have 
been described arising from WT1-mutant tumors [ 66 ] and 
with variable success from hTERT immortalization of pri-
mary WTs of multiple histological and molecular description 
[ 186 ]. Still, however, the literature is populated with data 
arising from other cell lines with limited application (see 
Table  1 ).

   A slightly altered approach to the problem of culturing 
defi ned WT cells is the use of cells arising from metanephric 
mesenchyme, the cells of origin for the neoplasms. HEK293 
cells which were isolated from human embryonic kidney and 
immortalized by adenovirus 5 transduction [ 187 ] are robust 
models for the mechanistic study of kidney signal transduc-
tion. Though not without a level of public controversy as 
they represent a member of the sometimes taboo “embryonic 
stem cell” group, these cells retain characteristics of meta-
nephric mesenchyme and demonstrate similar biological 
properties to previously mentioned cells in an analysis of 
WT cell survival [ 131 ]. A major drawback to the use of 
HEK293 is their inability to generate a triphasic tumor, 
despite their striking resemblance to the cell of tumor origin. 
Finally, and similarly to the HEK293 story, short-term cul-
ture of intact primary metanephric mesenchyme cells from 
rat and mouse are being used to study normal kidney- 
inductive signaling [ 20 ,  130 ] and these results may logically 
be extended to the development of nephroblastomas.  

    WT as a Xenotransplant 

 Another method for the propagation of relevant WT material 
is the use of xenotransplantation, i.e., serial passaging of 
tumors in immunocompromised or syngeneic rodents. This 
method has proven quite effi cient in several instances where 
nephroblastomas are serially transplanted in syngeneic hosts 
and human WTs are maintained in immune-defi cient mice 
[ 69 ,  165 ,  168 ,  188 ]. The limitations with this method are the 
obvious need for costly host animals and concerns about 
changes in tumor histiotype over successive transplantation. 

These primary tumors can generate a metastatic and more 
aggressive disease [ 190 ], which may be useful for the study 
of advanced-stage WT. Also of note, xenotransplantation 
drives the selection of blastemal elements in human disease, 
while apparently optimizing conditions for epithelial out-
growth of rat nephroblastomas. 

 An adaptation of this method of propagation is to grow 
select xenotransplants in tissue culture, leaning on the sup-
position that these tumor cells have somehow gained a dis-
tinct growth and survival advantage and may stand up to the 
challenges of life in the dish. Extensive efforts in this area 
have been undertaken with dissociated WT xenotransplants 
in Balb/c nude mice, where the cells are grown in defi ned 
media, which can select for either blastemal [ 191 ], stromal 
[ 192 ], or epithelial components [ 193 ]. To achieve outgrowth 
of the epithelial population of cells however, requires direct 
culture of primary tumor tissue in a complex milieu. In a 
supportive study of the direct outgrowth from primary WT 
samples, a cellular heterogeneity encompassing all three 
major cellular types was observed and these cells exhibited a 
concordant molecular heterogeneity [ 194 ]. Finally, cell 
clones have been established from serially transplanted rat 
nephroblastomas, which give rise to tumors of varied histo-
logical appearance, suggesting maintenance of the multipo-
tent component despite a lengthy term in vivo [ 195 ]. 
Unfortunately, there have been no recent demonstrative 
advances in the application of this heterotransplant-to- tissue-
culture model method.  

    Immortalizing WT Cells by Viral Transduction 

 Immortalization with SV-40 transforming genes has also 
been attempted in an effort to support the sustained growth 
and characteristics of primary tumor cells in vitro. Though 
this method potentially introduces confounding circum-
stances for downstream interpretation of model data, it may 
be useful as a frontline approach if the fi ndings can be subse-
quently verifi ed in other models of tumorigenesis. Sadly, 
SV-40 large T antigen transduction provides WT cells with 
the ability to grow in vitro for 35+ passages, but does not 
truly immortalize the cells as they inevitably undergo crisis 
and do not recover [ 196 ]. Again, pointing to the limitations 
of this system, the cells behave in only a partially tumori-
genic fashion, demonstrating anchorage-independence but 

   Table 1    Other established cell lines useful for the study of WT   

 Cell line  Species of origin  Histological pattern  References 

 CCG-99-11  Human  Blastemal  Kim [ 197 ] 

 HFWT  Human  Undescribed/anaplastic  Ishiwata [ 198 ] 

 RM1  Human  Epithelial  Haber [ 199 ] 

 WT-CLS1  Human  Undescribed    http://www.cell-lines-services.de     
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failing to seed tumors as a xenograft. To date, and despite 
technological advances in immortalization methodology, 
i.e., viral delivery systems for various pro-growth genes like 
hTERT, and Epstein-Barr viral transduction among others, 
only the hTERT model has been employed to sustain WT 
growth in vitro, and as mentioned was met with variable and 
modest success.   

    Conclusion 

 Nephroblastoma or WT provides a compelling paradigm of a 
tumor originating in a defi ned multipotent stem cell popula-
tion. This has been aptly demonstrated histologically and con-
fi rmed molecularly and biochemically. The expression 
patterns of most blastemal markers resemble the profi les 
observed for stem cells of putative preneoplastic lesions, i.e., 
the nephrogenic rests, and of the WTs themselves. Most strik-
ing, however, is the genetic evidence that despite morphologic 
differences, each tissue component, whether primitive epithe-
lia or stroma, is derived from the same stem cell clone in any 
given WT. Mutations associated with tumorigenesis in genes 
such as  WT1 ,  WTX ,  IGF2 , and  CTNNB1 , which are relevant 
and in some cases critical to normal blastemal differentiation, 
provide strong evidence that WT is indeed a disease of dif-
ferentiation and that an understanding of the events responsi-
ble for the accumulation of these blastemal cells may 
eventually lead to therapies that could reregulate and commit 
cells to a nonneoplastic and differentiated phenotype, which is 
of course the ultimate goal of stem cell research for any tumor.     
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