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The role of carcinogenic agents in the development of human cancers is being
defined using a variety of human cells as experimental model systems. Thus,
the study of human cell transformation in culture by carcinogenic agents is of
particular importance for understanding the cellular and molecular mecha-
nisms underlying human carcinogenesis. A conference on “Human Cell
Transformation: Role of Stem Cells and the Environment” was held at the
McGill University Health Center, Montreal, Canada, on October 20-21,
2010. The aims of the conference were to present the state-of-the-art in the
transformation of human cells in culture, as well as to provide insight into the
molecular and cellular changes involved in the conversion of normal cells to
a neoplastic state of growth (Fig. 1).

The conference encompassed the most recent developments in human cell
transformation including selected in vitro models, tumor xenografts, and
transgenic preclinical models. The meeting provided a unique forum for the
exchange of information in this important research field. Some of the novel
topics to be addressed included: what is the relationship between normal and
malignant phenotypes? what is the role of stem cells and the microenviron-
ment in this process? what are the current approaches to identify and target
the cancer cells at the different stages of tumor progression?

The following topics were closely related to the theme of the conference:

1. Derivation of in vitro model systems (epithelial, fibroblastic, and
hematopoietic).

2. Usefulness of defined in vitro model systems for viral, chemical, and radi-
ation carcinogenesis.

3. The role of stem cells in tumorigenesis.

4. Genes involved in multistep carcinogenesis.

The conference was organized by Johng S. Rhim and Richard Kremer.
There were 20 speakers, 20 poster presentations, and about 100 participants.

The conference was well received and was perhaps the latest one devoted
solely to the subject of human cell transformation systems in vitro. It is our
privilege to have an opportunity to edit these proceedings and also on behalf of
all the contributors to thank everyone who have helped us produce this book.

Bethesda, MD Johng S. Rhim
Montreal, QC Richard Kremer






Group speakers photograph of the 2010 conference of human cell transformation: role of stem cells
and the mircoenvironment held on McGill university faculty club, Montreal, Canada on October
20-21, 2010.

Front row left to right: Tom Hei, Johng Rhim, Richard Kremer, and Hsiang Kung.

Back row left to right: Shafaat Rabbani, Vyomesh Patel, Leon Nesti, Jerry Shay, Mira Jung, Anatoly
Dritschilo, Justin McCormick, Clayton Yates, Vimla Band, Norman Maitland, Jose Russo, Fionna
Frame, Catalin Mihalcioiu, David Lim, and Sang Park
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Neoplastic transformation in human cell culture: mechanisms of
carcinogenesis. Georgetown University Medical Center, Washington,
DC, USA. Organized by J.S. Rhim and A. Dritschilo.

International symposium on molecular mechanisms of radiation and
chemical-induced cell Transformation. Mackinac Island, MI, USA.
Organized by K. Chadwick, A. Karaoglou, M. Frazin, V.M. Mahr, and
J.J. McCormick.

Neoplastic transformation in human cell culture systems in cultures:
mechanisms of Carcinogenesis. Chicago, IL, USA. Organized by R.R.
Weischenbaum, J.S. Rhim, A. Drischilo, T.C. Yang, and J.C. Barrett.
In vitro transformation. Cork, Ireland. A satellite meeting of the 11th
international Congress of Radiation Research, Dublin, Ireland.
Organized by J.S. Rhim and C. Mothersill.

Human cell culture 2002, Oxford, UK. Joint meeting of European
Tissue Culture Society, Scandinavian Society for Cell Toxicology and
British Prostate Group, Oxford, UK. Organized by N.J. Maitland
et al.

Human cell transformation: role of stem cells and the microenviron-
ment. McGill University Health Center, Montreal, QC, Canada.
Organized by J.S. Rhim and Richard Kremer.
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Sang Chul Park

1.1 Introduction

Abstract

When the aging-dependent cellular behaviors toward growth factors and
toxic stress have been analyzed, the perinuclear accumulation of the acti-
vated signals, either mitogenic or apoptotic, has been observed, suggesting
the aging-dependent inefficiency of the nucleocytoplasmic trafficking of
the signals. Thereby, it would be natural to assume the operation of the
functional nuclear barrier in aging-dependent manner, which would be
designated as “Park and Lim’s Barrier.” And for the ultimate transcrip-
tional factor for these aging-dependent changes of the functional nuclear
barrier, Spl transcriptional factor has been suggested to be the most prob-
able candidate. This novel mechanism of aging-dependent operation of the
functional nuclear barrier is proposed as the ultimate checking mechanism
for cellular protection against toxic environment and the general mecha-
nism for the trade-off growth to survival in aging.

against various stimuli, and broad changes in
gene expression [18, 43, 47]. For the study
on aging-related changes, the aging-dependent

When human diploid fibroblasts (HDFs) are
senescent, several characteristic features are appar-
ent such as distinct morphology, appearance of
senescence-associated [-galactosidase activity,
altered growth factor responses, apoptotic resistance

S.C. Park (PX)

Department of Biochemistry and Molecular Biology,
Seoul National University Medical School,

28 Yongon Dong, Chong No Ku

Lee Gil Ya Cancer and Diabetes Institute,
Gachon University of Medicine and Science,
Incheon, 406-799, South Korea
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altered cellular responsiveness has been reana-
lyzed. The cellular responsiveness could be clas-
sified into three categories. The first category is
the metabolic response toward the nutrient supply
and utilization, which must be ensured to main-
tain the homeostasis regardless of young and old
state. The second category is the stress response.
The responses against a variety of toxic stresses
are attenuated in general by a variety of mecha-
nisms. The third category is the mitogenic
response, which is distinctively reduced or even
absent in the senescent cells. In this review, the
molecular mechanism for the aging-dependent

J.S. Rhim and R. Kremer (eds.), Human Cell Transformation: Role of Stem Cells 3
and the Microenvironment, Advances in Experimental Medicine and Biology 720,
DOI 10.1007/978-1-4614-0254-1_1, © Springer Science+Business Media, LLC 2011



alterations in stress response as well as the growth
factor response would be discussed with a special
intention to elucidate the common and funda-
mental mechanism of the aging process.

1.2  Mechanism of Aging-
Dependent Growth Arrest

by the Membrane Barrier

Growth arrest of senescent cells is strongly asso-
ciated with their attenuated responses to growth
factors. For the study of cellular responsiveness,
the signal transduction cascades should be assessed
in a variety of levels, such as ligand supply, recep-
tor status, ligand—receptor interaction, downstream
signal cascade, intracellular signal networks, sig-
nal translocation, transcriptional status, chromatin
remodeling, and posttranscriptional apparatus
[47]. In case of epidermal growth factor (EGF),
the senescent cells display downregulation of
mitogenic response despite no significant changes
in quantity of the signals and receptors [5, 43, 47, 50].
Functional recovery of the senescent cells, espe-
cially of mitogenic response, could be induced
successfully simply by restoration of the receptor-
mediated endocytosis [43]. In addition, not only
the receptor-mediated tyrosine kinase system
(RTK) but also G protein-coupled receptor system
(GPCR) is altered during the aging process in a
variety of organs [72]. And the major difference
in GPCR system between young and old cells
in response to mitogenic stimuli is found to be
strongly associated with the cellular cAMP status
[24-26]. Both of these signaling regulatory sys-
tems at the cellular membrane level may provide
a primary barrier for the extrinsic signals either
good or bad in the aging process.

Endocytosis is one of the major mechanisms
for intercellular communication, maintenance of
protective functions, removal of dead and dying
cells, modulation of plasma membrane composi-
tion, or entry route to pathogens. The receptor-
mediated endocytosis can be classified as the
clathrin-dependent system and the caveolae-
dependent system, both of which are downregu-
lated in the senescent state [42, 47].

S.C. Park

Caveolae are the sites of important dynamic
and regulatory events at the plasma membrane,
abundant in terminally differentiated cell types,
i.e., adipocytes, endothelial cells, and muscle cells
[2, 4, 19, 41]. Signaling molecules are enriched
in caveolae structure, where their activities are
regulated [55]. Therefore, caveolae may function
as subcellular compartments for the storage of
signaling molecules, regulation of activities, and
adjustment of crosstalk between distinct signaling
cascades.

The principal component of caveolae consists
of caveolins, 21-24 kDa integral membrane pro-
teins. The mammalian caveolin gene family con-
sists of caveolin-1, -2, and -3. Caveolin-1 and -2
are co-expressed and form a hetero-oligomeric
complex in many cell types, with particularly
high levels in adipocytes, whereas expression of
caveolin-3 is muscle specific [48, 56, 57, 61, 64].

Growth factors such as EGF and platelet-
derived growth factor (PDGF) stimulate their
specific cell surface receptors and the subsequent
activation of the intrinsic tyrosine kinases.
However, senescent cells do not respond effi-
ciently to external growth factors, such as EGF
and PDGF [50, 71].

Interaction of caveolin-1 with signaling
molecules is mediated via a membrane-proximal
region of caveolin-1, termed the “caveolin-
scaffoldingdomain” (residues 82-101)[13,14,58].
Through this domain, caveolin-1 interacts with
G protein alpha-subunits, H-Ras, Src-family
tyrosine kinases, PKC isoforms, EGF-R, Neu,
and eNOS, resulting in suppression of their activ-
ities [6, 13, 14, 37, 38, 61]. It is illustrated that the
targeted downregulation of caveolin-1 is suffi-
cient to drive transformation of cells and hyper-
activate the Erk kinase cascade [19]. Moreover,
co-expression of EGFR, Raf, MEK-1, or Erk-2
with caveolin-1 resulted in inhibition of signaling
translocation from the cytoplasm to the nucleus
in vivo [19]. Senescent HDFs show the increased
level of caveolin-1 and its colocalization with
EGFR. Overexpression of caveolin-1 in young
HDF suppressed the activation of Erk-1/2 upon
EGF stimulation, indicating the direct role of
caveolin-1 in EGF signaling [47]. Moreover,
overexpression of caveolin-1 induces premature
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cellular senescence in primary cultures of murine
fibroblasts [68].

We investigated the modulation of caveolin-1
status in senescent cells to determine the effect of
caveolin-1 on mitogenic signaling efficiency and
cell cycling. Reduction of caveolin-1 expression
can be induced by different kinds of methods,
such as antisense-oligonucleotide (AS-ON) and
small interfering RNA (siRNA). Interestingly, we
found that the downregulation of caveolin-1 by
AS-ON or siRNA treatment led to restoration of
the basal p-Erk level and Erk activation upon
EGF stimulation as well as the downstream acti-
vation of Elk phosphorylation in senescent HDFs.
A simple reduction of the caveolin-1 level in
senescent HDF cells can induce the restoration of
the Erk signaling system upon EGF stimulation,
not only in terms of its phosphorylation but also
its translocation into and activation of transcrip-
tional factors in the nuclei [12]. Recently, it has
been suggested that the activation of Erk signal-
ing is regulated by phosphorylation/dephospho-
rylation through PP1 and PP2A, whose activities
are controlled by caveolin-1 binding [35].

Caveolin-1-mediated cell cycle arrest occurs
through a p53/p21Wafl-dependent pathway [20].
Downregulation of caveolin-1 in senescent HDF
reduced the level of the cell cycle inhibitors, p53
and p21. Therefore, the reentry of the senescent
cells into the cell cycle was examined by moni-
toring BrdU incorporation in response to EGF
stimuli after reduction of caveolin-1 status, con-
firming the restoration of cell cycle reentry [12].
These results indicate that a simple adjustment of
the caveolin-1 level in senescent cells can pro-
foundly influence the aging phenotype. In addition,
microarray data showed that transport-related
genes are strongly associated with the caveolin-1
gene, which was demonstrated by downregula-
tion of caveolin-1 expression through siRNA in
senescent cells. The reduction of caveolin-1 gene
activity resulted in the restoration of intracellular
transport proteins, suggesting another role of cave-
olin-1 in cellular trafficking system (Manuscript in
preparation).

Moreover, evidences for a role of caveolin-1
in cancer cells have been well documented [51],
wherein caveolin-1 was suggested to be a tumor

suppressor gene and metastasis-related gene [36].
And caveolin-1 levels in most cancer tissues are
significantly lower than those in normal tissues,
suggesting the circumvention of signal suppres-
sion by caveolin-1. It is apparent, therefore, that
caveolin-1 plays an important role in the regula-
tion of both aging and cancer not only for signaling
control but also for intracellular trafficking of the
signaling.

Senescent cells show morphological changes,
such as flat and large cell shape. Structural altera-
tion of senescent cells is deeply related with
increase of focal adhesion and Rb family proteins
[9]. Interestingly, caveolin-1 is associated with
the focal adhesion complex through integrin in
the membrane [8, 69] and the activation of focal
adhesion kinase (FAK) is significantly decreased
by downregulation of caveolin-1 [65]. These
results indicate that caveolin-1 can play an impor-
tant role in focal adhesion and thereby participate
in adhesion signal cascade. We have observed
that the formation of focal adhesion and actin
stress fiber is increased and anchored in mem-
brane via interaction with caveolin-1 in senescent
cells. Therefore, reduction of caveolin-1 in senes-
cent cells can resume the morphological changes
as small and spindle shape like young cells by
adjusting focal adhesion complexes [11].

The conversion of the senescent phenotype
into a functionally active and structurally normal
state, simply by restoring the membrane signal-
ing apparatus, confirms the significance of mem-
brane signaling system in the aging phenomenon
[45, 46]. Therefore, we assumed that the aging
process could be initiated and regulated at the
membrane by a membrane-associated signal
switch system. These results led us to postulate
the gate theory of aging, in which the fundamen-
tal role of the membrane switch on/off system for
a variety of signals has been emphasized [72].
Several other molecules could be the tentative
gate switches of aging at the membrane. Thus far,
we have observed that the simple adjustment of
caveolin-1 status in the senescent cells can effi-
ciently restore physiological and morphological
properties to the youthful state. Therefore, we
suggest that caveolin-1 would be one of the prime
gate switches of the cellular aging process.



This gate theory of aging strongly implicates
the possibility of restoration of the senescent
phenotype simply by alteration of signaling
system at the membrane level. These data impli-
cate the novel concept of aging which should be
substituted from the conventional irreversible and
inevitable characteristics of aging to the flexible
and plastic nature of the aging [44]. In addition,
we observed that the nuclear translocation of
p-ERK1/2 in response to EGF is significantly
inhibited in senescent HDFs, despite the increase
of p-ERK1/2 and MEK activities in the senes-
cent cells [47]. Many signaling molecules as well
as transcription factors should be imported to the
nucleus to exert their own function. For example,
upon EGF stimulation, p-ERK should be
imported to the nucleus to activate AP1 tran-
scription factor and thereby triggers cell cycle
progression [30]. Therefore, if the nucleocyto-
plasmic trafficking is defective, cells cannot
properly respond to growth factor stimulation
[32]. These findings suggest the operation of the
double checking system for growth factor
responses in the senescent cells, primarily at
the cellular membrane level and ultimately at the
nuclear membrane level.

1.3  Mechanism of Aging-
Dependent Apoptosis
Resistance by the Nuclear

Barrier

We have reported the aging-dependent apoptosis
resistance in vitro and in vivo [63, 70]. Apoptosis
plays an important role in many physiological
and pathological processes, including aging itself
and age-related diseases. The MAPKs are a
family of kinases that transduce signals from the
plasma membrane to the nucleus in response to
various stimuli not only of growth factor signal-
ing but also of apoptotic stress [31, 32]. MAPKs
are serine/threonine kinases that phosphorylate
specific substrates. ERK1 and ERK2 are well-
characterized MAPKs that are activated in
response to growth stimuli, though also involved
in stress response. JNKs and p38-MAPK are
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simultaneously activated in response to a variety
of cellular and environmental stresses, including
DNA damage, heat shock, ischemia, inflammatory
cytokines, exposure to UV radiation, and oxida-
tive stress [7, 16,27, 52, 59, 60]. Phosphorylation
of MAPKs, induced by mediators of apoptosis,
was controlled in agonist-specific manner [53].
Hydrogen peroxide, a reactive oxygen species
that causes apoptosis [21, 40], induced an increase
in ERK phosphorylation. Staurosporine, a broad-
spectrum kinase inhibitor that is a strong inducer
of caspase 3-dependent apoptosis [66], strongly
induced the phosphorylation of p38. In contrast,
thapsigargin, which disrupts endoplasmic reticu-
lum Ca** stores, leading to the release of Ca?* and
activates mitochondrial-dependent and mito-
chondrial-independent apoptotic pathways, did
not significantly influence MAPK phosphoryla-
tion [17]. However, many signaling molecules
can execute their specific functions only after
their import into the nucleus. Thus, it is hypoth-
esized that the apoptotic resistance of senescent
cells might be related with the senescence-asso-
ciated defects in nucleocytoplasmic trafficking of
the apoptotic signaling.

Bcl-2 family proteins contribute to regulation
of programmed cell death/apoptosis. In mam-
malian cells, relative levels of proapoptotic pro-
teins, such as Bax, Bak BID, BAD, PUMA, and
NOXA, and antiapoptotic Bcl-2 family members,
such as Bcl-X1 and Bcl-2, are important for deter-
mining whether and when apoptosis is triggered
[29, 49]. We previously reported that levels of
Bcl-xL and Bax were comparable in young and
senescent HDFs, but that Bak, Bok, Bik, and
PUMA were present at lower levels in senescent
HDFs than in young HDFs [53]. These observa-
tions suggest that decreased levels of proapop-
totic gene expression probably by failure of
signaling molecules to enter the nucleus might
desensitize senescent cells to apoptotic stimuli.
Moreover, antiapoptotic Bcl-2 decreases readily
in young cells in response to apoptotic cells in
contrast to the old cells, where Bcl-2 level remains
intact despite the apoptotic stress. The mechanism
of the stable expression of Bcl-2 in the senescent
cells might be related with the maintenance of
phosphorylation status of CREB due to inactivation
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of protein phophatase-2A (PP2A) as well as block
of the apoptotic signaling to the nucleus [53].
These data implicate the presence of aging-
dependent barrier at the nuclear membrane level.
Moreover, in search of the senescence-associated
resistant nature to apoptosis in vitro and in vivo
[63, 70], we have observed the senescence-
dependent nuclear localization of actin and
gelsolin [1], and overexpression of major vault
protein (MVP) [54], implicating the operation of
aging-dependent signal localization mechanism.
Thereby, we conjectured that these phenomena
might be ultimately related with senescence-
dependent defects in intracellular signaling, espe-
cially in the nucleocytoplasmic trafficking, which
might provide a secondary or ultimate barrier for
cellular protection against toxic stress.

1.4  Nuclear Barrier Hypothesis

of Aging

Many signaling molecules as well as transcription
factors should be imported to the nucleus to exert
their own function. For example, upon EGF stim-
ulation, p-ERK should be imported to the nucleus
to activate AP1 transcription factor and thereby
triggers cell cycle progression [10]. Actually, we
have previously found that senescent HDFs
accumulate p-ERK1/2 in the cytoplasm and
failed to translocate them to the nucleus in
response to EGF stimulation. In addition, we
have reported a role of caveolin as a suppressor
of mitogenic signaling, especially to EGF stimu-
lation [47] and senescence-dependent nuclear
accumulation of actin [39]. These data suggest
the aging-dependent alteration in nucleocyto-
plasmic trafficking.

In addition to the hyporesponsiveness to
growth factors, we have previously reported that
senescent HDFs are resistant to apoptosis induced
by various stimuli [70]. Apoptotic response of
cells is a well-programmed process requiring
intracellular signaling pathways. Therefore, the
senescence-dependent hyporesponsiveness to
apoptotic stress as well as to growth factors could
be attributed to the efficiency of nucleocytoplasmic

trafficking. The nucleocytoplasmic trafficking is
a highly sophisticated process involving many
specific proteins. Nucleoporins are major compo-
nents of nuclear pore complexes (NPCs) and are
often used as markers for NPCs [3, 62]. NPCs
allow passive diffusion of ions and small mole-
cules, and facilitate active transport of macromol-
ecules. The cargo molecules usually have short
sequence elements called nuclear localization
sequences (NLSs) and nuclear export sequences
(NESs). Karyopherin a binds to the NLSs of
cargo molecules, but karyopherin a itself cannot
bind to nucleoporins. Karyopherin 3 can bind to
both karyopherin o and nucleoporins, by which
karyopherin 3 provides the cargo-karyopherin o
complex with an access to the NPCs [15, 22]. Ran
plays a critical role in importing cargoes as well
as in exporting cargoes. Ran exists in two distinct
forms, that is, a GTP-bound form or a GDP-bound
form with a high concentration of the GTP-bound
form in the nucleus. After the cargo-karyopherin
o-karyopherin B complex enters the nucleus,
RanGTP binds to karyopherin  (importin f3),
which triggers the dissociation of the complex.
Also, RanGTP binds to karyopherin 3 (exportin 3)
and facilitates export of cargo molecules. The
nucleotide state of Ran is regulated by several
factors such as Ran GTP-GDP exchange factor
(RanGEF or RCC1) and Ran GTPase-activating
protein (RanGAP). In the nucleus, RanGEF
associates with Ran to maintain its state as
RanGTP. In the cytoplasm, RanGAP stimulates
the GTPase activity of Ran to maintain its state
as RanGDP [23, 67].

1.4.1 Aging-Dependent Impaired

Nuclear Translocation

The initial observation of aging-dependent
nuclear accumulation of actin [39] and gelsolin [1]
attracted our concern on the mechanism of the
aging-dependent specific localization of the
biomolecules. Furthermore, the aging-dependent
perinuclear accumulation of many signaling mol-
ecules could be observed in a variety of apoptotic
and mitotic stress conditions [31, 32, 53]. These
data led us to assume that the nuclear translocation



of activated signaling might be inhibited by a cer-
tain barrier function in aging-dependent manner,
as shown in p-ERK1/2 and NF-kB p50 in response
to growth stimuli or LPS in senescent fibroblasts
[31]. However, the activation steps of these
enzymes were not impaired, because the phos-
phorylation and activation of ERK1/2 occurs as
efficiently in senescent cells as in presenescent
cells. These findings suggested that ERK and
NF-kB might be unable to redistribute properly to
the nucleus upon activation in senescent condi-
tions due to operation of the aging-dependent
functional nuclear barrier.

Furthermore, in the young cells, this nucleocy-
toplasmic trafficking system can be regulated by
interacting with growth signals and starvation
signals. When the cellular energy state is lowered,
AMPK pathway is activated, which drives the
import of the biomolecules into the nucleus. In
contrast, when cell receives the growth signal,
PI3K signaling system is activated, which stimu-
late the export of the biomolecules from the
nucleus, as demonstrated by GAPDH (glyceralde-
hydes 3 phosphate dehydrogenase) [34]. These
data indicate the plastic nature of nuclear translo-
cation either import or export in the ordinary main-
tenance of living state, but which is limited and its
efficiency is lowered for the sake of survival in
sacrifice of proliferation in the senescent state.

1.4.2 Aging-Dependent
Overall Repression
of Nucleocytoplasmic
Trafficking Gene Expression

To investigate the mechanism by which senescent
cells show hyporesponsiveness, we analyzed
gene expression profiles of young and senescent
HDFs by using Affymetrix GeneChip® Human
Gene 1.0 ST oligonucleotide arrays. The microar-
ray analysis on 28,869 genes showed that expres-
sion of most nucleocytoplasmic trafficking genes
was downregulated in senescent HDFs as com-
pared to young HDFs [31]. We have observed
the vast repression in the expression levels of
most nucleoporin genes such as Nup107, Nup155,
Nup205, Nup43, and Nup85 and of transport
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receptor genes, including importin, karyopherin
a2, karyopherin B1, and exportin 1 as well as
of Ran and Ran-regulating factors, such as
RAN, Ran-binding protein 1, and Ran GTPase-
activating protein 1. In order to verify the microar-
ray data, we confirmed the expression levels of
some selected genes by using semiquantitative
reverse transcription-polymerase chain reaction
(RT-PCR) method and protein levels of Nup50,
Nup88, Nup107, Nup155, karyopherin a, kary-
opherin 3, and Ran by western blotting with
available antibodies.

Taken together, these results demonstrate that
expression of nucleocytoplasmic trafficking genes
is generally repressed in senescent HDFs, and
suggest that the nucleocytoplasmic trafficking
is severely defective in senescent HDFs, which
might play the role of nuclear barrier.

1.4.3 The Tentative Ultimate
Transcriptional Regulator
for Operation of the Functional
Nuclear Barrier

The senescence-dependent hyporesponsiveness
with a general reduction in the trafficking gene
expression was traced to its common mechanism
through analysis of their upstream transcriptional
signaling of those genes. With bioinformatics
tools, 46 nucleocytoplasmic trafficking genes
were subjected to promoter analysis and 131
transcriptional factors were identified to be
related with those systems. Among them, Spl
(specificity protein 1) has been found to be the
most common and dominant transcription factor
for genetic regulation of the trafficking-related
genes (Manuscript in preparation). Interestingly,
most of the promoter regions of those genes have
the multiple Spl binding sites. Actually, it has
been reported that Spl stability decreases in
senescent HDFs as compared to young HDFs.
In addition, the DNA-binding activity of Spl
was observed to decrease in aged brain and
liver tissue [28]. Therefore, it is worth to inves-
tigate the mechanism of how Spl expression
or activity decreases in senescent cells and aged
organisms.
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The transcription factor Spl is a DNA-binding
protein present in most types of mammalian cells.
It has three zinc finger motifs to bind to the GC
box in the genome, through which it activates a
variety of target genes including growth factor sig-
naling genes such as PDGF, PDGFR, EGFR, c-Src,
Cyclin D1, Cyclin E, Cyclin B1, c-Myc, c-Jun, and
c-Fos. In addition, Sp1 activates several Cdk inhib-
itor genes and proapoptotic genes such as pl5,
pl6, p19, p21, p27, p57, FasL, DRS, and PUMA
depending on the cellular context. Moreover, Spl
activity is regulated by posttranslational modifi-
cations such as phosphorylation, glycosylation,
acetylation, ubiquitination, or poly (ADP-ribosyl)
ation. Therefore, it might be assumed that Spl
could be downregulated in senescent HDFs
through the posttranslational modifications by acti-
vation of certain senescence signaling pathways,
which remains to be elucidated.

Taken together, these data suggest that the
aging-dependent functional nuclear barrier might
be responsible for bilateral resistance of the
senescent cells to growth factors and apoptotic
stress and the barrier would be controlled by the
transcriptional control of the nucleocytoplasmic
trafficking-related genes, for which certain general
ultimate factor(s) could be traced.

1.5 Nomenclature of Aging-
Dependent Functional
Nuclear Barrier

as “Park and Lim’s Barrier”

The assumed aging-dependent operation of the
functional nuclear barrier might contribute to
explain one of the mysteries of aging process;
that is, the bilateral resistances to growth factors
and to the apoptotic stress, which would explain
the mechanism of the senescent cells for trade-off
growth to survival. In the original disposable
soma theory of aging, the utilization of energy
has been primarily emphasized for trade-off sur-
vival with reproduction in the level of organism
[33]. But at the cellular level, it can be proposed
that the operation of the functional nuclear
barrier might be the mechanism for the funda-

mental nature of trade-off growth to survival in
aging process. Therefore, this nuclear barrier of
aging concept would be the biologically signifi-
cant signal integrating system, operating on the
basis of the crosstalk of signaling between growth
and death. Furthermore, this barrier concept can
be extended to cancer research as well, since cancer
cell has the high availability of Sp1 and the prop-
erty of sensitivity to growth factor signaling and
apoptotic signaling as well. It might be natural to
assume that the new therapeutic modality of cancer
could be developed through adjusting the nuclear
barrier either by modulation of Spl status with
other transcriptional modes or stimulation of
barrier formation and novel mechanism to solve
the multidrug resistance of the cancers could
be developed from this new concept of nuclear
barrier.

In the development of this concept, the initial
collaboration for aging research with Professor In
Kyoung Lim of Ajou University Medical School
has actually stimulated me to pay an attention on
the significance of aging-dependent perinuclear
accumulation of the signals as well as the aging-
dependent nuclear accumulation of biomolecules,
which led me to develop the concept of nuclear
barrier hypothesis of aging [39]. Therefore, in
honor of collaboration with her, I would like to
name this aging-dependent functional nuclear
barrier for growth and survival as “Park and Lim’s
Barrier.”

1.6  Conclusion

Our study strongly suggests that senescent cells
gain the feature of hyporesponsiveness either to
growth factors or to apoptotic stress via forming
functional nuclear barriers, preventing nucleocy-
toplasmic trafficking of signaling molecules
(Fig. 1.1). And the nucleocytoplasmic trafficking-
related genes are downregulated in senescent
HDFs as a whole at the transcriptional level. We
also recognize that the significance of this barrier
would be valued for survival nature of aging in
sacrifice of growth and could be the platform for
checking the crosstalks between good and bad
signals from extrinsic sources. These data provide
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new insights into the mechanism of aging and
address that more intensive studies are required
to investigate the nature of aging for regulation
of growth arrest and apoptosis resistance.

Furthermore, this mechanism sheds a light for 5.

development of the new therapeutic modality of
cancers as well.
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Abstract

The middle ear infection is the most common childhood infection. In order
to elucidate the cell and molecular mechanisms involved in bacterial rec-
ognition and innate immune response, we have established a stable human
middle ear cell line, which has contributed to the current knowledge con-
cerning the molecular pathogenesis of the middle ear infection. The inner
ear, a sensory organ responsible for hearing and balance, is filled with
inner ear fluid, and disturbance of the fluid homeostasis results in dizzi-
ness and hearing impairment. It has been suggested that the endolymphatic
sac (ES) may play a critical role in the fluid homeostasis of the inner ear.
We have established a stable human ES cell line and are undertaking cell
and molecular characterization of this cell line.

mechanisms involved in the pathogenesis of OM
are poorly understood [3]. In order to elucidate a
mechanism involved in bacterial recognition and
innate and adaptive immune response, we have
established a stable human middle ear cell line,
which contributed to the current knowledge con-
cerning the cell signaling involved in the patho-
genesis of the middle ear infection.

The inner ear, which contains unique sensory
organs responsible for hearing and balance, is
filled with lymph fluids such as perilymph and
D.J. Lim (5<) endolymph [4]. The perilymph is characterized
Division of Clipical and Translational Research, by high Na* ion, whereas the endolymph is char-
House Ear Institute, 2100 West 3rd Street, acterized by high K* ion [5]. Disturbance of fluid
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homeostasis results in hearing impairment and
vertigo. Particularly, Meniere’s disease (MD),

2.1 Introduction

The middle ear infection (otitis media) is the
most common pediatric infectious disease and is
the most common reason for physician’s office
visits and antibiotic prescriptions [1]. It was esti-
mated to cost the US alone roughly five billion
dollars per year for the management of otitis
media (OM) in 1996 [2]. However, exact molecular
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inner ear fluid homeostasis disorders. While the
underlying causes of MD are not yet known, it
has been suggested that the endolymphatic sac
(ES) may play a critical role in the pathogenesis
of MD [6, 7]. It has been suggested that the ES
may play an important physiologic function to
regulate endolymph fluid homeostasis and also
may function as an immune organ [8]. In order to
elucidate the cell and molecular mechanisms
involved in the physiology and pathophysiology
of MD, it is critical to establish a stable human
ES cell line. We report the progress thus far,
which we have made in the characterization of
this cell line.

Antrum

Promontbry

Round window

Hypotympanum

Mastoid air cells

Fig. 2.1 Schematic diagram of mastoid-E-tube-middle
ear complex. Mastoid cavity is continuous to the middle
ear cavity, which is connected to eustachian tube which is
consisted of bony part and cartilaginous part, where mixed
glands are well developed. The cartilaginous E-tube,
which is open to the pharynx, is closed by tubal cartilage
and opens intermittently to aerate and equalize pressure
between middle ear cavity and ambient pressure of the

D.J. Lim and S.K. Moon

2.2  Functional Morphology
of the Ear
2.2.1 Middle Ear Epithelium

The middle ear cavity is connected to the oro-
pharynx through the eustachian tube (E-tube),
which provides pressure regulation and aeration
of the tympanic cavity and the mastoid cavity
(Fig. 2.1). The lining mucosa of the middle ear
consists of ciliated cells, secretory cells, nonse-
cretory cells, and basal cells (Fig. 2.2) [9, 10].
The middle ear epithelial cells vary depending

Tympanal
orifice

Isthmus
Tubal cartilage

Pharyngeal
orifice

Mixed gland

Tubal muscle (Levator velipalatini)

oropharynx. Poor tubal function is one of the major risk
factors for otitis media susceptibility. The lining of the
middle ear epithelium is covered by ciliated cells and
secretory cells typical of respiratory epithelium. The mas-
toid cavity is largely covered by simple squamous mucosal
epithelium. The eustachian tube is covered by tall columnar
epithelial cells consists of ciliated and secretory cells.
Adapted from Lim [13]
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Fig. 2.2 Middle ear cavity is covered with respiratory
epithelium consisting of ciliated cells (arrowheads), secre-
tory cells, and nonsecretory cells. Viral upper respiratory

on the location. Near the eustachian tube orifice,
these cells are columnar or cuboidal, and they are
becoming flat epithelial cells toward the mastoid
cavity. The number of secretory cells is propor-
tional to the number of ciliated cells. In the prom-
ontory region, the epithelial cells are largely
cuboidal. The eustachian tube consists of two
parts: bony parts closer to the tympanic cavity
and the cartilaginous part connected to the
oropharyngeal opening. This latter part has rich
mixed glands. Tubal cartilage is closed most of
time, but opens intermittently to equate pressure
and aeration. The lining epithelium is largely cili-
ated and secretory cells and its major function is
to transport unwanted particles trapped in the
mucous blanket by mucociliary transport system.
The tubal dysfunction is believed to be involved
with the risk factor for OM in children during the
winter months when upper respiratory infections
(URI) are prevalent [11]. URI is known to impair
or destroy mucociliary epithelium, leading to the

infection destroys these respiratory epithelial cells impair-
ing mucociliary transport system essential for mucosal
protection

tubal dysfunction. The tubal dysfunction is
believed to result in high negative pressure of the
tympanic cavity. Therefore, the bolus of mucus
containing pathogenic bacteria may enter into the
tympanic cavity when the tube attempts to open.

The proportion of the ciliated and secretory
cells reflects the history of inflammation in the
middle ear, suggesting the middle ear epithelial
cell type is in dynamic state [12]. The epithelial
cells are also known to elaborate antimicrobial
molecules, which constitute the innate immune
defense mechanism [3].

2.2.2 InnerEar

As to the functional morphology of the inner ear,
the auditory sensory organ (organ of corti of the
cochlea) is a unique sensory structure composed
of one row of inner hair cells (IHC) and three
(or four) rows of the outer hair cells in mammals
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Fig. 2.3 A SEM photomicrograph of surface view of
chinchilla organ of Corti showing complexity of cell struc-
tures including one row of inner hair cells (IHC) and three
rows of outer hair cells (OH1-OH3), inner phalangeal

(Fig. 2.3) [13-16]. The IHC are considered the
primary sensory cells responsible for transmitting
electrical signals to the brain, whereas the outer
hair cells are responsible for fine tuning (frequency
resolution) of the hearing through motile activity
of the sensory cells, by regulating their lengths.
Electrical stimulation of the outer hair cells
induces motor activity through their unique motor
proteins (known as Prestin) embedded in the
membrane structure [17].

In addition, the sensory organ is bathed in differ-
ent fluid compartments. The endolymph compart-
ment (scala media) is filled with K* ion-rich fluid,
whereas the perilymph compartments, composed
of scala vestibuli and scala tympani, contain Na*
ion-rich fluid. The perilymph space is communicat-
ing with the CSF through the cochlea aqueduct.

cells (IPx), outer phalangeal cells (OPx), and three rows
of Deiter cells (D1-D3). The sensory cell hair bundles
(stereocilia), arranged in “W” formation, are exposed to
the endolymph (scala media). Adapted from Lim [14]

2.2.3 Endolymphatic Sac

The endolymphatic compartment is connected to
the blind sac known as ES through endolym-
phatic duct (ED). The ES is composed of
intraosseous and intradural parts. In human, the
ES is composed of multiple interconnecting
tubules [18], occasionally filled with dense PAS-
positive materials [19], which is believed to be
the osmotic agent required for fluid volume regu-
lation of the endolymph system. Experimental
evidences suggest that ES epithelial cells may
secrete these osmotic agents. In addition, the ion
transport activities of the ES involve mainly Na*
and CI- ions. The ES epithelial cells express ion
channels and cotransporters, such as ENaC, Na*-
K*-2ClI-type 2 (NKCC-2) cotransporter in addition
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Fig.2.4 Epithelial lining of the endolymphatic sac con-
sists of mitochondria-rich light cell (M) and ribosome-rich
dark cell (R). There are also considerable variations of
luminal cell surface areas among different cells and extent
of intercellular space (ICS) indicating various stages of
fluid transport. This may represent dynamic states of the

to SLC26A4, carbonic anhydrase, and CI-//HCO,"
exchanger [5, 20, 21].

There are also strong evidences that the ES is
the immune organ of the inner ear, containing
resident macrophages and lymphocytes [6], and
itis suggested to play a critical role in the immune
response of the inner ear [22]. The luminal fluid
often contains dense glycoprotein substances as
well as free floating macrophages. In addition to
macrophages, there are reports to indicate the
presence of intraepithelial lymphocytes [23].

The ES consists of epithelial cells and loose
subepithelial connective tissue, which is continu-
ous with the perilympathic space of the ED. The
ES epithelial cells are composed of relatively flat
epithelial cells of two types (Fig. 2.4) [24].
Mitochondria-rich light cell is characterized by a
large number of microvilli on its luminal surface,

fluid transport (absorption) at any given time. Loose
subepithelial connective tissue contains capillaries (arrows)
and nerve fibers (not shown), and has extensive network
of fibrocyte processes (F) contacting to each other. Insert
is a diagram of the endolympbhatic sac and a /ine indicates
the plane of section. Adapted from Lim [13]

whereas mitochondria-poor ribosome-rich dark
cell has a relatively smooth luminal cell surface
(Fig. 2.5). Mitochondria-rich cell is also believed
to express Pendrin and carbonic anhydrase based
on the studies with immunolabeling [25]. Foxi-1
gene is upstream for Pendrin expression, and
Foxi-1-deficient mice develop endolymphatic
hydrops and the ES of these animals lack Pendrin-
positive (mitochondria-rich) cells [26].

The subepithelial connective tissue contains a
large number of blood vessels and accompanying
nerve supply. Sympathetic (superior cervical
ganglion), parasympathetic (pterygopalatine gan-
glion), and somatosensory (trigeminal ganglion)
innervation is known to be largely involved in
regulation of the blood flow and possibly in the
fluid absorption of the ES. They are either myeli-
nated or unmyelinated [6].
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Fig. 2.5 SEM photomicrograph of ES surface showing
two types of epithelial cells: cell with extensive microvilli
(M) and cell with smooth surface (S), and free-floating
macrophages (Ma) in the luminal surface. The cell with

2.3  Human Middle Ear Cell Line
The middle ear epithelial cells are known to directly
interact with the pathogens and pathogen-derived
molecules. Since normal human middle ear epi-
thelial cells are not easily obtainable, it is critical
to establish a stable human middle ear epithelial
cell line that express important genes/gene prod-
ucts involved in the bacteria—host interaction and
resultant inflammatory response.

2.3.1 Immortalization

Small pieces of healthy human middle ear mucosa
were harvested from the promontory area of the
patient during translabyrinthine craniotomy. To
induce proliferation of primary cells, explants of
human middle ear mucosa were plated on 35-mm
plastic culture dishes with a minimal volume of

extensive microvilli is interpreted to be mitochondria-rich
light cell and the cell with smooth surface is ribosome-rich
dark cell. Adapted from Lim [13]

media, allowing them adhere to the bottom [27].
Cultures were maintained at 37°C in a humidified
atmosphere of 5% CO,. The culture medium used
was a 1:1 mixture of bronchial epithelial growth
media (BEGM; Clonetics, Walkersville, MD) and
Dulbecco’s Modified Eagle Medium (DMEM)
(Gibco BRL, Gaithersburg, MD), containing
hydrocortisone (0.5 pg/mL), insulin (5 pg/mL),
transferrin (10 pg/mL), epinephrine (0.5 pg/mL),
triiodothyronine (6.5 pg/mL), gentamycin (50 pg/
mL), and amphotericin B (50 ng/mL), all sup-
plied by Clonetics (Walkersville, MD), and further
supplemented with EGF (25 ng/mL; Collaborative
Research, Bedford, MA), all-trans retinoic acid
(5% 10% 8 M; Sigma, St. Louis, MO), bovine serum
albumin (1.5 pg/mL; Sigma), and bovine pitu-
itary extract (1% v/v; Pel Freez, Rogers, AR).
For immortalization, we infected cells using a
retrovirus containing the E6/E7 genes of human
papillomavirus type 16 [28]. Briefly, the PAS 17
amphotropic packaging cell line, stably transfected
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with a replication-defective retrovirus construct
(pLXSN16E6-E7), coding for HPV type 16
transforming oncoproteins E6 and E7, was grown
to 70% confluence, and supernatants were col-
lected after 24 h. Primary human middle ear
epithelial cells (passage 3 at 50% confluence)
were infected with 1 mL of virus stock diluted in
9 mL of fresh BEGM for 48 h. The medium was
replaced with fresh BEGM and the cells were
allowed to proliferate. For selection, cells were
reseeded in fresh BEGM containing 0.4 mg/mL
of G418 (Gibco BRL) and were kept in the selec-
tion media for 14 days. Multiple colonies were
isolated using cloning rings and each clone was
expanded for further characterization. One of
clones appeared to be stably immortalized and
was designated as HMEEC-1. The average dou-
bling time of the HMEEC-1 was 23.8 h and
appeared to preserve characteristics of epithelial
cells such as expression of pan-cytokeratin, dome
formation, and anchorage dependency. In addi-
tion, subcutaneous injection of HMEEC-1 cells
to the nude mice did not result in tumor forma-
tion. Karyotypic analysis confirmed the immor-
talized cells are derived from male humans and
have no major abnormality of chromosomes.

2.3.2 Major Research Findings
Resulting from the Human
Middle Ear Cell Line

2.3.2.1 Secretion of Mucins

The sterility of the eustachian tube and the middle
ear is maintained not only by the adaptive immune
system, but also by the innate immune system
such as mucociliary system and the antimicrobial
molecules [3]. Mucins are high molecular weight
glycoproteins that constitute the major component
of mucus secretions in the eustachian tube and
middle ear. The core proteins are encoded by dif-
ferent mucin genes (MUC genes); and we showed
the expression of MUC genes such as MCUI,
MUC2, MUCSAC, and MUCS5B in the primary
human middle ear epithelial cells [29]. Moreover,
we demonstrated that HMEEC-1 cells up-regulate
MUCSAC expression in response to cytoplasmic
proteins of nontypeable Haemophilus influenzae

via a p38 MAP kinase signaling pathway [30],
which is negatively regulated via the transform-
ing growth factor beta-Smad signaling pathway
[31]. In addition, we showed that HMEEC-1 cells
up-regulate MUC2 expression through the coop-
eration of transforming growth factor-beta-Smad
signaling pathway and NF-kB activation [32].

Induction of Antimicrobial
Agents

To defend against invading pathogens, the tubotym-
panum is known to secrete antimicrobial mole-
cules including lysozyme, lactoferrin, and beta
defensins [3]. The beta defensins are mainly pro-
duced by epithelial cells of the skin, kidneys, and
respiratory lining of nearly all vertebrates [33].
The beta defensins are released upon microbial
invasion and are located at the host—environment
interfaces, such as mucosal surfaces and skin. Beta
defensin 2, which is released from the epithelial
cells in response to microorganisms or cytokines,
exhibits potent antimicrobial activity against gram-
negative bacteria and candida. HMEEC-1 cells
were found to up-regulate beta defensin 2 in
response to interleukin 1 alpha (IL-1ct) via a Src-
dependent Raf-MEK1/2-ERK signaling pathway
[34]. We also found that nontypeable H. influen-
zae-induced up-regulation of beta defensin 2
requires a TLR2/MyD88-dependent p38 MAP
kinase pathway [35]. As shown in Fig. 2.6, we
demonstrated that IL-1a is secreted by middle ear
epithelial cells upon exposure and that it can syn-
ergistically act with nontypeable H. influenzae
molecules to up-regulate beta defensin 2 via the
p38 MAP kinase pathway [36].

2.3.2.2

2.3.2.3 Expression of Toll-Like Receptors
Toll-like receptors (TLRs) have been suggested
to play a critical role in the recognition of various
bacterial components such as lipoprotein, pepti-
doglycan, lipoteichoic acid, and lipopolysaccha-
ride [37]. We found that HMEEC-1 cells regulate
TLR2 expression and that glucocorticoids syner-
gistically enhance nontypeable H. influenzae-
induced TLR2 expression via a negative cross-talk
with p38 MAP kinase [38]. Moreover, we dem-
onstrated that TLR2 is involved in nontypeable
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Fig.2.6 Schematic illustration summarizes signaling pathways involved in the individual and synergistic effects of IL-1
alpha and nontypeable H. influenzae (NTHi) on beta defensin 2 (DEFB4) transcription in the middle ear epithelial cells

H. influenzae-induced NF-kB activation through
the TAK1-dependent NIK-IKK-IKB and MKK3/
6-p38 MAP kinase signaling pathways [39].
In addition, we found the involvement of TLR2
in the recognition of nontypeable H. influenzae
molecules, resulting in induction of beta defensin
2 [35].

2.4 Human Endolymphatic

Sac Cell Line

Because of the location of the ES deep inside the
petrosal bone and the difficulty of obtaining epithe-
lial cells, experiments using the human ES epithe-
lial cells have been difficult to perform. Recently,
we have successfully developed a human ES cell
line preserving the characteristics of normal ES
epithelial cells such as the expression of Pendrin.

2.4.1 Immortalization

Primary cell culture preparation of ES epithelial
cell has been described [40]. Briefly, human ES

were excised during translabyrinthine acoustic
neuroma surgery at Uppsala University Hospital
with an institutional approval. The intraosseous
portion of the human ES was drilled out, leaving
a thin, movable eggshell layer of bone on its ante-
rior surface. The human ES was separated from
the posterior bony surface with a mucosal knife
and was cut with a pair of scissors at the external
aperture of the vestibular aqueduct. Thus, only
the intraosseous portion of the human ES was
retained. The sample was then cut into small
pieces (<1 mm?®) and incubated at 4°C in 0.17%
trypsin in PBS for 15-18 h. The resulting suspen-
sion of single cells and small aggregates were
transferred to a test tube, and an equal volume
of growth medium was added. The cells were
centrifuged for 5 min at 1,000 rpm, resuspended
in growth medium, and seeded into a 35-mm
diameter fibronectin and collagen coated tissue
culture dish. The cells were grown in a 3:1 mixture
of (DMEM) and Ham’s F12 medium (Gibco BRL)
supplemented with 10% fetal calf serum (FCS)
(Hyclone), 0.4 pg/mL hydrocortisone (Sigma),
10 pg/mL human epidermal growth factor (EGF)
(Austral Biologicals), 1071 M cholera toxin
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(Sigma), 5 pg/mL Zn-free insulin (Lilly Research
Laboratories), 24 pg/mL adenine (Sigma), and
2x107° M 3,3,5-triiodo-L-thyronine (Sigma).

For immortalization, primary ES epithelial cells
were infected using a retrovirus containing the E6/
E7 genes of human papillomavirus type 16 as
described [28]. Infected cells were selected using
the G418-containing medium and multiple colo-
nies were isolated. Each clone was expanded for
the further characterization, and one clone showing
stable immortalization was designated as HESC-1.
HESC-1 cells appeared to preserve the characteris-
tics of epithelial cells such as expression of ZO-1and
cytokeratin. Karyotypic analysis demonstrated that
the immortalized cells have no major abnormality
in chromosomes. Although HESC-1 cells were
originated from a single cell, they appeared to dif-
ferentiate into two distinct subtypes, resembling
ribosome-rich dark cells and mitochondria-rich
light cells of the ES epithelial cells. Immunolabeling
and FACS analysis showed that there are two sub-
populations according to the expression of Pendrin
and richness of mitochondria.

2.4.2 Research Findings Resulting
from the Human Endolymphatic
Sac Cell Line

Secretory capacity of the ES has been postulated
by some authors [41-43]. In about 30% of the
cross-sections of the mouse ES, a small amount of
homogeneous substance was observed. This
homogeneous substance is believed to contain
acidic protein-bound carbohydrates [44], proteo-
glycan [45], sulfur compounds [46], hyaluronan
[47], and soluble megalin [48]. Although the func-
tion of this homogeneous substance is unclear, it
is suggested to be involved in the attraction of
water and small water soluble cations, which
could influence the regulation of fluid volume of
the inner ear endolymphatic compartment [45].
Unexpectedly, we found that our HESC-1 cells
secrete viscous substance in response to EGF.
Dot blot analysis showed that the supernatant of
HESC-1 cells contains mucin core proteins and
hyaluronan. gRT-PCR analysis demonstrated that
HESC-1 cells up-regulate mucin core proteins and

hyaluronic acid synthases in response to EGE
Further studies are needed to determine the regula-
tory mechanisms involved in secretion and biologi-
cal functions of these molecules. We anticipate that
our HESC-1 cells will provide an in vitro model
for the studies of secretory function of the ES.

2.5 Conclusions

We have successfully immortalized epithelial
cells from human middle ear and ES. The human
middle epithelial cells have been used for eluci-
dating cell signaling pathways involved in inflam-
matory responses including induction of beta
defensins and mucin genes. The human ES cell
line is in the process of further characterization.
Preliminary results show the expression of genes
involved in water and ion transportation, such as
Pendrin and aquaporins. Particularly, the human
ES cell line was found to secrete osmotically
active substances, and further studies are neces-
sary to identify these molecules and determine
their function in the regulation of endolymphatic
fluid volume.
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Abstract

The human oral squamous epithelium plays an important role in maintaining
a barrier function against mechanical, physical, and pathological injury.
However, the self-renewing cells residing on the basement membrane of
the epithelium can give rise to oral squamous cell carcinomas (OSCC),
now the sixth most common cancer in the developed world, which is still
associated with poor prognosis. This is due, in part, to the limited avail-
ability of well-defined culture systems for studying oral epithelial cell
biology, which could advance our understanding of the molecular basis of
OSCC. Here, we describe methods to successfully isolate large cultures of
human oral epithelial cells and fibroblasts from small pieces of donor
tissues for use in techniques such as three-dimensional cultures and animal
grafts to validate genes suspected of playing a role in OSCC development
and progression. Finally, the use of isolated oral epithelial cells in generating
iPS cells is discussed which holds promise in the field of oral regenerative
medicine.

correctly direct migration and differentiation of
the overlying epithelial cells up toward the epithe-
lium surface [1]. Of note, resting on the basement
membrane is a single layer of cuboidal cells known
as the stratum basale, and includes a subpopula-
tion of stem cells, which can undergo mitotic divi-
sion to create new cells. Differentiation and upward
migration of these new cells results in a population
of larger polyhedral cells that form the stratum

3.1 Introduction

We now know that the normal skin and the oral
mucosa, consist of the superficial epithelium, and
the underlying lamina propria [1]. At this interface
lies the basal lamina, or basement membrane,
serving primarily as a supportive structural role to

V. Patel (<) spinosum [2]. The cells of the stratum spinosum
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Fig. 3.1 (a) Schematic of normal oral squamous epithe-
lium. Normal oral epithelial cell proliferation and differ-
entiation are orderly and unidirectional, with keratinocytes
originating in a relatively undifferentiated state in the
stratum basale, progressing through the stratum spinosum
and stratum granulosum layers, and reaching full differen-
tiation at the surface stratum corneum. (b) H&E staining
of normal oral squamous epithelium (20x). Normal oral

losing their nuclei and cytoplasmic organelles and
becoming fully keratinized at the surface layers of
the stratum corneum [3]. Collectively, the
squamous epithelium represents a dynamic struc-
ture, whereby cells of the basement membrane
work continuously in a coordinate manner to
cease to proliferate, and migrate and differentiate
up towards the surface culminating in the replen-
ishment of the spinous, granular, and ultimately
the cornified layer of the stratified epithelium, and
in the process renewing and repairing defects if

squamous epithelial tissue is histologically bland, with
hallmarks of orderly differentiation from the basement
membrane to the epithelial surface. Less differentiated
cells of the stratum basale are compact in size and round
in shape, with prominently staining nuclei. Cells enlarge
and nuclei grow less dense as they differentiate through
the stratum spinosum, after which they flatten and eventu-
ally shed their nuclei in the stratum corneum

any, to ensure that integrity and correct barrier
function is maintained [4]. The key components of
a normal epithelium are shown in Fig. 3.1a, b. In
this review, we describe features of the oral
squamous epithelium, including differences
between the skin equivalent, and how this crucial
and very important structure can be exploited for
the isolation of oral epithelial cell for use in inves-
tigating their biological properties, with emphasis
on the understanding of the molecular basis of
human oral squamous cell carcinoma (OSCC).
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3.2 Oral Squamous Epithelium

Several differences exist between skin and oral
squamous epitheliums [5]. For instance, the dif-
ferentiation pattern of the superficial layers of
the oral mucosa and the skin epidermis are very
distinct. The oral epithelium can be classified
into three types, masticatory, lining, and special-
ized, which include keratinized, parakeratinized,
and nonkeratinized stratified epithelium [6]. In
general, though, a parakeratinized stratified epi-
thelium forms the lining of most of the oral
mucosa, thus providing a barrier against mechan-
ical, physical, and pathological injury [7, 8].
Specifically, the main morphological difference
between the buccal mucosa and the skin epider-
mis is in the differentiation pattern found in the
superficial layers of the epithelium. The oral
mucosa lacks the granulous and cornified layers,
but instead presents parakeratin as the last step
in the differentiation process. In addition, emerg-
ing evidence suggests that the epithelial stem
cells maintaining the homeostasis of the oral
mucosa and skin might be distinct [9]. In the
skin, both follicular and interfollicular epithelial
(IF) stem cells can contribute to the replacement
of the exfoliated cells and to regenerate the tis-
sue upon injury [10]. In this regard, current
information suggests that the IF stem cells and
their derived transient amplifying cells may play
a primary role in epidermal homeostasis and tis-
sue repair, and that in some cases IF stem cells
may be alone sufficient for the healing of cutane-
ous wounds [11, 12]. The oral mucosa, however,
represents an epidermal anatomical site that
presents similar architecture to that of the skin
but devoid of any hair-follicular structures. Thus,
the oral epithelium is expected to be maintained
by a single type of adult epithelial stem cell pos-
sessing self-renewal capacity. While the distinct
roles of these stem cells in tissue maintenance
and their behavior during tissue regeneration
represent areas of active investigation, we expect
that the availability of primary human oral epi-
thelial cell culture systems may aid in dissecting
their multiple biological properties and underly-
ing molecular mechanisms as well as help in our

understanding of the molecular basis of human
OSCC.

3.3 Human Oral Squamous

Cell Carcinoma

A delicate balance exists between growth-
promoting and growth-inhibiting physiological
cues that are responsible for mediating normal
homeostasis of stratum basale residing in the basal
layer of the oral epithelium [13, 14]. Therefore,
perturbation of this balance has the potential to
contribute to unrestricted growth and the acquisi-
tion of a malignant phenotype [15]. Over time,
these cells can progress into overt squamous car-
cinomas, resulting in invasion of nearby tissues
and consequently to metastases, as depicted in
Fig. 3.2a [16]. Clinically, OSCC arise predomi-
nantly in the floor of the mouth and on the lateral
tongue but any aspect of the oral mucosa is sus-
ceptible [17]. Histologically, these lesions are
characterized by the disruption of the process of
orderly differentiation and the migration of oral
epithelial cells from the stratum basale to the
superficial mucosal layers [18]. The cellular pro-
liferation is disordered, as manifested by the fre-
quent presence of enlarged, irregularly shaped
nuclei, multiple mitoses both within and beyond
the stratum basale, and markedly abnormal
mitotic structures [19]. Dysregulation of cellular
differentiation is evidenced by the abnormal pres-
ence of nuclei in the stratum corneum, or parak-
eratosis, or with the abnormal keratinization of
cells below the stratum granulosum or dyskerato-
sis [19]. Carcinoma cells in the stratum spinosum
also frequently lose their adhesive capacities and
detach from neighboring cells resulting in acan-
tholysis. The histological hallmark of squamous
cell carcinoma of the oral cavity remains the dis-
ordered invasive migration of epithelial cells
downward through the basement membrane into
the lamina propria, as shown in Fig. 3.2b. In stark
reality, each year approximately 40,000 patients
are diagnosed with OSCC predominately in the
oral cavity, pharynx, or larynx, representing
together nearly 5% of all diagnosed malignancies
in the United States [20]. From these, close to
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Fig. 3.2 (a) Schematic representing oral squamous cell
carcinoma. Orderliness of proliferation and differentia-
tion is lost in cancerous tissue of the squamous epithe-
lium, with crowded cellular clustering common and less
differentiated cells occurring in upper epithelial layers.
Abnormal cellular features often occurring in cancers of
the squamous epithelium include abnormal mitoses,
acantholysis, dyskeratosis, and parakeratosis. The hall-
mark of squamous cell cancer, differentiating it from pre-

10,000 US patients die from oral cancer annually
equating to one death every hour, and with more
than 500,000 new cases per year worldwide, oral
cancer is considered the sixth most common can-
cer in the developed world [20]. In spite of the
recent advances in powerful technologies, to
accelerate the identity of molecules causal to
cancer development and progression, and with
improving surgical and treatment options, the
prognosis for oral cancer patients is still unfavor-
able [21]. This is due, in part, to the lack of reli-
able cellular systems needed to improve our

| Cytologic Atypia
Poor Differentiation

— Invasion

neoplastic lesions, is invasion through the basement
membrane into the lamina propria. (b) H&E staining to
showing oral squamous cell carcinoma (20x). Oral
squamous cell carcinoma tissue is strikingly disorderly.
Cellular morphology often includes prominently stained
nuclei and nucleoli, though morphologies vary widely
across the cancer specimen and are frequently bizarre.
Invasion here is inferred, as the basement membrane has
been entirely obliterated

understanding of oral epithelial cell biology and
the molecular basis of how these can transform
and develop into carcinomas, as well as to test
new treatment strategies that can be translated to
oral cancer patients for better management.

The identification of the oral epithelial stem
cells may have also a broad impact in our under-
standing of oral cancer development [22, 23].
Emerging studies in our laboratory suggest that
OSCC may result from the progressive accumu-
lation of genetic and epigenetic alterations in the
epithelial stem cell compartment or in cells that
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have regained self-renewal capacity [24]. Thus, it
would be critical to investigate the mechanisms
preserving the genomic integrity of the oral epi-
thelial stem cells, and how their dysregulation,
for example upon mutations caused by environ-
mental and tobacco-related carcinogens, can con-
tribute to the malignant progression of oral
cancers. We believe that this effort may facilitate
the identification of clinically relevant markers
for the early diagnosis of oral malignancies, as
well as novel molecular targets for the chemopre-
vention of this disease [22]. Because of the rela-
tive simplicity of the oral epithelium, the study of
its stem cells may also afford a unique opportu-
nity to understand the most basic principles gov-
erning the maintenance of the stem cell
compartment, and how extracellular cues affect
their cell fate decisions, particularly upon tissue
injury. Indeed, although most of our current
knowledge on epithelial stem cell biology is
based on the study of multipotent epithelial stem
cells residing in the bulge region within the hair
follicle, it is still not even clear whether these fol-
licle stem cells do in fact contribute to the inter-
follicular  epidermis under physiological
situations, or whether multiple lineage restricted
stem cell populations give rise to each histologi-
cally defined dermal structure, the epidermis, hair
follicles, and sebaceous glands. This situation is
expected to be much simpler for oral epithelial
stem cells, which only need to proliferate and dif-
ferentiate into stratified epithelia thus enabling to
ask fundamental questions in the stem cell
research field in a well-defined and biologically
relevant system [22, 25].

3.4 Oral Epithelial Stem Cells

The stratified epithelium lining the oral mucosa
is continuously renewed by two classes of repli-
cating cells: (1) stem cells that have the capacity
for self-renewal, and extended or unlimited
growth and (2) transiently amplifying cells that
arise from stem cells and replicate a limited num-
ber of cycles before undergoing differentiation
[26]. In particular, the existence of oral epithelial
stem cells that harbor self-renewing capacity

provides a likely mechanism whereby the integ-
rity of this tissue can be maintained throughout
the entire postnatal life, and wounds can heal rap-
idly upon injury. We have recently initiated a new
concerted effort in the area of oral epithelial stem
cell biology, which may facilitate the develop-
ment of reliable procedures for the isolation and
culture of self-renewing epithelial cells from the
buccal mucosa, which can then be grafted into
patients suffering from tissue injury and disabling
epithelial defects in the oral cavity. These stem
cells could also be stably transduced with retrovi-
ral and lentiviral vectors, therefore representing
attractive targets for gene therapy for the sus-
tained expression of therapeutic molecules in the
oral mucosa. In addition, each year more than ten
million patients worldwide are being treated for
cancers with intensive chemotherapy alone or in
combination with radiation therapy, which often
result in damage to the oral mucosa and the deple-
tion or death of its stem cells. The consequent
injury to the mucosal barrier, manifesting as
mucositis, leads to chronic pain, difficulty in
swallowing, hyposalivation, morbidity, and in an
overall reduction in the quality of life. Thus,
learning how to protect the oral epithelial stem
cells from the effects of anticancer treatment may
facilitate the rapid recovery of cancer patients
and reduce their suffering and financial burden
[27, 28]. In this context, stem cell-therapy has
great potential to allow prevention or treatment
of radiation and/or chemotheraphy-induced oral
mucositis in cancer patients [29]. Therefore,
advancement in our knowledge of epithelial cell
biology with respect to their isolation and charac-
terization as well as their response to damage,
will greatly help towards our understanding of
human OSCC, and its outcome.

Isolation of Human Oral
Keratinocytes and Their Use
in Experimental Systems

3.5

Initial attempts at deriving cultures of keratino-
cytes primarily involved the use of relatively
large skin explants but these methods also



32

encouraged the growth of host fibroblasts, which
represented the most serious source of contami-
nation of these cultures [30]. To counteract this,
co-culture with a feeder layer of lethally irradi-
ated mouse 3T3 mesenchymal cells, encouraged
macroscopic colonies to form from single cells,
while preventing the growth of host fibroblasts
[31]. Also pertinent to this success, was the pres-
ence of hydrocortisone, cholera toxin, insulin,
transferin, and EGF in the media, aiding to
increase life span of the cultures while maintain-
ing the clonogenic fraction and in the reduction
of amounts of xenobiotic factors used (fetal
bovine serum) [32].

Similarly, several different oral epithelial cell
culture methods have been developed, and these
range from explants outgrowth to the use of enzy-
matically digested tissues, relying on distinct
media and supplements (described earlier), and
coating of culture plates with several extracellu-
lar matrix components [33, 34]. However, the
resulting cultures invariably grew with limited
growth capacity and the cells not surviving beyond
subculturing. As with the cultures of skin kerati-
nocytes, the use of a 3T3 feeder layer encouraged
the clonal growth of oral keratinocytes [35]. While
this approach was the most widely used method
with undoubted success, the presence of a mixed
cell population and the unknown effects of 3T3
cells on human oral epithelial cells, as well as the
presence of xenobiotic serum, has raised con-
cerns, and key among these being the expression
of nonhuman xeno-antigens on human cells
(embryonic stem cells) dependent on a mouse
feeder layer [36]. Consequently, current culture
methods have been adapted to incorporate these
doubts, as well as improving the efficiency of
growth. In essence, gingival tissues from healthy
donors are now generally used as a source of oral
epithelial cells, where an initial incubation with
dispase, an enzyme that facilitates the mechani-
cal separation of the epithelium from the under-
lying stroma, and then the use of trypsin on the
separated epithelium to obtain a single cell sus-
pension and using defined media, are now com-
monly used ensuring the growth of a pure cell
population with minimal contaminating fibro-
blasts [37]. The primary function of dispase is to
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selectively separate the surface epithelium from
the underlying fibrous connective tissues, an
important first step in reducing host fibroblast con-
tamination. Also instrumental to this success, was
the use of defined media with no serum, and low
calcium concentration, allowing for the prolifera-
tion of oral epithelial cells that could be viably
maintained for an extended period of time [38].

Our laboratory has essentially optimized a
method using trypsin, commercially available
defined keratinocyte serum-free medium (KSFM),
and rat-tail collagen type I coated culture plates,
for successfully obtaining a pure cell population
of oral keratinocytes from the separated epithe-
lium, while oral fibroblasts can be obtained if
needed from the remaining dermis, in parallel
cultures. The resulting fibroblast-free cultures of
oral epithelial cells, as seen in Fig. 3.3a, b, can
grow readily and are able to undergo propagating
and repetitive passage. Additional factors for
consideration in obtaining healthy and high yield-
ing cultures are that tissues from younger donors
are optimal, and based on a recent study, isolated
epithelial cells grown under hypoxia (2%), which
may mimic the microenvironment of the epithe-
lial stem cell niche, can stimulate proliferation
while inhibiting differentiation [39]. With the afore-
mentioned said, the ability to culture normal oral
squamous epithelial cells efficiently can provide
an excellent opportunity to study basic oral kera-
tinocyte biology as well as the processes of
immortalization and malignant transformation,
both of which are key steps in human OSCC.

As described earlier in this chapter, new tech-
niques of culturing oral epithelial cells now makes
its possible in obtaining large cultures from small
pieces of donor tissues, and affords an excellent
opportunity to explore their biological properties
in greater detail, and to translate this information
potentially to the field of oral regenerative medi-
cine [22, 25]. However, before embarking on such
an endeavor we must appreciate that monolayer
cultures of cells are not accurate representations
of tissue in vivo, primarily because they lack the
types of interactions that cells have with other
cells and with the extracellular matrix [40]. These
interactions are known to influence gene
expression as well as cell behavior. Organotypic
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Fig. 3.3 (a) Bright field images of the primary culture
of oral keratinocytes (40x). (b) Immunofluorescence
staining of primary culture of oral keratinocytes showing
cell epithelial cell morphology by Phalloiding-Alexa
488 actin staining and DAPI nuclear staining (63x).

three-dimensional (3D) cultures are tissue culture
models that essentially mimic in vivo tissue archi-
tecture through manipulation of epithelial and
stromal cells within and on top of an extracellular
matrix [41]. It follows that 3D cultures can repre-
sent an ideal platform for studying oral epithelial
cell biology, allowing the possibility of assessing
multiple aspects of cellular behavior that might be
intimately associated with carcinogens, such as
tumor invasion which in essence the 3D system
recapitulates the morphological features of human
OSCC [42]. The 3D culture system essentially
comprises of a collagen support that is embedded

- m

(¢) Three-dimensional organotypic culture of primary
normal oral keratinocytes and oral fibroblasts. H&E
staining shows the different layers from the basal prolif-
erative cells to the parakeratinized (differentiated) kera-
tinocytes in the upper layers

with human fibroblasts, which is then overlaid
with isolated oral epithelial cells and after allow-
ing for growth, these cultures are raised to achieve
an air-liquid interface, and the exposed layer of
oral epithelial cells soon after undergo organized
differentiation and stratification, as seen in
Fig. 3.3c, and thus better representing the normal
mucosal epithelium [42]. However, a limitation
associated with this method is the lack of stan-
dardization, whereby a large number of biopsies
are usually needed to obtain sufficient number of
primary keratinocytes; for efficient seeding of the
collagen support, the cells from different donors
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may also compound differences in growth rates
and life span. To circumvent this, the use of a sin-
gle immortalized oral epithelial cell line would be
deemed essential. Early attempts for immortaliza-
tion involved the use of DNA virus such as SV40,
but often the resulting cultures demonstrated
chromosomal aneuploidy, and not ideal for use as
research tool. Primary human oral keratinocytes
have also been successfully immortalized with
human papillomavirus type 16 [43, 44]. More
recently, the observation that the expression of
telomerase can maintain the telomeres at the ends
of mammalian chromosomes has led to the use of
exogenous human telomerase (hTERT) as an
alternative way for the immortalization of oral
keratinocytes [45]. Furthermore, using a modified
method, the potential to grow sheets consisting
of layers of oral keratinocytes for use in regener-
ating or reconstituting damaged tissues can be
realized. This method essentially involves seed-
ing the isolated epithelial cells onto a dermal
matrix that is based on a fibrin glue gel contain-
ing live human fibroblast, and after 15 days in
culture the cells grow into sheets consisting of
three to four layers of cells with evidence of
squamous differentiation displaying all the fea-
tures of a stratified epithelium [46]. Conversely,
the 3D cell culture system can be used to investi-
gate the physiological roles of cancer-related
genes and their validation, identified from high-
throughput genomic analysis [14]. For instance,
the epidermal growth factor receptor pathway sub-
strate 8 gene (Eps8) was found to be overexpressed
in OSCC, and by targeting this molecule for
reduced expression, tumor cell invasion was inhib-
ited in an organotypic (3D) model of oral cancer
[47]. Another molecule that is frequently found to
be up-regulated in OSCC is FOXM1, and to study
the functional role of this transcription factor,
normal oral epithelial cells with forced expression
of this molecules were grown on a modified 3D
cultures (organotypic epithelial tissue regenera-
tion system), demonstrated loss of differentiation,
while inducing hyperproliferatation [48, 49].
Noteworthy, while elevated mRNA levels of
FOXMI may be targeting genes involved in kera-
tinocyte differentiation, for instance desmoglein 3
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(dsg3), and recent data have suggested that reduced
levels of dsg3 may serve as a marker of the stem/
progenitor cell-like phenotype, suggesting that
FOXM1 itself might play a role in early oncogenic
pathways likely exposing the oral epithelial cells to
tumorigenesis by expanding the stem/progenitor
compartment and deregulating terminal differen-
tiation [49].

The isolated human oral epithelial cells can be
used for validating genes suspected in playing a
role in OSCC development and progression [15].
As mentioned previously, squamous cell carcino-
mas originate from the proliferating basal layer
of the epithelium, as a result of the accumulation
of mutations in the genetic material caused by
exposure to endogenous and exogenous geno-
toxic agents, or altered expression, in a limited
set of genes. With recent technical advancements
that now allow full genome sequencing with rela-
tive speed, are likely to play a pivotal role in
our ability to survey genetic landscapes readily,
and by comparing for instance tumor DNA with
that of normal, we can potentially identify genes
that may feature cancer-related characteristics
such as somatic mutations, and potentially giving
rise to a gain of function. Armed with this infor-
mation, cell-based systems as well as animal
models of cancers can be used for validation to
assess whether these alterations are likely to play
a role in driving the cancer. In this context, The
International Cancer Genome Consortium
(ICGC) has initiated to sequence and catalogue
abnormalities in tumors in 50 different cancer
types, and emerging information can potentially
reveal oncogenic mutations causal for cancer
progression as well as those that can identify, for
instance, subsets that may influence cancer thera-
peutic responses and play an important role in
personalized medicine [50]. A case study can be
applied to prostate cancer, and using a whole-
genome sequencing approach, whole segments
of DNA were found to be altered, and with the
loss of Pten, an important tumor suppressor
gene involved in a pathway that regulates
tumor growth by controlling cell growth and
division, was identified as causal to development
of lesions, but importantly, with minimal
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progression, and to better understand the
molecular bases of this observation, additional
transcriptome and pathway analysis comparing
Pten ablated epithelium with corresponding nor-
mal, identified that levels of SMADA4, part of the
TGF-B-BMP-SMAD4 signaling axis, cyclin D1
(CCND1) and secreted phosphoprotein 1 (SPP1)
were instrumental in driving early stages of pros-
tate cancer to progress to invade and metastasis
in both human and mouse systems pertinent to
prostate cancer [51]. In this context, the emerging
information of gene signatures can now be trans-
lated to cell-based experimental systems for vali-
dation, to potentially reprogram normal prostate
epithelia cells to undergo transformation, and
convert to a fully malignant phenotype. Indeed,
ongoing efforts in our laboratory are aimed at
validating candidate genes causal to OSCC by
overexpressing the altered gene products in iso-
lated primary oral epithelial cultures, and by
assessing and monitoring the specific contribu-
tion of each of the molecules to processes
involved in transformation and malignant con-
version. This strategy is being performed on oral
epithelial cells transduced using lentiviral vectors
for overexpression of target genes, either grown
in 3D cultures as described earlier, as well as
in vivo, whereby cultures of transduced oral epi-
thelial cells can be grafted onto healthy recipient
nude mice to study the ability of the gene(s) to
cause tumors [52]. In this manner, functionally
validated genes with specific roles in the devel-
opment and progression of OSCC could poten-
tially identify new drug targets that can
be translated into effective treatment options,
ultimately benefiting cancer patients.

Finally, oral epithelial cells hold great poten-
tial for use in the field of regenerative oral medi-
cine [53]. As mentioned earlier, patients with oral
cancer undergo very aggressive treatment that
often results in damage to surrounding tissue
usually with extensive and permanent tissue loss,
resulting in severe facial disfigurement and per-
manent impairments in eating, swallowing, speak-
ing, and a very poor quality of life [28]. In this
regard, there is tremendous potential for generat-
ing induced pluripotent stem cells (iPS) from iso-

lated oral, mature, and terminally differentiated
epithelial cells, which may have use for regener-
ating damaged tissues in the oral cavity. The
method for inducing pluripotency within a mature
cell essentially requires global transcriptional
and epigenetic reprogramming, as first reported
by Takahashi et al. [54]. In this seminal study, the
forced expression of four specific genes, Oct4,
Sox2, Kif4, and c-Myc in mouse fibroblast,
resulted in iPS cells that were functionally and
molecularly indistinguishable from embryonic
stem cells, possessing the capacity to self-renew
and ability to give rise to all three germ layers
[54, 55]. A worry though is that these genes
required for reprogramming have oncogenic
potential, and may induce tumors [56]. Thus,
investigation has been ongoing to search for alter-
native methods for generating iPS cells, for
instance, by using synthetic small molecules to
alter transcription. To address this in part, the use
of a defined mixture of small molecules, together
with Oct4, was recently found to confer pluri-
potency in mouse embryonic fibroblasts [57].
A goal now remaining to make iPS cells is to
replace Oct4 with an alternative molecule, and
have a single chemical cocktail of defined small
molecules capable of safe and efficient repro-
gramming. However, making and differentiating
iPS cells is a very inefficient, and time-consum-
ing procedure, with most protocols taking several
weeks and a success rate at best, of 1 in 100 [58].
To address this in part, the use of mRNA trans-
fection for reprogramming offers several advan-
tages, key among these are that mRNAs are
translated directly into proteins, and the small
size allows them to be easily introduced into cells
with precise control of the protein expression,
sufficient to activate pluripotency target genes
[58, 59]. We can further improve the reprogram-
ming efficiency in part, by better understanding
which of the pluripotency target genes is respon-
sible for lineage specification, similar to how we
now know, for instance, that the bone morphoge-
netic protein (BMP) can direct the reprogrammed
cells to choose a mesodermal rather than an ecto-
dermal pathway of differentiation [60]. Using
this approach, ectopic expression of Oct4 in
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human dermal fibroblasts was found to activate
hematopoietic transcription factors, giving rise to
several different lineages of blood cells as
assessed by the expression of the pan-leukocyte
marker CD45, without the need for a middle
pluripotent state, and the prospect of producing
large quantities of human blood for use, for
instance, in traumatic injuries [61]. Using a simi-
lar rational, isolated mature oral keratinocytes,
may represent a promising source for iPS cell
generation, particularly as these cultures also
include cells with long-term self-renewal capac-
ity, and experimental evidence suggests that the
use of adult stem cells significantly increases iPS
cell generation. Therefore, iPS cells generated
from human oral keratinocytes, and pertinently
from patients own cells isolated from normal tis-
sue surrounding the tumor, hold a promising
future for oral cancer patient survivors, whereby
through induced differentiation of these cells
regeneration of entire structures including sali-
vary glands, a fully functional tongue comprising
a mucosal epithelium including muscle, nerves,
and taste receptors.
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Abstract

Heterotopic ossification (HO), characterized by the formation of mature
bone in the soft tissues, is a complication that can accompany musculosk-
eletal injury, and it is a frequent occurrence within the military population
that has experienced orthopaedic combat trauma. The etiology of this dis-
ease is largely unknown. Our laboratory has developed strategies to inves-
tigate the cellular and molecular events leading to HO using clinical
specimens that were obtained during irrigation and debridement of muscu-
loskeletal injuries. Our approach enables to study (1) the cell types that are
responsible for pathological transformation and ossification, (2) the cell-
and tissue-level signaling that induces the pathologic transformation, and
(3) the effect of extracellular matrix topography and force transduction on
HO progression. In this review, we will report on our findings in each of
these aspects of HO etiology and describe our efforts to recapitulate our
findings in an animal model for traumatic HO.

4.1 Heterotopic Ossification:

Clinical Prevalence
and Military Relevance

Heterotopic ossification (HO) is a musculoskeletal
disease that is characterized by the formation of
mature bone in soft tissues, such as muscle tendon
or fascia. It is a frequent complication that occurs
following trauma orthopaedic that accompanies an
injury or may be an iatrogenic artifact, as occurs
during total hip arthroplasty. HO is prevalent in
patients with severe time-of-war extremity wounds,
and the incidence of HO increases by 57% in
patients that sustain a polytraumatic blast injury [1].
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This disease has emerged as a challenging
consequence of battlefield injury that confounds
the military’s orthopaedic surgeons, as their efforts
to return the injured soldiers to active duty are
betrayed by their patients’ own cells’ pathological
transformation into osteoprogenitors. This condi-
tion presents a host of problems, including skin
and soft tissue breakdown over the residual limb,
suboptimal prosthetic fitting, and impaired limb
function [2]. Complicating this situation is the
degree of difficulty in removing heterotopic bone
after it has formed. This procedure requires a
significant amount of soft tissue resection and
risks injury to neurovascular structures that are
often intimately associated with HO. As a result,
there is considerable interest in understanding the
cellular mechanism of HO and to develop strate-
gies of addressing this condition before the
formation of bone can occur.

HO is not limited to time-of-war injuries in
the military population. Traumatic HO also
occurs in the civilian population after polytrau-
matic injuries, especially when the polytrauma is
accompanied by neurologic injury. The incidence
of HO following severe blunt trauma is approxi-
mately 42.7% [3]. When traumatic brain injury
(TBI) occurs in the absence of extremity trauma,
HO formation in the extremities has been reported
in approximately 25% of patients [4]. HO also
occurs in approximately 1.2% of burn patients [5].
Thus the findings from the proposed study are
also relevant to civilian trauma to better predict
when and where HO is likely to occur. Furthermore,
with a model that can be used to identify and
analyze the action of factors that initiate HO, it
may be possible to design targeted therapies
designed to disrupt the osteogenic process and
prevent ectopic bone formation.

4.1.1 Current Treatment Options
for HO Are Inadequate to Prevent

or even Mitigate the Disease

Current treatment of HO in traumatically injured
patients has significant limitations and serious
side effects. As such, treatment modalities cannot

Y.Jietal.

be initiated without careful consideration and
should be limited to those patients who are at the
highest risk of developing HO; however, it is
almost impossible to predict which patients will
develop HO. Early diagnostic tools such as
serum alkaline phosphatase levels, bone scans
and computerized tomography (CT) scans are
often impractical and non-specific. Therefore,
diagnosis typically is made late in the disease
process by physical examination and routine
radiographic evaluation. At this late stage,
options include symptomatic treatment or surgi-
cal resection.

The two main prophylactic treatments involve
systemic medical therapy or localized radiation
therapy (XRT) and both modalities have signifi-
cant drawbacks preventing their widespread
use. The mainstay of medical therapy uses non-
steroidal anti-inflammatory drugs (NSAID) to
attenuate the initial inflammatory response and
prevent extracellular matrix (ECM) mineraliza-
tion [3]. This method effectively reduces the
incidence of HO formation, but gastrointestinal
side effects and the negative impact on wound
and fracture healing limit their usefulness in
multi-trauma patients [1]. XRT is thought to
inhibit proliferation and differentiation of cells
that may contribute to the pathogenesis of HO.
It is a localized method of controlling HO for-
mation, but it requires the treating physician to
predict the area of HO formation, may impede
the wound healing process, and carries a risk of
postradiation cancer. Therefore, XRT is most
effective in atraumatic wounds without soft
tissue compromise and in areas of predictable
HO formation. Alternative methods of prevent-
ing HO formation include treatment with cou-
madin, calcitonin, bisphosphonates and free
radical scavengers (i.e., N-acetylcystine and
allopurinol) [6], but the effectiveness of these
treatments has been anecdotal with few clinical
reports to support their efficacy following
orthopaedic trauma. The development of more
effective prophylactic treatments for HO will
require a more complete understanding of the
cellular mechanism that contributes to this
disease.
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4.2 A Multi-step Approach

to Investigating Traumatic
HO Etiology

Fibrodysplasia ossificans progressiva (FOP) is
a rare genetic disorder that is characterized by
the formation of HO. FOP provides the best-
characterized model of HO disease progression
and demonstrates the complex nature of HO eti-
ology. Similar to traumatic HO, patients suffering
from FOP generate a pathological soft tissue
environment that is inductive to bone formation.
FOP has been linked to a mutation in the bone
morphogenetic protein (BMP) receptor ACVR-1
(activin A receptor, type 1) [7]. The mutated
ACVR-1 becomes constitutively activated in
response to minor trauma, and this has been
correlated with upregulation of BMP-4 [8] and
inappropriate tissue-level regulation of BMP
antagonists, including noggin and gremlin [9].
A fibroproliferative lesion forms over time and
generates an environment where osteoinduction
factors can be concentrated in the vicinity of pro-
genitor cells that possess the potential to differen-
tiate and form ectopic bone [10]. This example
demonstrates how dysregulated cytokine signal-
ing can result in pathological wound healing,
although it is not clear to what extent any FOP-
related mechanisms occur in muscle tissue fol-
lowing musculoskeletal injury.

FOP and traumatic HO are also similar in that
these clinical conditions impose weighty limita-
tions on the investigators who try to study the eti-
ologies of these diseases. In the case of FOP,
minor damage to the mesenchymal tissue leads to
formation of ossified tissue, and it is therefore
almost impossible to obtain soft tissue samples,
either before or after the formation of HO.
Causative factors related to the disease must be
inferred from blood samples, and in some cases,
skin biopsies. Given these limitations, FOP inves-
tigators have made substantial headway in pre-
dicting the disease mechanism by identifying
genetic mutations, recapitulating these mutations
in animal models and validating these observations

against the available clinical data. In the case of
traumatic HO, tissue availability is not a problem,
as there is ample available tissue that can be col-
lected when the injuries are cleaned and debrided
prior to definitive closure of the wound. However,
the investigators are limited by the timing of tis-
sue collection, as it occurs during a prescribed
window based on the clinical needs of the patient,
usually around 7-21 days following the initial
injury. A definitive diagnosis of traumatic HO can
also lag substantially behind the tissue collection
period by as much as 9-15 months, thereby mak-
ing it impossible at the time of collection to distin-
guish between tissues from patients that develop
HO from those who do not. The study of trau-
matic HO is also hindered by the high degree of
variability between the available patients, such as
patient age, mechanism of injury, severity of
injury, and anatomical location of the injury.
Given these limitations, our laboratory has
developed strategies to investigate the etiology of
traumatic HO from multiple perspectives. We can
broadly classify our research efforts into three
primary areas:
1. Identify the cellular basis of HO formation
2. Characterize the biochemical promoters of
HO
3. Investigate the role of matrix mechanics and
topography in HO
These strategies are designed to take advan-
tage of the core competencies of our team, which
include clinical investigation, cell and molecular
biology, and bioengineering. Mirroring the pro-
cess that has been employed to study FOP, we
can infer the etiology of traumatic HO by evalu-
ating potentially pathological deviations that
occur between traumatized and untraumatized
muscle at the cell and tissue level, and then we
can attempt to recapitulate the environments
in vitro to assess their ability to induce an envi-
ronment that can promote ectopic osteogenesis.
Our eventual goal is to use our findings from
these research areas to develop an animal model
of traumatic HO that can recapitulate the cellular
and molecular factors that initiate HO in our
patient population.
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4.3 Multipotent Progenitor

Cells in Muscle Following
Orthopaedic Trauma

Our initial priority at the beginning of this project
was to identify the cell types that participated in
HO. Working in collaboration with investigators
at the Walter Reed Army Medical Center
(WRAMC) and the National Institutes of Health
(NIH), we identified a population of mesenchy-
mal progenitor cells (MPCs) from within the
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Fig. 4.1 (a) We have identified the MPCs as a population
of CD105-positive cells (brown) in traumatized muscle tis-
sue that can be isolated by adherence selection to tissue
culture plastic. The fibroblastic cells are clonogenic, and

some of the colonies are ALP-positive, which is an indica-
tor of a multipotent cell population. (b) Monolayers of
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war-traumatized muscle tissue on the basis of
adherence selection. The morphology and cell
surface epitope profile of MPCs are similar to
those of bone marrow-derived mesenchymal stem
cells (MSCs), which are the resident osteopro-
genitor cells from the marrow stroma [11, 12].
We also verified that the traumatized muscle-
derived MPCs are capable of giving rise to colony-
forming-unit-fibroblasts (CFU-Fs), an indicator
of a clonogenic, multipotent cell population. The
MPC:s can also undergo differentiation to become
osteoblasts, adipocytes, or chondrocytes (Fig. 4.1).
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MPCs can be induced to undergo osteogenic differentiation
(alizarin red indicates mineralize matrix) and adipogenesis
(oil red O indicates lipid vacuoles). Pelleted MPCs can be
induced to undergo chondrogenesis (alcian blue indicates
sulfated glycosaminoglycans). Scale bars=100 pm, except
where noted
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4.3.1 MPCs Are an Inherent
Property of Muscle Tissue

During Wound Healing

Based on the apparent homogeneity of MPCs
harvested from different patients, we have con-
cluded that the presence of MSC-like cell type is
an inherent property of traumatized tissue [13].
The MPCs are immunohistochemically detected
as a population of CD105-positive cells localized
within the damaged muscle fibers. It has been
hypothesized that MPCs are nonmuscle progeni-
tor cells that participate in the process of muscle
regeneration by facilitating the reparative func-
tion of myoblasts and myofibroblasts [14].
Although multipotent stem cells have previously
been isolated from untraumatized muscle using
immuno-selective techniques [15], the plastic-
adherent MPCs isolated from traumatized muscle
can be harvested in significantly higher numbers
and may be the descendants of those stem cells
that have been activated within their niche by
injury-derived signals and have begun to proliferate
within the tissue. It has also been hypothesized
that pericytes, which occupy a perivascular niche
in vivo, are the cells that exhibit an MSC pheno-
type in vitro [16]; thus the MPCs might also be
activated pericytes that have entered the wound
bed. These scenarios provide further justification
that the migration of MPCs into the traumatized
muscle is a part of the normal wound healing
response.

4.3.2 MPCsfrom Traumatized
Muscle Tissue Exhibit
Regenerative Functions

We have recently initiated a new line of investiga-
tion to study the “trophic” behaviors of the MPCs.
A new theory has emerged in the last 3—4 years
on the mechanism by which bone marrow-derived
MSCs render at least part of their regenerative
benefit by secreting trophic factors, i.e., factors
that promote the growth, survival, and differenti-
ation of surrounding cells (reviewed in [17]).
Our recent findings indicate that traumatized
muscle-derived MPCs also exhibit several trophic

behaviors, which could be applied in regenerative
applications [18]. The timely attenuation of the
local inflammatory response following injury is
critical to enable the body to regenerate itself
[16]. Although inflammation is an important part
of the wound healing process, a traumatic injury
may initiate an over-exuberant response in the
wound bed, particularly given that the patient is
also likely being treated with antibiotics to con-
trol the risk of infection. The endogenous wound
healing/tissue regeneration mechanism is com-
promised in a highly inflammatory environment,
and therefore functional healing is unlikely to
occur. Instead, the body will respond by sealing
off the wound with fibrotic scar tissue, which will
act as a physical barrier that prevents functional
tissue regeneration [19]. MPCs express genes
for anti-inflammatory and immunosuppressive
cytokines (e.g., IL-6, IL-10, and hepatocyte
growth factor (HGF)) that can limit the amount
of inflammation in the tissue. We have performed
functional studies showing that the factors secreted
by MPCs can attenuate the proliferation of T cells,
an important cellular mediator of inflammation,
using a mixed lymphocyte reaction. We have also
determined that MPCs express high levels of the
TGF-B3 gene, which may prevent the formation
of fibrotic scar tissue.

MPCs also express factors that are specific to
angiogenesis, the process of new blood vessel
formation. They express genes associated with
vascular maintenance, including vascular endothe-
lial growth factor A, and we have verified the
protein level expression of this gene in a Western
blot assay. We have also verified that the factors
secreted by the MPCs promote the proliferation
of vascular endothelial cells. Interestingly, these
factors do not lead to tubulogenesis of the endothe-
lial cells into primitive vessels as do the factors
secreted by bone marrow-derived MSCs. This
difference in function between the two cell types
suggests that while the MPCs promote an increase
in the building blocks that are required to gener-
ate blood vessels, they are not the cell type
responsible for signaling the final steps that are
required for angiogenesis. Improving blood flow
into the region of tissue regeneration should also
limit the formation of scar tissue [16].
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Given the recently discovered trophic func-
tions of traumatized muscle-derived MPCs, we
believe that this cell type will be effective for a
variety of regenerative medicine applications. In
all of the experiments we have performed, we
compared the trophic effects of the MPCs to that
of bone marrow-derived MSCs, and we found
that many of the effects were similar and, in fact,
more pronounced in the latter. However, the
MPCs are present at substantially greater num-
bers at the time of harvest compared to bone
marrow-derived MSCs. Thus, while on a per cell
basis, the MPCs may elicit a lower response from
the surrounding cells, but this will be made up for
by delivering approximately 4,000 more MPCs at
the time of surgery than would be possible for
MSCs [20]. Given the immense tropic potential
of the MPCs harvested from traumatized muscle,
and their ready availability from otherwise surgi-
cal waste materials, their use as a cellular therapy
to limit scar fibrosis would be an obvious appli-
cation for these cells.

4.3.3 MPCs as Putative
Osteoprogenitors in HO

Our laboratory has also rigorously characterized
the osteogenic potential of these cells [21]. We
have demonstrated that the traumatized muscle-
derived MPCs are capable of forming ALP-
positive colonies, which is an indicator of a cell
population with osteogenic potential [13]. After
osteogenic induction, the MPCs increased their
ALP activity and began to generate a mineralized
matrix, and the osteogenic gene expression pro-
file of the MPCs was characteristic of early dif-
ferentiation into osteoblasts. Taken together, our
findings indicate that traumatized muscle-derived
MPCs are the putative osteoprogenitor cells
responsible for HO following traumatic injury.
We believe that MPCs present in the wound have
a primary function to facilitate the repair and
regeneration of the injured tissues. However,
under pathological conditions that are typical of
high-energy trauma, the MPCs become dysregu-
lated by the biochemical signaling in the local
environment, which initiates their osteogenic
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programming. We aim to identify the patho-
logical conditions that stimulate this cellular
transformation.

4.4 Factors Expressed

Post-trauma Influence
Progenitor Cell Function

Wound healing is a dynamic and interactive process
involving multiple cell populations, ECM and the
soluble mediators such as growth factors and cytok-
ines in order to replace damaged tissues with
viable, functional tissue. This sequential process
has three phases (inflammatory phase, proliferative
phase, maturation and remodeling phase with scar
tissue formation), involves a variety of biochemical
and physical interactions that must occur in a pre-
scribed sequence between diverse immunological
and mesenchymal tissue systems [22, 23]. Within
few hours of the initial inflammatory phase, neutro-
phils and macrophages move to the injured area
and create a chemotaxic gradient to modulate the
local inflammatory response and to direct the
movement of reparative cells and fluid exudate [24].
During the proliferative phase, fibroblast and
endothelial cells migrate into the damaged tissue
from surrounding tissue to proliferate, repair the
connective tissue, and construct vasculature to
restore blood circulation. The macrophages con-
tinue to provide a source of growth factors neces-
sary to stimulate fibroplasia and angiogenesis; the
fibroblasts produce the new ECM necessary to
support myoblast ingrowth; and endothelial cells
generate blood vessels to carry oxygen and nutri-
ents necessary and sustain cell metabolism [23].
Dysregulation of these processes can result in
pathological cellular differentiation, which results
in nonfunctional or inappropriate tissue produc-
tion, as occurs during HO.

4.4.1 Evaluating the Gene

Expression Profile of HO

Our laboratory has previously investigated the
tissue-level gene expression of cytokine and
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growth factors associated with muscle regenera-
tion [25]. In this study, we compared the cytokine
gene expression profile in muscle tissue that was
isolated from the wound margins of patients
approximately 14 days following their initial
injury to normal, uninjured muscle biopsies. Our
findings indicated that muscle trauma resulted in
a uniform upregulation of cytokines associated
with fibrosis (i.e., TGFBI) and osteogenic induc-
tion (i.e., BMPI), and defined a novel cytokine
gene expression profile to characterize severely
injured muscle tissue. The upregulated expres-
sion of these cytokines was verified and localized
in the traumatized tissue relative to the resident
CD105-positive  MPCs. Taken together, the
results of this study describe the cytokine signal-
ing profile of traumatized muscle tissue, which
includes a set of cytokines that are variably
upregulated in response to the trauma and should
be investigated further to determine whether they
have a role in the formation of traumatic HO.
Upon further inspection of our immunohis-
tochemistry data, we observed that TGFBI was
upregulated uniformly in all of the traumatized
tissue samples. The TFGBI was localized in the
regions surrounding fibrotic and fibroprolifera-
tive lesions, which has been assumed to be initia-
tion sites of the HO, as occurs in FOP. By
comparison, TGFB3 was variably regulated in
the traumatized tissue. We found that high expres-
sion levels of TGFB3 correlated significantly
with tissues that contained little histological

evidence of fibroproliferative lesions, and the
ratio of TGFB1/TGFB3 was significantly upregu-
lated in the tissue with fibrotic lesions (Fig. 4.2).
These findings were consistent with the literature
suggesting that the ratio of TGFBI/TGFB3 is
involved in regulating the balance between nor-
mal tissue regeneration and fibrosis [26, 27].

We have further investigated the tissue-level
gene expression that is associated specifically
with HO formation. By comparing the results
from patients that developed HO to those without
symptoms of HO, it was possible to identify
factors associated with dysregulated wound
healing. We observed that genes associated with
both osteogenesis and odontogenesis (i.e., BMP6
and MSX1) were expressed at higher levels in the
traumatized tissues that developed HO (Fig. 4.3).
We are cautious not to conclude that these factors
initiate HO, as BMP-6 is upregulated in osteo-
progenitors at early stages of osteogenic differen-
tiation. Therefore, we are currently evaluating
whether the expression of osteogenic genes is a
dysregulated response to trauma that may initiate
HO or an early indicator that the tissue repair
process has gone awry.

4.4.2 Epigenetic Regulation of HO
TGFB3, or more specifically, the ratio of

TGFBI1/TGFB3 appears to be a predictor of fibro-
sis in the tissue following trauma. We are currently
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Fig. 4.2 TGF-beta gene expression profiles in trauma-
tized muscle. (a) Relative gene expression (left axis) of
TGFBI in traumatized muscle was not dependent on
whether the tissue was fibrotic, but TGFB3 was more
highly expressed in nonfibrotic tissue. The ratio of
TGFBI1/TGFB3 (right axis) was higher in the fibrotic tissue

(n>3). (b) The severity of fibrosis (scored with 3 being
most fibrotic) could be correlated to the ratio of
TGFBI/TGFB3 gene expression in traumatized muscle
tissue (n=7). (¢) Relative gene expression of TGFB3 is
substantially greater in MPCs than in bone marrow-
derived MSCs (n=3)
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profile of traumatized HO positive and negative muscle.
(a) Relative gene expression from cytokine gene expression

applying whole genome techniques, including
RNA-Seq, micro-RNA profiling and pathway
analysis to determine whether the gene expres-
sion associated with HO may be initiated by more
primitive mechanisms of cellular regulation that
alter the epigenetic state of the MPCs and/or
other cells involved in the regeneration of the
traumatized muscle tissue. These analyses have
allowed us to identify several novel pathways
associated with HO, including the epithelial to
mesenchymal transition pathway and the NF-kB
signaling pathway, which will be useful in recon-
structing the complex etiology of this disease.

Mechanical and
Topographical Control
of Cellular Function

4.5

Another key factor influencing stem/progenitor
behavior is their microenvironment. Dr. Ray
Schofield first postulated the idea that stem cells
are regulated by a collection of cellular and acel-
luar components in specialized “niches” in 1978
[28], and this complex array of biochemical and
physical cues are spatially and temporally coordi-
nated in such a way as to control cell fate specifi-
cation. Modern interpretation of the niche retains
this view of the microenvironment directing cell
proliferation, differentiation, migration and sur-
vival [29], and further derives the cell-matrix
interaction into physical and soluble signals, work-
ing synergistically to steer cellular change [30].
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The physical cues of the three-dimensional
microenvironment are principally associated with
the ECM. From a bioengineering perspective, the
primary forms of physical cues in the ECM are
topography and mechanical forces [31]: topogra-
phy can be thought of as the spatial arrangement
of molecular signals and proteins; mechanical
forces are typically a combination of matrix elas-
ticity and shear forces from flowing fluids. These
physical cues serve to mediate cell attachment,
cytoskeletal rearrangement and extracellular
protein interactions, modulating the downstream
cell signaling that determines cell behavior.
The inherent complexity of the stem cell niche
requires simplification of the physical and bio-
chemical aspects for in vitro study [32], but does
not lessen the value gained from utilizing bioma-
terials to dictate cellular response, both as a tool
for guiding cell behavior and understanding mech-
anisms governing cell control. Since this cellular
response is nonuniform across tissue types [33],
to best understand a particular cell type and its
corresponding niche, tissue engineers are best
served to examine and replicate a specific microen-
vironment of interest [34].

In the case of musculoskeletal trauma and HO,
MPCs are of keen interest, due to their wound
proximity and role in healing (whether trophic or
regenerative-based). MPCs are isolated in high
concentrations from debrided muscle tissue, mak-
ing this tissue architecture of high interest. Electron
microscopic examination of surgically debrided
muscle tissue reveals a prevalence of nanofibrous
topography (Fig. 4.4a), likely a key physical
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Fig. 4.4 (a) SEM micrograph of debrided muscle tissue,
a source of MPCs; the bulk of the tissue is comprised of
nanofiber extracellular matrix. (b) SEM micrograph of
electrospun collagen nanofiber matrix, a biomimetic
substrate used for in vitro MPC cultures. Scale bars=5 pm.

component of the MPC niche. Nanofiber structures
have been observed across a range of native base-
ment membranes, and are a popular topographical
feature for experimentation [35], typically fabri-
cated by an electrospinning process.

The impact of nanofiber topography on MSC
differentiation pathways has been well examined,
having been shown to support early multilineage
differentiation of MSCs along adipogenic, chon-
drogenic, osteogenic [36], and even neuronal
pathways [37]. Alterations in fiber alignment [38]
and culture conditions [39], along with increasing
complexity of scaffold designs [40], have better
focused MSC differentiation returns, highlight-
ing the long-term potential of nanofiber substrates
for directing tissue growth. Despite the increas-
ing attention paid to nanofiber substrates and their
role in modulating MSC gross-phenotypic change,
little emphasis has been placed on underlying
gene regulation and cell signaling mechanisms,

(¢, d) Immunofluorescence images of MPCs cultured on
traditional plastic and collagen fiber substrates; there are
noticeable differences in cellular attachment and arrange-
ment of alpha tubulin — known to play a key role in cell
transport and movement

two key aspects to understanding MPC trophic
behavior. The best experimental evidence of the
impact physical cues have in MSC gene regula-
tion and lineage specification has thus far been
seen by studies correlating substrate stiffness to
phenotypic response [41]. This provides a clue to
examining nanofiber cultures, and underscores
the importance of physical cues in mesenchymal
development.

4.5.1 The Role of Tissue Topography

During Wound Healing

Despite evidence that fibers can help guide MSC
differentiation, it is our hypothesis that MSC-like
cells isolated from traumatized tissue play a more
supportive role, providing trophic guidance and
protective support during tissue regeneration, and
that local microtopography may play a crucial
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role in driving the trophic behavior. To more
carefully investigate MPC changes induced by
altering the structural microenvironment, we
have recreated the fibrous architecture present
in debrided muscle ECM (Fig. 4.4b) based on
previous experimental conditions [42], and are
in the preliminary stages of examining how this
biomimetically-native topography regulates gene
expression. Type I collagen was electrospun into
a nanofiber mesh with an average diameter com-
parable to the native architecture seen in debri-
ded muscle tissue (~100 nm average diameter),
and stabilized by glutaraldehyde vapor-induced
cross-linking. MPCs isolated from debrided
muscle tissue were cultured on the electrospun
matrix for 7 days, and evaluated using a combina-
tion of immunofluorescence and gene arrays.
Immunofluorescence imaging reveals differ-
ences in early-passage MPC shape and internal
structure when cultured on fibers vs. traditional
polystyrene flasks — as seen by a-tubulin immu-
nostaining — indicating the fiber structures affect
key components involved with cell movement
and transport (Fig. 4.4c, d). The magnitude and
mechanisms by which this occurs are currently
being explored. Early analysis using RT-PCR
shows cells grown on the fiber matrix have an
upregulation of factors associated with angio-
genesis and cell homing, compared with a more
osteogenic and chondrogenic response on tradi-
tional polystyrene plates. Expanded genetic
analysis is currently underway, to better ascer-
tain what specific factors and genes may be
most significantly altered by the structural
microenvironment.

4.6 Conclusions and Future Work

There are currently several animal models for
HO that have been chosen to investigate a variety
of clinical conditions. One commonly used model
generates an ectopic bone lesion by forced manip-
ulation of the muscle tissue interspaced by limb
immobilization [43], which leads to myositis
fibrosis and, in some cases, HO. HO can also be
formed in an animal model by performing an
achilles tenotomy to generate muscle damage [44].
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There are also a variety of methods to generate
HO by injecting the muscle tissue with deminer-
alized bone matrix or calcium chloride [44, 45].
Finally, HO can be formed following a hip arthro-
plasty in an animal model. Each of these models
provides a generalized model of HO in response
to muscle damage, inflammation and foreign
body response, and may be useful for investigat-
ing the etiology of HO in cases such as muscle
overuse, chronic inflammation, and postoperative
sequelae. However, these models cannot account
for the high incidence of HO following combat-
related trauma, which occurs at a substantially
higher frequency than can be reproduced in these
models [2]. Furthermore, these models do not
investigate any specific cellular mechanisms, and
therefore can only yield generalized treatment
strategies (i.e., XRT and NSAID treatment),
which are contraindicated in the patients with
severe combat trauma who are at high risk of
developing HO [1].

Given the currently available models, there is
clear indication that a new model is needed to
more effectively study the relationship between
extremity combat trauma and HO. This model
must recapitulate the key factors in the trauma-
tized muscle environment that result in the for-
mation of the fibrotic lesions, which become the
initiation sites for HO as they undergo endochon-
dral ossification [46]. Such a model would make
it possible to study the cell and molecular events
that are specific to HO formation following
trauma and identify specific targets for therapeu-
tic intervention to prevent the formation of ecto-
pic bone without interfering with the other wound
healing mechanisms. Traumatic orthopaedic injury
causes substantial damage to the surrounding
muscle tissues, which includes disruption and dis-
organization of the muscle fibers and infiltration
of mononuclear cells into the site of injury, includ-
ing myoblasts, MPCs and other immunological
cell types. A valid animal model should recapitu-
late the cellular and molecular events that we have
observed in the human traumatized tissue speci-
mens in order to generate the disease state. Our
laboratory is currently compiling the results of
our in vitro experiments in order to develop a
novel animal model to study traumatic HO.
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Caution must be exercised in the development
of such a model, as there are a number of mecha-
nisms and agents known to cause ectopic bone
formation. A valid model must incorporate pre-
cisely the same mechanisms as those occurring in
traumatic HO; otherwise, clinical interventions
developed with the animal model will unlikely
have the predicted effects in human patients. We
believe that our overall, multi-faceted approach
to studying this disease will enable us to penetrate
the complex interactions at the cell and tissue
layers that lead to the formation of HO. Once an
appropriate animal model can be developed to
meet these requirements, it may be applied toward
the identification and validation of novel targets
and leads the way toward clinical trials for pro-
phylactic or therapeutic interventions for HO.
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Abstract

Umbilical cord (UC) and placenta (P) have been suggested as alternatives
to bone marrow (BM) as sources of mesenchymal stem cells (MSC) for
cell therapy, with both UC- and P-MSC possess immunophenotypic and
functional characteristics similar to BM-MSC. However, under defined
conditions, the migration capacity of BM- and P-MSC was found to be
5.9- and 3.2-folds higher than that of UC-MSC, respectively. By the use of
2-DE and combined MS and MS/MS analysis, six differentially expressed
proteins were identified among these MSC samples, with five of them
known to be involved in cell migration as migration enhancing or inhibit-
ing proteins. Interestingly, the expression levels of those proteins reflect
perfectly the migration capacity of corresponding MSC, which is also
proved by in vitro overexpression and silencing techniques. Our study
indicates that a bunch of migration-related proteins are pivotal in govern-
ing the migration capacity of MSC.
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5.1 Introduction

Mesenchymal stem cells (MSC) play important
roles in tissue regeneration based on their abili-
ties of self-renewal and multi-lineage differentia-
tion. Bone marrow (BM) is the major source of
MSC, which has been widely employed in exper-
imental and clinical studies. However, the clinical
application of BM-derived cells is limited for the
relatively invasive procedure of sample collec-
tion, and a markedly reduction in cell number,
proliferation and differentiation capacity with
age [1]. Therefore, any alternative source of MSC
other than BM would be invaluable and benefi-
cial for future cell therapy. Placenta (P) and
umbilical cord (UC) have been postulated as new
sources of MSC for their relative ease of collection
and more importantly, the much younger cellular
age compared to the adult origins. It has been
demonstrated that the UC- and P-MSC share
similar features, including the expression of cell
surface antigens and multi-lineage differentiation
potential, to BM-MSC [2-4].

For common therapeutic purpose, systemic
infusion of MSC is regarded as the most practical
mode of administration. Apparently, the homing
process of MSC is similar to that of leukocyte.
Upon delivery into blood stream, the MSC keep
close contacts with the endothelial cells. They
engraft into the endothelium, and eventually pass
and leave the endothelium for target tissues
[5, 6]. The migration and homing capabilities
are essential features of MSC for tissue regen-
eration process, but these characteristics are yet
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to be elucidated for both P- and UC-MSC. Using
in vitro migration assay, we found that the migra-
tion capacity of UC-MSC was significantly lower
than those of P- and BM-MSC, while BM-MSC
have the highest migration capacity.

In an earlier study, the trans-endothelial migra-
tion of BM-MSC has been demonstrated [7].
Several other studies using in vitro migration
assay have also been carried out and suggested
that various molecules including adhesion mole-
cules [8], chemokines [9, 10], growth factors [9],
and proteases [10, 11] might be involved in the
MSC migration mechanism. The WNT signaling
was also suggested to be critically associated in
regulating the migration capacity of BM-MSC
[12]. Although considerable studies have been
devoted to the effectors of MSC migration, no
global analysis has been done to elucidate the
complete underlying mechanisms.

Proteomic tools have been widely used in the
studies of cancer metastasis, stem cell differenti-
ation, and in deriving related molecular mecha-
nisms [13, 14]. To identify candidate proteins
responsible for the differential migration capac-
ity, the protein expression profile among BM-,
P- and UC-MSC was compared by 2-DE. With
combined MS and MS/MS analysis, we identi-
fied six proteins including plasminogen activator
inhibitor-1 (PAI-1), that are differentially expressed
among three sources of MSC. The overexpres-
sion of PAI-1 in BM- and P-MSC, which pro-
duced little endogenous PAI-1, was noted to
become sluggish in trafficking through Matrigel-
coated membrane. On the other hand, the silenc-
ing of PAI-1 in UC-MSC, which produced much
endogenous PAI-1, was found to significantly
promote their migration capacity. The present
study is the first report on the differential protein
expression among BM-, P- and UC-MSCs, which
possessed similar features and characteristics of
stem cells yet different migration capacities. The
finding provides us an in vitro platform of mecha-
nistic investigation of cell migration and invasion.
The discovery of molecular events associated with
MSC migration will be pivotal to elucidate the
roles of MSC in tissue repair and regeneration.
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5.2 Materials and Methods

Isolation and Culture
of Human MSC

5.2.1

Human umbilical cords and placentas were
donated by two pregnant women with prior formal
consents. The samples were washed thoroughly
with PBS to remove contamination. Vessels with
the Wharton’s jelly were cautiously pulled away
from the umbilical cords. Each dissected vessel
was tied together at the ends, then stored in a
50 mL sterilized tube containing serum-free
medium with 0.2 mg/mL collagenase for over-
night digestion at 37°C. The vessels were then
removed from the mixture, and the suspension
was diluted with PBS to lower the viscosity.
After centrifugation, supernatant was removed.
The cell pellet was washed twice with PBS and
re-suspended in culture medium.

For placenta sample collection, the whole
tissue was cut into 1-2 mm pieces and then incu-
bated in 0.2 mg/mL collagenase for 90 min.
Digested tissue was squeezed through a 100 pm
cell strainer to get rid of cell aggregates. Sieved
cell suspension was washed twice with PBS and
re-suspended in culture medium.

Bone marrow aspirations were obtained from
two healthy donors, a 38-year-old male (BM1)
and a 17-year-old female (BM2), with formal con-
sents. Mononuclear cells were enriched by using
gradient centrifugation in Ficoll-Hypaque with
specific gravity of 1.077 g/mL. After washing with
PBS twice, cells were re-suspended at a concen-
tration of 1x 10° cells/mL in culture medium.

The culture medium used in this study was
minimum essential medium, alpha medium
(a-MEM) supplemented with 10% FBS, 2 mM
l-glutamine, 100 U/mL penicillin, and 100 ng/
mL streptomycin. The cultures were maintained
in a humidified atmosphere of 5% CO, at 37°C.
All reagents were purchased from Invitrogen,
USA. All samples were processed within 24 h
after collection. Experiments were carried out
according to the protocols approved by The
Chinese University of Hong Kong - New
Territories East Cluster Clinical Research Ethics

Committee. On day 2, the complete medium was
replaced and all the nonadherent cells were
removed. Thereafter, medium was replaced twice
a week and cells were subcultured or cryopre-
served prior to confluence. MSC at the seventh to
ninth passages were used in this study. Taking
account of individual variation, two donors were
employed for each MSC collection in our studies
with the corresponding cells labeled as BM1-
MSC, BM2-MSC, UCI1-MSC, UC2-MSC,
P1-MSC, and P2-MSC, respectively. The same
passage of MSC was used for all experiments,
while each experiment repeated thrice.

5.2.2 Cell Surface Markers Analysis

Cultures were washed twice with PBS and enzy-
matical segregation was carried out using 0.05%
trypsin/EDTA (Invitrogen) for 5 min at 37°C.
Cells were washed and adjusted to <1 x 107/mL in
PBS supplemented with 1% BSA (Sigma, USA).
One hundred milliliter cell suspensions were
stained with 20 pL. FITC- and phycoerythrin
(PE)-conjugated mAbs from Beckman Coulter,
USA (unless specified otherwise) for 30 min at
room temperature in the dark. They were CD3-PE,
CD16-FITC,CD19-FITC,CD33-FITC,CD34-PE,
CD38-FITC, CDA45-FITC, 10 pL CDI133-PE
(Miltenyi Biotec GmbH, Germany), HLA-DR-
FITC, 10 pL CD29-Rhodamin, CD44-FITC,
CD90-PE, CDI105-PE (Serotec, UK) and
CD166-PE. Nonspecific background was evalu-
ated by parallel staining with isotype-matched
IgG1-FITC and IgG1-PE. Cells were processed
by using the ImmunoPrep reagent kit in the
Q-Prep Immunology Workstation (Beckman
Coulter) and then analyzed with the Coulter Epic
XL MCL flow cytometry (Beckman Coulter).

5.2.3 Osteogenic and Adipogenic
Differentiation

The induction medium for adipogenesis was
o-MEM supplemented with 10% FBS, 10”7 M dex-
amethasone, 50 pg/mL ascorbic acid-2 phosphate,



54

50 uM indomethacin, 10 pg/mL insulin, and
0.45 mM 3-isobutyl-1-methyl-xanthinel. The induc-
tion medium for osteogenesis was a-MEM supple-
mented with 10% FBS, 10 M dexamethasone,
50 pg/mL ascorbic acid-2 phosphate, and 10 mM
glycerolphosphate. All chemicals were purchased
from Sigma. Medium was changed twice a week.
The MSC samples cultured in the FBS-enriched
o-MEM with the corresponding concentration of
vehicles were served as controls. After 2 weeks
of adipogenic differentiation, cells were fixed with
4% paraformaldehyde and stained with 50% sat-
urated oil red O. The MSC cells, which had put
for osteogenic differentiation for 3 weeks, were
fixed with 4% paraformaldehyde and stained with
2% Alizarin red S. Images were captured using a
phase contrast microscope (Nikon, Japan).

5.2.4 Trans-Matrigel Migration Assay

The migration ability of MSC was evaluated by
using 48-well Boyden Chamber and polycarbon-
ate membrane with 10 um pores (Neuro Probe,
USA). Membrane of 25x 80 mm was precoated
with 500 pg Matrigel (BD Biosciences, USA)
and allowed to dry at room temperature for 3 h.
a-MEM containing 10% FBS (27 puL) was added
to the lower compartment as a chemo-attractant.
MSC (4 x 10%), suspended in 50 pL. o.-MEM con-
taining 0.5% BSA, were loaded onto the upper
compartment of each chamber. Triplicate studies
were performed for each group. After 5 h incuba-
tion in a humidified atmosphere of 5% CO, at
37°C, nonmigrated cells on the upper surface
were carefully scraped away. Cells which
migrated through the chamber or adhered to the
lower surface of the membrane were fixed with
4% paraformaldehyde and later stained with
hematoxylin. Images were captured using a
microscope at 100x magnification. For each
chamber, migrated cells in three random selected
fields were counted. The total number of cells
migrated through the whole cavity area was esti-
mated by averaging the number of migrated cells
in selected fields. The extent of cell migration
was presented as a percentage of total cell num-
ber seeded onto the upper compartment at the
beginning of the experiment.
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5.2.5 Protein Extraction

MSC cultures at 90% confluence were harvested.
Cell pellets were re-suspended in lysis buffer
(8 M urea, 2 M thiourea, 2% CHAPS, 1% NP-40,
2 mM TBP, 1x Protease Inhibitor Mix, 1x Nuclease
Mix, 1 mM PMSEF, and 2% IPG buffer) and put
on ice for 45 min. They were then centrifuged at
14,000xg for 15 min at 4°C. The supernatant was
collected and stored at —80°C. The protein con-
centration of samples was determined by Bradford
assay (Bio-Rad, USA).

5.2.6 Two-Dimensional
Gel Electrophoresis

IEF was carried out using IPGphor II apparatus
(Amersham, USA). All IPG strips (13 cm, pH
3-10, NL) were used according to the manufac-
turer’s instructions. Samples containing 150 pg
protein were diluted to 250 uL in rehydration
solution (8 M Urea, 2% CHAPS, 0.4% DTT,
0.5% IPG buffer, 0.002% bromophenol blue).
The rehydration step was carried out at 30 V for
10 h. IEF was performed following a step-wise
voltage incremental manner: 500 and 1,000 V for
1 h each, and 8,000 V afterwards until 64 kVh.
After IEF, IPG strips were placed in an equilibra-
tion buffer (6 M urea, 2% SDS, 30% glycerol,
0.002% bromophenol blue, 50 mM Tris—HCI, pH
6.8) containing 1% DTT for 15 min with agita-
tion. The strips were transferred to the equilibra-
tion solution containing 2.5% iodoacetamide and
further agitated for 15 min before submission
onto 12.5% uniform polyacrylamide gel slabs
(150x 158 x 1.5 mm). Second dimensional sepa-
ration was performed in Tris—glycine buffer
(25 mM Tris, 0.2 M glycine, 0.1% SDS) at a
constant current setting of 15 mA/gel for 30 min
and 30 mA/gel thereafter. SDS-PAGE was termi-
nated when the bromophenol blue dye front
migrated to the lower ends of the gels.

5.2.7 Gel Staining and Image Analysis

Gels were stained by a modified silver-staining
method which was compatible with the MS
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analysis. The whole staining procedure was
carried out at room temperature with gentle agi-
tation. Briefly, gels were fixed in 50% methanol
containing 12% acetic acid and 0.0185% formal-
dehyde overnight. Fixed gels were rinsed thrice
in water followed by an equilibration step in 50%
ethanol twice. Sensitization was performed by
immersing the gels in 0.02% sodium thiosulfate
for 10 min. After brief wash in water thrice, gels
were incubated in 0.15% silver nitrate containing
0.0278% formaldehyde for an hour. Color devel-
opment was carried out in 3% sodium carbonate
containing 0.037% formaldehyde until protein
spots could be clearly seen against the back-
ground. Staining was stopped by transferring the
gels into 5% acetic acid for at least 10 min. Gel
images were digitalized using a scanner (GS-800
calibrated densitometer, Bio-Rad) and the Quantity
One software (Bio-Rad). All images were further
analyzed using the software PDQuest (version
8.0, Bio-Rad) according to the user guide. Briefly,
the spot detection parameters are set as the fol-
lows: Ruby speckles, 50; smoothing, medium
7x7; background removal, floating ball 61;
removal vertical streaks, 93; removal horizontal
streaks, 93; sensitivity, 16.51; size scale, 5; and
min peak, 868. After manual editing, spots on
different gels were matched and analyzed.
Statistical analysis was performed using the inde-
pendent-samples #-test.

5.2.8 TrypticIn-Gel Digestion

Spots of interest were manually excised from the
gels. Gel chips were soaked in an equal volume
mixture of 30 mM potassium ferricyanide and
100 mM sodium thiosulfate for 5 min. After
washing in water twice, gel chips were equilibrated
in 50 mM ammonium bicarbonate for 20 min
and then in 25 mM ammonium bicarbonate and
50% acetonitrile, followed by soaking in 100%
acetonitrile until gels turned opaque. Vacuum-
dried gel chips were rehydrated with 10 ug/mL of
Trypsin (Promega, USA) in 25 mM ammonium
bicarbonate (pH 8.0) and digested for 16—18 h
at 37°C. After digestion, the liquid containing
the tryptic peptides was extracted and transferred
into a new tube.

5.2.9 MALDI-TOF/TOF Mass
Spectrometric Analysis

Mass spectrometric analysis was carried out
using a MALDI-TOF/TOF tandem mass spec-
trometer ABI 4700 proteomics analyzer (Applied
Biosystems, USA). For acquisition of mass spec-
tra, samples (0.5 pL) were spotted onto a MALDI
plate, followed by 0.5 pL matrix solution (4 mg/
mL o-cyano-4-hydroxycinnamic acid in 35%
acetonitrile and 1% TFA). Mass data acquisitions
were piloted by 4000 Series Explorer™ Software
v3.0 using batched-processing and automatic
switching between MS and MS/MS modes. All
MS survey scans were acquired over the mass
range 800-3,500m/z in the reflection positive-
ion mode and accumulated from 2,000 laser
shots with acceleration of 20 kV. The MS spectra
were internally calibrated using porcine trypsin
autolytic products (842.509, 1,045.564, 1,940.935,
and 2,211.104 m/z) and resulted in mass errors of
less than 30 ppm. Peptide precursor ions corre-
sponding to contaminants including keratin and
trypsin autolytic products were excluded in a
mass tolerance of +0.2 Da. The filtered precursor
ions with a user-defined threshold (S/N ratio >50)
were selected for the MS/MS scan. Fragmentation
of precursor ions was performed using MS/MS
1 kV positive mode with CID on and with argon
as the collision gas. MS/MS spectra were accu-
mulated from 3,000 laser shots using default cali-
bration with Glu-Fibrinopeptide B from 4700
Calibration Mixture (Applied Biosystems).

5.2.10 Database Search

In order to perform protein identification, the MS
(peptide-mass-fingerprint approach) and MS/MS
(DeNovo sequencing approach) data were loaded
into the GPS Explorer™ software v3.5 (Applied
Biosystems) and searched against NCBInr
5825255 sequences (released on January 10,
2008) by Mascot search engine v1.9.05 (Matrix
Science, UK). The following search parameters
were employed: monoisotopic peptide mass
(MH"); 800-3,500 Da; one missed cleavage per
peptide; enzyme, trypsin; taxonomy, Homo sapi-
ens; pl, 0-14; precursor-ion mass tolerance,
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50 ppm; MS/MS fragment-ion mass tolerance,
0.1 Da; variable modifications, carbamidomethy-
lation for cysteine and oxidation for methionine
were allowed. Known contaminant ions corre-
sponding to keratin and trypsin were excluded
from the peak lists before database search. In this
study, identified proteins were accepted to report
when their protein score CI% and sequence cov-
erage was more than 99% (p<0.01) and 15%,
respectively, with at least four matched peaks. The
top ten hits were reported for each protein search.

5.2.11 pLVTHM-Neo-GFP and pLVTHM-

Neo-PAI-1 Construction

Replication deficient lentiviral vector pLVTHM
and its package plasmids, pAX2 and pMD2G,
were gifts from Dr. Didier Trono (Laboratory of
Virology and Genetics, University of Geneva,
Switzerland). IRES-neo (neomycin) fragment,
between Nhel and Xbal sites of pIRESneo3
vector (Clontech, USA), was subcloned into the
Spel site of pLVTHM. Namely, pLVTHM-neo-
GFP (green fluorescence protein), the orientation
of which was confirmed by EcoRI digestion. The
whole codon sequence of PAI-1 (NM_000602)
was PCR amplified using Platinum® Tag DNA
Polymerase High Fidelity (Invitrogen) and
primers: forward 5" GTGATATCAACTTCAGG
ATGCAGATG 3', reverse 5 TTGCGGCCGCTC
AGGGTTCCATCACTTG 3'. PCR product was
cloned into pIRESneo3 between EcoRV and
Notl sites. Then the PAI-1-IRES-neo fragment,
between EcoRV and Xbal sites of IRESneo3-
PAI-1, was subcloned into pLVTHM in replace-
ment of the Pmel and Spel fragment of GFP,
i.e.,pPLVTHM-neo-PAI-1 construct. The sequence
integrity was confirmed by sequencing.

5.2.12 Lentivirus Package
and Transduction of MSC

Recombinant lentivirus was produced by transient
transfection of 293T cells using calcium phosphate
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transfection method  (http://tronolab.epfl.ch/
page58122.html). The viral titer of pLVTHM-
neo-GFP supernatant was evaluated through
transduction of 293T cells by GFP expression.
The titer of pPLVTHM-neo-PAI-1 has not been
tested for lacking GFP yet our team assume that
it is similar with that of pLVTHM-neo-GFP.
MSCs of the fifth passage were transduced at
MOI 20 in the presence of 4 pg/mL protamine
sulfate (Sigma). Upon selection with 400 pg/mL
G418 (Sigma), the third passage of transduced
cells were examined for migration study, and
also used in the RT-PCR and Western blot
analyses.

5.2.13 Transfection of UC-MSC
with Small Interfering RNA

Two PAI-1-specific SiRNAs (SiRNA1 and 2) and
one nontarget-directed negative control small inter-
fering RNA (SiRNA) (NC) were designed online
(http://www.dharmacon.com/DesignCenter/
DesignCenterPage.aspx) and synthesized by
Sigma (St. Louis, USA). The sequences of the
sense strands are listed in the following: SiRNA1,
sense: 5' CCAGCUGACAACAGGAGGAGAAA
CCCAZ3',SiRNA2,sense:5'UGCAGAAAGUGAA
GAUCGAGGUGAACG 3',NC, Sense: 5' GGUA
UCUUGAUGUGCCACGUGAGCUUG 3'.

UC-MSC at its sixth to eighth passage was
seeded into 12-well plates at 5 x 10* cells per well
a day before transfection. One hundred pmole of
SiRNA duplex were combined with 2 pL lipo-
fectamine 2000 (Invitrogen) in a total volume of
200 pL and allowed to incubate at room tempera-
ture for 20 min. The transfection mixture was
then applied to cells cultured in 400 pL culture
medium without antibiotics and left to incubate
in a humidified atmosphere containing 5% CO, at
37°C. Six hours later, the transfection mixture
was removed and cells were maintained in cul-
ture medium without antibiotics for 48 h. Samples
were collected and examined for the expression
level of PAI-1 and their migration capacity
afterwards.
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5.2.14 Preparation
of Conditioned Media

MSC (1x10°) were seeded onto a six-well plate.
Culture medium was removed when cell conflu-
ence reached 70-80%. The samples were washed
twice with PBS and replenished by 1.2 mL serum-
free a-MEM. In SiRNA transfection assay, serum-
free medium (0.4 mL) was added 24 h after the
removal of transfection mixture. Conditioned
medium was removed 24 h later and samples were
used to assay for PAI-1 expression.

5.2.15 Waestern Blotting

Equal amount of cell extracts or equal volume of
conditioned media were separated by SDS—
PAGE (12%) and transferred to PVDF mem-
branes. Membranes were blocked with 5% skim
milk for an hour and left to react with anti-
human cathepain B (CTSB), anti-human PAI-1,
or anti-human actin antibody (Santa Cruz, USA)
overnight. Antibody binding was revealed by
incubating with the corresponding HRP-linked
IgG (Santa Cruz) and the ECL plus Western blot-
ting detection system (GE Healthcare, UK).
Chemiluminescence was detected by autoradiog-
raphy using film (Fuji, Japan).

5.2.16 Real-Time PCR

Stable transduced MSC at 90% confluence were
harvested. Their total RNA was extracted using
TRIZOL reagent (Invitrogen) according to the
manufacturer’s instructions. Reverse transcription
was carried out using SuperScript™ III Reverse
Transcriptase (Invitrogen) and the cDNA frag-
ments were amplified using GoTaq® DNA
Polymerase (Promega). Having denatured at 94°C
for 2 min, amplification was carried out by 29
cycles of 94°C for 30 s, 53°C for 40 s and 72°C
for 1 min. The thermo-profile for amplification
of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was 20 cycles of 94°C for 30 s, 56°C

for 40 s and 72°C for 30 s. The elongation step
was at 72°C for 7 min. The PAI-1 primers used
were the same that we used in validating the
PAI-1 constructs. Primers used for GAPDH
were: forward 5 TCCATGACAACTTTGGTA
TCG 3’ and reverse 5" TGTAGCCAAATTCG
TTGTCA 3'. Thermocycling was performed with
the gradient thermocycler (Takara, Japan).

5.2.17 Quantitative Real-Time PCR

Quantitative real-time PCR was carried out on an
ABI 7500 real-time PCR system using SYBR®
Green PCR Master Mix (Applied Biosystems,
USA) with a thermocycler profile at 50°C for
2 min; 95°C for 10 min; followed by 40 cycles of
95°C for 15 s and 60°C for 1 min. DNA content
was measured by real-time fluorimetric intensity
of SYBR green I incorporation after completion
of the primer extension step in each cycle. The
primers used were: sense 5' TGC TGG TGA
ATG CCC TCT ACT 3’ and anti-sense 5" CGG
TCA TTC CCA GGT TCT CTA 3'. GAPDH was
used as an internal control.

5.2.18 Statistical Analysis

Statistical analysis was performed by using the
independent-samples 7-test (SPSS Inc., USA).
Results were expressed in mean+SD. A p value
of less than 0.05 was regarded as statistically
significant.

5.3 Result

5.3.1 Immunophenotype
and Differentiation
Potential of MSC

As revealed by the flow cytometry, around 90%
of the MSC samples expressed CD29, CD44,
CD90, CD105, and CD166 markers. However,
hemic markers such as CD45, HLA-DR, T-lineage
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CD3, NK-lineage CD16, B-lineage CD19, myeloid
CD33 and CD38 and stem/precursor CD34 and
CD133 were not found. Upon adipogenic and
osteogenic inductions, all MSC samples from the
three different sources could differentiate into
adipose and bone cells as demonstrated by the
presence of fat globules and mineral deposition
in Fig. 5.1.

5.3.2 In Vitro Migration

Capacity of MSC

In this study, BM-MSC was noted to have the
highest trafficking ability, followed by P-MSC
and lastly the UC-MSC. It was revealed by using
the migration assay on two individual samples
(Fig. 5.2). The migration rate of BM-MSC was

Control

BM-MSC

UC-MSC

P-MSC

Fig. 5.1 In vitro differentiation of MSC cultures. (a)
Adipogenesis of BM-, UC- and P-MSC. Cells were
stained with Oil Red O after 2-week induction culture.
The lipid globules of adipocytes were stained red whereas
control cells displayed no positive staining. Scale bar,

5.9- and 1.8-folds higher than that of UC- and
P-MSC, respectively, whilst P-MSC is 3.2-folds
higher than that of UC-MSC.

5.3.3 Differentially Expressed Proteins
Identified by Proteomic Analysis

Total number of protein spots in one gel was
265+21.2, 300.5+10.6 and 293.5+14.8 for
BM-MSC, P-MSC, and UC-MSC, respectively.
Proteins were regarded as differentially expressed
between BM-, P-, and UC-MSC when the magni-
tude of difference was greater than twofold or
more with the result that was reproducible twice.
As a result, ten proteins were found differentially
expressed among the three MSC samples and
they were subjected to further analysis by the

Adipogenesis

100 pm. (b) Osteogenesis of BM-, UC-, and P-MSC.
Cells were stained with Alizarin Red S after osteogenic
induction for 3 weeks. Calcium deposits of osteocytes
were stained in red. No calcium deposit formation was
found in the control cells. Scale bar, 100 um
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b Control Osteogenesis

BM-MSC

UC-MSC

P-MSC

Fig. 5.1 (continued)

&R Y

Fig. 5.2 In vitro migration of BM-, UC-, and P-MSC. Dots indicate the 10 um pores through which the MSC
Representative images of migration of (a) BM-MSC, migrated. Scale bar, 100 um. (d) Quantitative analyses of
(b) UC-MSC, and (c¢) P-MSC. The migrated cells spread  migration capability of BM-, UC-, and P-MSC derived
on the membrane were stained blue with hematoxylin.  from two individuals (n=6; p<0.01)
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Fig. 5.3 Enlarged images
of differentially expressed
protein spots among three
sources of MSC. Selected
regions of 2-DE gels
illustrate differentially
expressed proteins among
BM-, UC-, and P-MSC.

No

Spots of interest with 29

relative high intensity are

shown in squares, vice

versa are shown in circles
30
31
32
34

Fig.5.4 Confirmation of
differentially expression of
CTSB and PAI-1. Western
blot analysis showed that
both CTSB and PAI-1 were
differentially expressed
among three sources of
MSC. Actin was used as
internal control

el - T

PAI-1

Spot Protein  BM-MSC UC-MSC P-MSC

name

O L L W
S
“.bé\ Q’éy 00\ Q& o}’é@ 4{\?
CTSB v o [

ACHN - c— — - a—

combined MS and MS/MS analysis. Six of the
ten proteins were well recognized which include
the manganese superoxide dismutase (MnSOD;
spot 14), stress 70 protein (GRP75; spot 29),
PAI-1 (spot 30), CTSB (spot 31), prohibitin
(PHB; spot 32) and cathepsin D (CTSD; spot 34).
They are shown as enlarged protein spots in
Fig. 5.3.

Briefly, MnSOD, GRP75 and PAI-1 were
expressed at a higher level in UC-MSC than that

in P-MSC or BM-MSC. Lower expression level
of CTSB, PHB, and CTSD was found in UC-MSC
than the others. Both MnSOD and PAI-1 were
found highly expressed in P-MSC than that in
BM-MSC, but with CTSD expressed at a lower
level. Table 5.1 also lists the details of the identified
proteins, including their NCBI accession number,
theoretical and observed MW/pl, sequence cover-
age, the number of matched peptides, protein score
and functions.
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BM-MSC

GFP

Phase

Merge

P-MSC

PO—"
100 um

CBB
staining

~£~’°

Fig. 5.5 Transduction of BM- and P-MSC. (a) Trans-
duction efficiency of pLVTHM-neo-GFP. Nearly 100%
transduction efficiency was achieved as shown by GFP
expression. (b) PAI-1 secretion after transduction. Elevated
PAI-1 secretion was found in transduced cells when com-

S

>

ra @
& S8 ,
& $’° $°°

pared with GFP control. Gel loading was stained with
CBB as protein loading control. (¢) mRNA expression of
PAI-1 after transduction. Higher PAI-/ mRNA expression
was found in transduced cells when compared with GFP
control. GAPDH was served as internal control
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[ Y

|

Migration rate (%) ©

[

0 BM-MSC

Fig. 5.6 The effect of PAI-1 overexpression on the migra-
tion ability of BM- and P-MSC. (a) Representative images
of migration of transduced BM- and P-MSC. The migrated

5.3.4 Confirmation of the
Differentially Expressed
Proteins, CTSB and PAI-1

The expression level of CTSB and PAI-1 was fur-
ther analyzed by western blotting on two indi-

- P-MSC '

cells spread on the membrane were stained blue with
hematoxylin. Scale bar, 100 pm. (b) Quantitative results of
migration of transduced BM- and P-MSC (n=3; **p<0.01)

vidual samples of each MSC group (Fig. 5.4).
Consistent with the 2-DE results, it demonstrated
a relative abundance of PAI-1 but a lower expres-
sion level of CTSB in the UC-MSC. Besides,
higher expression level of PAI-1 was found in the
P-MSC than that in BM-MSC.



o)}
N

G.Lietal.

)
e

a

S

°

E 100-
[=]

[#]

o 80
=

B 60 |
& *
§ 40|
§ 20
% |

SiRNA1

Fig. 5.7 The effect of PAI-1 knock-downs on migration
ability of UC-MSC. (a) Quantitative real-time PCR
detection of the mRNA expression of PAI-I after SIRNA
transfection for 48 h. GAPDH was served as internal
control (n=3; *p<0.05, **p<0.01). NC: control cells
transfected with nontarget-directed SiRNA. (b) PAI-1
secretion after SIRNA transfection. CBB was served as

5.3.5 PAI-1 Overexpression
Inhibited the Migration
of P- and BM-MSC

To further investigate the role of the identified
proteins in regulating MSC migration, PAI-1 was
overexpressed in P- and BM-MSC, with GFP
served as control. Using the lentivirus system and

b NC SiRNAI SiRNA2

PAI-1 - a—

CBB
staining - :

**
' 1t - B -
- - 3 |
1 4

SiRNA2

t *k
\;;5 *r*
=]
1O
= 2
: m
=B - |
NC SIRNA1 SiRNA2

loading control. (c—e) Representative images of SiRNA
transfected UC-MSC migration. The migrated cells
spread on the membrane were stained blue with hema-
toxylin. Dots are the 10 pm pores through which the
MSC migrated. Scale bar, 100 pm. (f) Quantitative
results of UC-MSC migration after SIRNA transfection
(n=3; **p<0.01)

G418 selection, approximately 100% transduc-
tion efficiency was achieved as shown in Fig. 5.5a.
Western blotting and RT-PCR demonstrated that
the transduced cells secreted more PAI-1 when
compared to the control (Fig. 5.5b, ¢). A signifi-
cant decrease in the migration capacity was noted
in the PAI-1-overexpressed P-MSC (i.e. 42.2%)
and BM-MSC (42.9%) (Fig. 5.6).
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5.3.6 Knock Down of PAI-1 Enhanced
the Migration Capacity
of UC-MSC

To further confirm the inhibitory activity of PAI-1
on MSC migration, the PAI-1 expression was
knocked down in the UC-MSC sample. Compared
with the control which was transfected with non-
target-directed SiRNA, silencing efficiencies of
67 and 84% was achieved by using SiRNA1 and
SiRNA2, respectively, as demonstrated by real-
time PCR (Fig. 5.7a). The expression of PAI-1
was significantly reduced as seen in Fig. 5.7b.
The UC-MSC samples with blocked PAI-1
expression by SIRNAT or SiRNA?2 showed a 3.9-
and 4.8-fold increase of migration capacity,
respectively (Fig. 5.7¢c—f).

5.4 Discussion

In this study, MSC was isolated from human BM,
UC, and P Cells were enriched based upon their
adherent property on plastic surface and propa-
gating potential in culture medium containing
10% FBS. Concordant with previous reports
[2-4], MSC derived from the three different
sources expressed similar cell surface antigens as
well as adipogenic and osteogenic potential. It
has been reported that both P- and UC-MSC
could preserve photoreceptor integrity and visual
functions when injected into the subretinal space
of the Royal College of Surgeons rat at their early
stage of retinal degeneration [15]. Moreover,
intra-cranial implantation of UC-MSC onto the
striatum of hemiparkinsonian rats could induce
an amelioration of apomorphine-induced rota-
tions [16]. Taken together, P- and UC-MSC
are potential alternatives to BM-MSC for cell
therapy.

For effective in vivo systemic delivery, MSC
is capable to migrate across the endothelial bar-
rier lining of blood vessels in order to reach its
target tissue. In earlier reports, BM-MSC has
demonstrated its ability to engraft into a wide
range of tissues after systemic administration
[17-20]. The in vitro migration capacity of
BM-MSC has also been well documented [8—12],
yet similar details are scarcely available for both

P- and UC-MSC. In this study, the migration
capacity of the three MSC samples was found
and a huge discrepancy was noted. Despite how
similar their basic stem cell features are, BM
possesses the highest migration capacity whilst
the UC-MSC ranks the lowest. This finding pro-
vides us a platform to further investigate the
underlying migration mechanisms of MSC. By
the use of proteomic study, six proteins were found
differentially expressed among the three MSC
sources which might help to explain the discrep-
ancy in their migration capacities.

In the present study, MnSOD was found highly
expressed in UC-MSC, which indicate that it is
unlikely a migration enhancing protein. As a
matter of fact, MnSOD is known as a nuclear-
encoded mitochondrial matrix enzyme that can
scavenge toxic superoxide radicals [21]. Data
suggested that the MnSOD is a candidate tumor
suppressor gene, since abnormal MnSOD activ-
ity has been observed in transformed cells [22].
Artificial elevation on MnSOD expression has
suppressed the metastasis of fibrosarcoma cells,
which originally exhibited low endogenous levels
of MnSOD [23].

GRP75 belongs to the heat shock protein 70
family, which may also acts as a chaperone. It
encodes a heat-shock cognate protein, which
plays a role in controlling cell proliferation. On
the other hand, PHB is an evolutionarily con-
served and ubiquitously expressed protein that
was known to be involved in diverse cellular pro-
cesses such as cell proliferation and metabolism
[24]. In a previous study, HeLa cells lacking PHB
expression were found defective in epidermal
growth factor-induced in vitro migration. Moreover,
PHB is required in the migration of epithelial cells
through Ras signaling cascade [25]. The lower
expression of PHB in the UC-MSC might be
partly responsible for the inferior migration capa-
bility found in this type of MSC.

CTSB and CTSD are proteases while PAI-1 is
protease inhibitor. Tumor cell invasiveness
involves cell attachment, proteolysis of extracel-
lular matrix components, and migration of cells
through the disrupted matrix [26]. The proteolytic
enzymes implicated in this process include
metallo, serine, cysteine, and aspartic proteases
[27-29]. CTSB is a lysosomal cysteine protease of
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the papain superfamily with endo- and exo-peptidase
activities [30, 31]. Both tumor and stromal cell-
derived CTSB can enhance tumor metastasis in
transgenic mice [32]. Wickramasinghe et al.
showed a direct role for CTSB in promoting oral
cancer invasion [33]. CTSD, a lysosomal aspar-
tyl protease, was found associated with cancer
cell invasion and metastasis such as submu-
cosal colorectal cancer and gastric cancer, etc.
[34, 35]. By the use of antisence gene transfer
technique, Glondu et al. demonstrated that the
CTSD could facilitate the metastasis of breast
cancer cells [36].

PAI-1 is an active serine protease inhibitor
whose activity is stabilized by vitronectin binding.
In general, the activation of serine protease is
controlled by two physiological plasminogen
activators: tissue-type plasminogen activator and
urokinase plasminogen activator. Overexpression
of PAI-1 reduces in vitro fibrosarcoma cell migra-
tion and in vivo metastasis by inhibiting urokinase
plasminogen activator or by competing for an inte-
grin binding site on vitronectin [37]. In our study,
PAI-1 was minimally expressed in both P- and
BM-MSC, which indicate that a lower level of
PAI-1 might be associated with a higher migration
capacity. Using lentivirus-based system, PAI-1
was overexpressed in both BM- and P-MSC. The
migration capacity of PAI-1-transduced -cells
reduced significantly. The contribution of PAI-1 to
cellular migration of MSC was further confirmed
by SiRNA strategy. After the expression of PAI-1
was silenced in the UC-MSC, a significant increase
on the migration capacity was noted. However, the
underlying inhibitory mechanism of PAI-1 in
MSC migration needs further elucidation.

It was hypothesized that the pathways and the
mechanisms of cancer metastasis might be
involved in MSC trafficking. Human MSC could
utilize canonical Wnt signaling to mediate their
migration behavior as tumor cells [12]. Besides,
matrix metalloproteinase-2 and membrane-type
matrix metalloproteinase-1 were shown to be
associated with MSC migration [10, 11]. These
findings are in concordance to our present obser-
vation that some tumor cell-related proteins might
be functionally engaged in governing the traffick-
ing of MSC. Hence, strategies targeting tumor

G.Lietal.

invasion and metastasis, e.g., the use of cysteine
protease inhibitors to reverse the deleterious
effect of CTSB in fighting cancer [38], should be
cautious, since the migration potential of endog-
enous MSC might be hindered which might then
adversely affect the normal physiology of tissue
or organ regeneration.

Taking together, five of the six identified
proteins are known to be related to cell migra-
tion. Briefly, CTSB, CTSD and PHB can be
regarded as migration-enhancing protein whilst
MnSOD and PAI-1 are migration-inhibiting
proteins. As revealed by the signal intensity
derived from 2-DE and/or Western blotting, the
preponderance was correlated to the MSC
migration capability. Migration enhancing pro-
teins were minimally expressed in UC-MSC.
Conversely, UC-MSC expressed migration-in-
hibiting proteins profoundly. The same scenario
was noted in P- and BM-MSC. Therefore, the
present study provides evidence that some tumor
metastasis-related proteins might play a pivotal
role in MSC trafficking, yet further investiga-
tions would be necessary to derive the underly-
ing molecular mechanisms. Moreover, it is the
first report on the migration capability of UC- and
P-MSCs, which might provide insight in testing
the use of both MSCs as alternative sources in
cell therapy.
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Abstract

Research into the mechanisms of prostate cancer progression has been
limited by the lack of suitable in vitro systems. A hurdle in understand-
ing the molecular genetic changes in prostate cancer has been the diffi-
culty in establishing premalignant lesions and primary prostate tumors
as in vitro cell cultures. Primary prostate epithelial cells grow for a finite
life span and then senesce. Immortalization is defined by continuous
growth of otherwise senescing cells and is believed to represent an early
stage in tumor progression. To examine these early stages, we and others
have developed in vitro models of prostate epithelial cell immortaliza-
tion. Generation of primary human prostate epithelial (HPE) cells has
been achieved using the serum-free condition. Retrovirus containing
human telomerase reverse transcriptase (hWTERT) was successfully used
for the immortalization of primary HPE cells. Putative stem cell markers
CD133 and CXCR4 were further identified in hTERT-immortalized pri-
mary nonmalignant and malignant tumor-derived HPE lines. In addition,
an hTERT-immortlaized nonmalignant HPE cell were found to retain the
properties of multipotent stem cells. These in vitro prostate cell culture
models should be useful for the study of carcinogenesis and of normal
and cancer stem cells.

Prostate cancer is the most common male cancer in the Western World
and second leading cause of male cancer death in the United States [1].
The therapy most widely used against advanced disease is androgen abla-
tion and, initially, it almost always produces objective clinical responses.
However, most patients eventually relapse with ablation-resistant prostate
cancer and develop metastatic disease; currently, there is no treatment that
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will cure progressive hormone-refractory metastatic prostate cancer. The
mechanisms of progression of prostate cancer have been extensively stud-
ied, yet are poorly understood. One of the concepts that has been evolved
is that cancer arises from the neoplastic transformation of normal prostate
epithelial stem cells or transit amplifying cells. Understanding normal
stem cells and cancer stem cells (CSCs) may provide insight into the ori-
gin of and new therapeutics for prostate cancer. However, research in this
field is limited by the lack of suitable in vitro systems.

Generation of Short-Term
Cultures Derived from Benign
and Prostate Cancer Patients

6.1

Studies of prostate cancer have been hampered
by various factors including (a) restricted access
to tissues, (b) slow in vivo growth, (c) difficul-
ties in propagating tumor cells as well as normal
cells in vitro, and (d) limited availability of
prostate cancer cell lines or immortalized pros-
tate epithelial cell lines for in vitro studies. In
January 2000, we created a Prostate Cancer Cell
Center in the newly established Center for
Prostate Disease Research (CPDR) laboratory
in the Department of Surgery, Uniformed
Services University of the Health Sciences
(USUHS). This center has successfully gener-
ated more than 100 primary prostate epithelial
cells from primary tumors of prostate cancer
patients as well as normal prostate tissue of the
same patient using our established procedure
(Table 6.1). We have for the first time found that
a commercially readily available serum-free
medium developed for human keratinocyte
(K-SFM, Gibco, Grand Island, NY) is very use-
ful in growing and maintaining primary HPE
cells and for the cultivation of short-term cul-
tures of primary HPE cells [2, 3].

6.2 Developmentand

Characterization

of Nonmalignant and
Tumor-Derived Primary
Tumor Prostate Epithelial
Cells Immortalized by
Introduction of Telomerase

Efforts spanning more than half a century, since
the pioneering work of Burrows et al. [4], have
produced only a few cell lines derived from
human prostate epithelium. To date, only three
readily and well-studied long-term human pros-
tate cancer cell lines exist (DU-145, PC-3, and
LNCaP). All were derived from metastatic
lesions, thus leaving a void in reagents represent-
ing primary localized adenocarcinoma of the
prostate. Nevertheless, their use has greatly con-
tributed to current understanding of human pros-
tate carcinogenesis and progression. Better
understanding of the process of malignant trans-
formation, the availability of recombinant DNA
technology, and telomerase resulted in the suc-
cessful establishment of novel primary nonma-
lignant and malignant tumor-derived HPE cell
lines during the past decade. However, despite
extensive work on the development of human
prostate cancer cell lines, the proportion of
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Table 6.1 Generating primary cells from biopsy specimen

Fresh radical prostatectomy specimen obtained by pathologist
Chop into small fragments (1-2 mm in size) with a sterile blade

Place pieces into type 1 collagen-coated dishes (Becton-Dickinson, MA) and mince thoroughly
Add growth medium with HEPES buffer solution with 5%FBS
Incubate at 37°C in 5% CO, for a week without changing medium until reaching semiconfluency

Aliquots of primary cultures: freeze in liquid nitrogen until cells were reestablished in secondary culture for further

serial passages

For serial passages, routine trypsinization was used once a week in collagen-coated dishes (split ratio 1:2) containing

growth medium without HEPES and serum

Growth medium: keratinocyte-SFM (#17005-42, GIBCO, MD) containing L-glutamine, human rEGF, BPE, low cal-

cium concentration <0.1 nM

Table 6.2 Phenotypic characteristics of hTERT-immortalized human prostate epithelial cell lines

Soft agar colony
formation (%)

Cell line Tissue derivation

957 E/hTERT Malignant® <0.001
RC-58T/hTERT/SA#4  Malignant 0.120
RC92a/hTERT Malignant 0.155
RC-165N/hTERT Benign® <0.001
RC-170N/hTERT Benign <0.001

2Familial prostate cancer patient
" African American prostate cancer patient

patients that give rise to immortalized human
prostate cancer cell lines is still disappointingly
low. Since the inception of this cell center, we
have successfully been able to establish for the
first time a number of novel immortalized HPE
cell lines derived from primary malignant pros-
tate tumor as well as benign prostate tissues using
telomerase, the gene that prevents senescence.
Furthermore, we have succeeded in the establish-
ment of HPE cell models for the study of prostate
cancer in high risk populations, one focusing on
African American prostate cancer and the other
focusing on familial prostate cancer (Table 6.2).
Telomerase is an enzyme responsible for repli-
cating telomere and is composed of an RNA sub-
unit containing an integral catalytic subunit,
human telomerase reverse transcriptase (hTERT).
Recent finding have implicated telomerase in the
escape from cellular senescence. Transfection of
hTERT into selected human cell type can itself
induce immortalization. Interestingly, telomerase
expression in human somatic cells does not
induce changes associated with a transformed
phenotype or an altered genetic phenotype.

Tumor formation

Androgen sensitivity in SCID mice

No 0/5
Yes 5/5
No 2/5
Yes 0/5
No 0/5

A retrovirus vector expressing the human
telomerase catalytic subunit (hTERT) [5] (a gift
from Dr. V. Band, Nebraska Cancer Center, Omaha,
NE) was used for immortalization. Expression of
the malignant phenotype was examined for all
cell lines by evaluating their proliferation rates,
their ability to grow in low serum and to grow
above the agar layer, to form colonies in soft agar
and in vivo in SCID mice, and their sensitivity to
androgen (Table 6.2). All the cells derived from
primary tumor prostate epithelium exhibited the
typical transformed morphology and had faster
doubling times than nonmalignant prostate cell
lines. The distinct phenotypic difference observed
for the telomerase-immortalized cells was that
two of three primary tumor-derived cell lines, but
one of the nonmalignant tissue-derived cell lines,
were able to form cell aggregates, grew above the
agar layer, and form colonies in soft agar.
Furthermore, these properties were correlated
with the formation of tumors in SCID mice. Two
of three telomerase-immortalized primary human
prostate tumor-derived cell lines were able to
form tumors in SCID mice whereas nonmalignant
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tissue-derived cell lines were nontumorigenic.
RT-PCR assay results showed that all the cell lines
expressed NKX3.1 and CK8. The PSA was not
expressed in all the immortalized cell lines. The
androgen receptor was also expressed in all the
cell lines except in 957E/hTERT cell lines. In
addition, production of androgen receptor was
detected in all the cell lines except in 957E/hTERT
cells by western immunoblot analysis. The growth
of RC-58T/hTERT/SA#4 and RC-165N/hTERT
cells exposed to DHT (1 nM) showed modest
biphasic profiles which was similar to that of
LNCaP cells with respect to DHT doses [6, 7]. No
difference in growth was observed for 957E/
hTERT, RC-92a/hTERT, and RC-170N/hTERT
cells exposed to DHT compared to the control.
All the cell lines expressed AMACR [8], a gene
often expressed in prostate cancer by RT-PCR and
western immunoblot analysis. The result obtained
here has demonstrated that these telomerase-
immortalized nonmalignant and primary prostate
tumor-derived cell lines retained the original
properties of the primary cells and express some
of their prostate-specific markers. The androgen
responsive properties of some cell lines should
help answer questions related to androgen regula-
tion of prostate cells. These novel in vitro models,
generated from nonmalignant or primary prostate
tumor epithelium, may offer unique models for
the study of prostate carcinogenesis, and also pro-
vide the means for testing both chemopreventive
and chemotherapeutic agents.

Identification of Putative
Prostate Stem Cell Markers
CD133 and CXCR4 in hTERT-
Immortalized Primary
Nonmalignant and Malignant
Tumor-Derived HPE Cell Lines

6.3

Normal prostate epithelial stem cells have been
demonstrated to exist in the basal component.
The study proposed that androgen-independent
stem cells give rise to two types of cells: stem cells
and androgen-independent transit amplifying

J.S.Rhim et al.

cells which can divide rapidly with limited prolif-
erative capacity and differentiate into luminal
cells through an intermediate phenotype. To date,
several putative stem cell populations have been
identified as prostate stem cells by means of
clonal assay, identification of several cell surface
markers, and side population (SP) analysis [9].
The first evidence for CSCs was shown in
hematopoietic tumors, and this principle has been
implicated in other tumors including prostate.
Recent studies have postulated the existence of
CSCs in the primary prostate cancer cells, pros-
tate cancer cell lines, and animal models [9].
However, the hypothetical model for the hierar-
chical organization of CSCs remains unproven
because of the lack of appropriate in vitro and in
vivo models.

Primary cell cultures derived directly from tis-
sues or tumors have a number of advantages
because it is believed that primary cells reflect
well the characteristics of the original tissues.
However, primary cell culture does have difficul-
ties because of the limited access, their finite
lifespan, and the specific culture techniques. On
the other hand, cell lines are widely used in many
aspects of research as the most common in vitro
culture model because they have a big advantage
of being easy to handle for their infinite repro-
ducible quantities. As described, most of the
human prostate cancer cell lines have been estab-
lished from metastatic lesions or from xenograft
tumors. Despite extensive work on the develop-
ment of many human prostate cancer cell lines,
only a few patient sampled gave rise to immortal-
ized HPE cell lines but none from primary HPE
cells from prostate cancer patients.

Although it has been suggested that the study
of CSCs should be performed using primary
prostate cancer cells rather than prostate cancer
cell lines, recent evidence using SP analysis and
cell surface markers such as CD133 or clonal
analysis shows that long-term cultured cell lines
may retain a hierarchical proliferation or differ-
entiation pattern as a potential of CSCs. We have
shown that nonmalignant and malignant tumor-
immortalized cell lines may contain a subpopula-
tion of cells with stem cell properties [10, 11].
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Several in vitro culture systems including pri-
mary cells, immortalized benign tissue-derived,
and prostate tumor-derived cell lines have been
reported as useful in the study of prostate normal
stem cells and CSCs [10].

CSCs theory has now emerged as an innova-
tive theory within the field of cancer biology,
especially regarding solid tumors. It will be
important to show the existence of normal stem
cells and CSCs in prostate tissue. Although cell
lines have some disadvantages or shortcomings
compared to primary cells, in vitro culture sys-
tem including primary cells, immortalized nor-
mal cell lines, and cancer cell lines may contain a
heterogeneous and hierarchical subpopulation as
described. Thus, the development of in vitro cul-
ture systems not only provides a useful novel tool
for understanding key molecular pathways in
prostate epithelial differentiation and prostate
cancer progression, but also may have important
implication for biological and pharmacological
functions. Primary cells, immortalized normal
and cancer cell lines as in vitro models for nor-
mal stem cells and CSCs in the prostate, may pro-
vide new insights into the mechanisms of prostate
cancer development.

We demonstrated for the first time that h\TERT-
immortalized primary nonmalignant (RC-165N/
hTERT) and malignant (RC-92a/hTERT) tumor-
derived human prostate epithelial (HPE) cell
lines retain stem cell properties with a CD133(+)/
CD44(+)/alpha(2)beta(1)(+)/34betaE12(+)/
CK18(+)/p63(—)/androgen receptor (AR)(-)/
PSA(-) phenotype. Higher CD133 expression
was detected in the hTERT-immortalized cells
than in primary prostate cells. These immortal-
ized cells exhibited “prostaspheres” in nonadher-
ent culture systems and also maintained higher
CD133 expression. The CD133(+) cells from
these immortalized cell lines had high prolifera-
tive potential and were able to differentiate into
AR(+) phenotype. In three-dimensional culture,
the CD133(+) cells from RC-165N/hTERT cells
produced branched structures, whereas the
CD133(+) cells from RC-92a/hTERT cells pro-
duced large irregular spheroids with less branched
structures. SDF-1 induced, but anti-CXCR4

antibody inhibited, migration of CD133(+) cells
from RC-92a/hTERT cells, which coexpressed
CXCR4. CXCR4/SDF-1 may sustain tumor chem-
otaxis in CSCs. Furthermore, immunostaining of
clinical prostate specimens showed that CD133
expression was detected in a subpopulation of
prostate cancer cells and corresponded to the loss
of AR. Expression of CXCR4 was also detected
in CD133(+) cancer cells [10].

Telomerase-Immortalized
Nonmalignant HPE Cells
Retain the Properties of
Multipotent Stem Cells

6.4

There is now increasing evidence that tumor cells
are organized as hierarchy originated from rare
stem cells that are responsible for maintaining
the tumor. A stem cell model for prostate organi-
zation and prostate cancer has been postulated
[12, 13] and verified by using mouse model [14,
15], human embryonic stem cell [16], and adult
prostate normal and cancer tissues [17]. The
human prostate is composed of ducts and acini
embedded in a stromal matrix of fibroblastic and
myofibroblastic cells. The majority of cells in
prostatic basal compartment of acini are transient
amplifying cells (TA) that express higher level of
cytokeratin 5/14 and lower level of cytokeratin
8/18. Only less than 1% of stem cells were identi-
fied by using a2f1hi-integrin [18, 19] and CD133
markers [20] in the prostate tissues. However,
stem cells are normally quiescent in normal pros-
tate tissue and senescent in vitro primary culture.
Therefore, the properties of stem cells are not
known. It has been reported that other tissue stem
cells express OCT-4 and BMI-1 [21-23]. OCT-4,
a POU transcription factor, is essential for main-
taining undifferentiated cell fate in embryonic
stem cells, multipotent adult progenitor cells, and
hematopoietic stem cells [21, 22]. BMI-1, a tran-
scription factor B lymphoma Mo-MLYV insertion
region 1, is required for maintenance of adult
self-renewing hematopoietic stem cells [22] and
played a key role in the stem cell self-renewal
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pathways including Hedgehog, Notch, and Wnt
signaling pathways [24, 25]. Recently putative
prostate epithelial stem cells have been identified
in primary and immortalized HPE cells [10, 26, 27].
The expression of telomerase is associated with
stem cells. Telomerase is usually repressed in
normal human somatic cells but is found only in
the stem cell compartment of several adult tissues
[28]. Low telomerase activity in normal prostate
primary cells [29] and telomerase activation in
80% of cases of prostate cancer have been
observed [30] suggesting that the presence of
normal stem cells and the immortality conferred
by telomerase play key roles in cancer develop-
ment. Telomere shortening and telomerase activ-
ity seem to have a critical role in initiating
carcinogenesis in CSCs [31]. We have reported
the multipotent stem cells (subpopulation of
RC170N/h/clone 7 cells) that resist senescence
were developed by transduction of the cells with
telomerase. The subpopulation of RC170 N/h/
clone 7 cells was clonogenic growth in mono-
layer culture, sphere formation in suspension cul-
ture, and differentiated into progenitors of all cell
lineages within prostate gland. RC170N/h/clone
7 cells differentiated into multiple tissues follow-
ing the renal capsule and subcutaneous inocula-
tion into NOD-SCID mice [11].

Potential Stem Cell Marker
Expression in RC170N/h/
Clone 7 Cells

6.5

The potential stem cell markers expressed in
RC170N/h/clone 7 cells were detected by fluo-
rescence  immunostaining and  RT-PCR
(Table 6.3). Less than 5% of giant cells were
strongly stained for the human embryonic stem
cell marker Oct-4, Bmi-1, and integrin a2B1hi in
RC170N/h/clone 7 cells and RC170N/h parental
cells. Subpopulation of cells was stained for
integrin a2 1hi [18, 19]. We verified expression
of Oct-4 in primary culture cells, RC170N/h
parental cells, and RC170N/h/clone 7 cells from
the different passages by using RT-PCR method.
The expression of Oct-4 mRNA was detected in
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primary culture cells, RC170N/h parental cells,
and RC170N/h/clone 7 cells.

6.6 Proliferation of RC170N/h/

Clone 7 Cells Under Different
Culture Conditions

To observe the growth behaviors of RC170N/h/
clone 7 cells, we carried out different culture
process with different media. We compared the
proliferate capacity of the parental cells and
clonal cells in the KGM medium. The clonal
cell line showed similar proliferate capacity
compared to parental cells. Under suspension
culture in KGM medium, the spheres were
observed in RC170N/h parental and clone 7 cells.
The sphere formation is the properties of stem
cells in the suspension culture. We have also
observed that the stem-like cells proliferated
symmetrically and asymmetrically under suspen-
sion culture after culturing for 1 day. Similar
results were observed in the RC170N/h parental
cells and clone 7 cells in early passage (p18—p23),
middle passage (p39-p45), and later passage
(p55-p65). Similar soft agar colony formation
efficiencies were observed with the parental and
the RC170N/h/clone 7 cells.

6.7 Phenotypic Differentiation

and Molecular Markers

of Differentiation in the
RC170N/h/Clone 7 Cells
In Vitro

To evaluate differentiation abilities, we have cul-
tured RC170N/h/clone 7 cells in the matrigel
with different media. After culturing for 10 days
with matrigel, the formation of branched
ducts, spheroids were observed in both KGM and
DMEM medium. The more differentiated
morphology-like multidendrite, spindle cells in
KGM medium as well as neurofilament-like net
and ductal budding structure in DMEM were also
observed. To identify prostate epithelial stem
cells, the potential stem cell markers, CD133,
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Table 6.3 The cell markers expressed in RC170 N/h/clone 7 cells

77

RC170N/h/clone 7 cells
Markers KGM medium DMEM (10% FBS +1ns.)
Stem cell markers
Oct 4 Positive (<5%) Positive (<5%)
Bmi-1 Positive Positive
CD133 Positive Positive
ABCG2 Positive Positive
Integrin alpha 2 Positive Positive
Integrin beta 1 (high) Positive Positive
Basal cell markers
CK5/CK14 Positive (80-100%) Positive
CD44 Positive Positive
GSTPi Positive Positive
P63 Negative Positive (<10%)
Luminal cell markers
CK8 Positive Positive
CK18 Positive Positive
AR Positive (PCR) Positive (PCR and IHC)
PSCA Positive Positive
PSA Negative Positive
PAP Negative Positive
Neuroendocrine cell markers
Chromogranin A NT Positive
Fibroblast cell markers
Vimentin NT Positive
Myofibroblast
Desmin NT Positive
Squamous cells or renal endothelial cells
Involucrin NT Positive

The expression of markers was analyzed by flow cytometry, IHC, and RT-PCR. NT: not tested

intergrin a2p1, and CD44 were examined. FACS
analysis and immunofluorescence staining
showed that near to 80% of RC170N/h/clone 7
cells were CD133 positive and near to 100% of
RC170N/h/clone 7 cells were intergrin o231 and
CD44 positive. Less than 5% RC170N/h/clone 7
cells were stronger stained with intergrin a2 and
B1 antibodies. To identify expression of differen-
tiation markers in RC170N/h/clone 7 cells, we
stained the cells with combination fluorescence
staining in DMEM culture condition. The popu-
lation of the cells that expressed prostate epithe-
lial cell markers (Table 6.3); (1) a luminar cell
lineage which expressed integrin B1/NKX3.1
[32], CKI8/AR, prostate stem cell antigen

(PSCA) [33], AR, E-cadherin, and PSA; (2) a
basal cell lineage which expressed CK5, CD44,
and p63; and (3) a neuroendocrine cell lineage
which expressed chromogranin A. The luminal
lineage cells expressed integrin o2 1, CK5/14
(but not CK18), and they differentiated into cells
that expressed CK18. Based on our observations,
the intergrin a2B1 and CK18 positive cells gave
rise to the intermediate cells CK18+/PSCA+ and
terminally differentiated luminal cells AR+/
PSA+. Since p63 is a marker for basal cells and
an epithelial stem cell marker [34-36], we per-
formed different combinations using P63 anti-
body staining. Double staining with p63 and AR
antibodies showed that p63 negative cells can
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produce p63 positive cells, but cells positive for
both p63 and AR were not found. In addition, we
also found that cells derived from both ectoderm
and mesoderm were presented in the RC170N/h/
clone 7 cell population. The cells were cultured
in DMEM+10% FBS+Ins. medium, and we
found chromogranin A-positive cells, which dif-
ferentiate to neurons, were present in the cell
population; involucrin positive cells, squamous
cells, or renal endothelial cells were derived from
endoderm or ectoderm during embryonic devel-
opment. Connective tissue stem cells (mesenchymal
cells) were also present in the cell population. The
cells were positively stained for vimentin (fibro-
blast), integrin B-1 and AR, and desmin (myofi-
broblast). The terminal differentiation marker
PAP also detected in the RC170N/h/clone 7 cells
in DMEM cultured condition.

6.8 RC170N/h/Clone 7 Cells
Differentiate into Multiple
Tissues in Xenograft Tissues
Following Subcutaneous
and Subrenal Capsule
Transplantation into

NOD-SCID Mice

The graft tissues were harvested from subcutane-
ous inoculation of NOD-SCID mice after 6
months. The small tissues (0.2x0.3x0.2 cm)
were observed at the inoculation site with
RC170N/h/clone 7 (p58) cells and RC170N/h
(p43) parental cell. The histological analysis
results showed that multiple tissues were resided
in the graft tissues. The molecular markers of
EpCAM for human-specific epithelial cells,
smooth muscle actin for muscles and 34BE12 as
well as CK18 for epithelial cells were positive
stained in the series of frozen or paraffin tissue
sections by immunofluorescence analysis. The
results showed that the xenograft tissues contains
the tissues differentiated from multiple lineages.
We have further stained the tissues with CD133,
K903, CK18, p63, AR, PSA, PAP, smooth mus-
cle actin, chromogranin A, and desmin. We have
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demonstrated that RC170N/h/clone 7 cells differ-
entiate into CD133-/k903+/CK18+/p63+/AR-/
PSA—/PAP- transit-amplifying cells in the graft
tissues. Smooth muscle actin positive stained
cells were also found in the tissues. Chromogranin
A positive stained cells were not found. Irregular
hierarchy of primary prostate acini-like morphol-
ogy was also observed in the grafted tissues. The
cells were strongly stained by K903 which iden-
tifies keratins 5 and 6, and by CK 18 also. In the
acini-like tissues, P63 positive stained cells were
dominant and p63 negative cells were also pres-
ent. However, further differentiation markers AR,
PAP, and PSA were not detected. Smooth muscle
actin positive stained cells were observed around
epithelial cells. Similar results were also obtained
from grafted tissues following the subrenal cap-
sule inoculation of RC170N/h/clone 7 into NOD-
SCID mice.

6.9 Summary

We have described our efficient method for the pro-
cessing of primary human biopsy samples and the
generation of HPE cells in serum-free condition.
We have recently generated five new immortalized
HPE cell lines derived from both the benign and
malignant tissues of prostate cancer patients with
telomerase. Examination of these cell lines for their
morphologies and proliferative capacities, to
respond to androgen stimulation, to grow above the
agar layer, and to form tumors in SCID mice, sug-
gests that they may serve as valid, useful tools for
the study of prostate carcinogenesis. In addition, we
have identified putative stem cell markers CD133
and CXCR4 in hTERT-immortalized primary non-
malignant (RC-165N/hTERT) and malignant
(RC-92a/hTERT) tumor-derived HPE cell lines and
in prostate cancer specimen. Furthermore, we have
found that RC170N/hTERT/clone 7 cells cloned
from hTERT-immortalized nonmalignant HPE cells
retain the properties of multipotent stem cells. These
novel in vitro models may also offer useful tools for
the study of the biological features and functional
integration of normal and CSCs in prostate.
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Abstract

During each step of prostate cancer metastasis, cancer displays phenotypic
plasticity that is associated with the expression of both epithelial and mes-
enchymal properties or an epithelial to mesenchymal transition. This phe-
notypic transition is typically in response to microenvironment signals and
is the basis for basic cancer cell survival (e.g. motility and invasion versus
proliferation). In this review we discuss the loss and gain of E-cadherin
expression as a marker of tumor plasticity throughout the steps of metas-
tasis, and particularly focus on dynamic tumor—stromal interaction that
induce a cancer cell-associated mesenchymal to epithelial reverting transi-
tion in the bone and liver microenvironments.

7.1 Epithelial to Mesenchymal

Transition

Histological evidence of distinct neoplastic cell
types within a tumor mass were observed as early
as 1978 [1]. There are two main cell types; epi-
thelial and mesenchymal cells, albeit most tumor
cells are derived from epithelial origins, however
in 1987 the term epithelial to mesenchymal tran-
sition (EMT) was utilized. This was subsequently
followed by Elizabeth Hay in 1995 [2], with a
cellular characterization of transitioned cells, that
is still currently utilized to identify phenotypic
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subtypes within the tumor mass. Several hallmarks
to phenotypically characterize these transitioned
cells, such as cellular morphogenesis, change in
shape, and tissue organization have all been asso-
ciated with EMT. However, loss of cell-cell con-
nectivity appears to an essential step feature.
Normal epithelial cells comprise a sheet of cells
that adhere laterally to each other by cell-to-cell
junctions. In addition, epithelial cells have apical—
basolateral polarization that is maintained through
organization of the actin cytoskeleton, which has
intimate interactions with cell membrane adhe-
sion molecules such as cadherins, tight junctions,
and certain integrins. This allows the polarized
cells to maintain cell-cell junctions as a lateral
belt, preventing robust cell motility, while remain-
ing within the epithelial layer.

Mesenchymal-like cells, on the other hand, are
spindle-shaped cells that exhibit end-to-end polarity,

J.S. Rhim and R. Kremer (eds.), Human Cell Transformation: Role of Stem Cells 81
and the Microenvironment, Advances in Experimental Medicine and Biology 720,
DOI 10.1007/978-1-4614-0254-1_7, © Springer Science+Business Media, LLC 2011
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and have fibroblast morphology. Mesenchymal
cells do not form an organized cell layer, nor do
they have the same apical-basolateral organiza-
tion, polarization of cell surface molecules, and
the actin cytoskeleton as epithelial cells. Cell—cell
contacts with neighboring mesenchymal cells are
possible, however limited to focal adhesion only.
As such this provides the freedom to migrate and
interact with the surround extracellular matrix
(ECM). Cell migration results from dynamic
remodeling of actin into filamentous filopodia,
lamellipodia, stress fibers. These cell protrusions
lead to dynamic interactions with ECM substrates,
which are mainly intergrins. The onset of these
cell extensions are a prerequisite for maintenance
of cell motility in normal and cancer cells, whether
they are initiated spontaneously or induced by
chemokines and growth factors. Coincidently, the
migration mechanisms that occur in normal, non-
neoplastic cells, such as embryonic morphogene-
sis, wound healing and immune-cell trafficking
are identical to neoplastic cells [3, 4].

7.1.1 Epithelial to Mesenchymal

Transition in Prostate Cancer

EMT has been shown to be a necessary step in
the dissemination of cancer cell from the primary
tumor mass. During this process there have been
documented changes in the phenotypic expres-
sion of the cancer cells including a reduction in
the cell adhesiveness. In-depth analysis showed
that reduced or aberrant expression of cytokeratin
levels, and cell—cell contacts related proteins are
observed over multiple cancer types including
breast and prostate cancer. Adhesive complexes
such as ZO-1, desmoplakin, and E-cadherin are
typically loss, and serve as a prerequisite for dis-
semination. The clinical significance of E-cadherin
loss has also been well documented. Decreased
expression of cell adhesion molecule E-cadherin
has been largely observed to be inversely corre-
lated clinical characteristic including grade, local
invasiveness, and biochemical failure after sal-
vage radiotherapy. Furthermore, patients with bio-
chemical failure after prostatectomy and aberrant
E-cadherin expression are likely to have subclinical
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disseminated disease [5]. Thus, the mechanisms
responsible for such changes in adhesion com-
plexes are of great interest.

Majority of the reports focused on of
E-cadherin gene (CDHI), suggest that hyperm-
ethylation of the E-cadherin promoter [6, 7], is
the main mode of downregulation, however a
combination of mutations in one allele with loss
or inactivation (by DNA methylation) of the
remaining allele [8, 9] has been observed.
However, in many types of cancer including
breast and prostate cancers, E-cadherin expres-
sion is lost without mutations in the gene [10],
due to transcriptional repression of E-cadherin.
Concomitant with the loss of E-cadherin,
N-cadherin levels increases during prostate carci-
nomas. This increased expression of N-cadherin
has also been observed in invasive prostate can-
cer cell lines, and is associated with androgen
deprivation [11]. The decreases in E-cadherin
expression and increases in N-cadherin expres-
sion have been shown to be correlated with
increased metastatic ability [12, 13]. Up-regulation
of N-cadherin, and cadherin-11, and OB (osteo-
blasts) cadherin are typically associated with
high-grade E-cadherin negative tumors. Other
EMT-related changes included transition from
cubodial morphology to a spindle-shaped fibro-
blastic morphology, and genotypic changes includ-
ing loss of cytokeratin, and increased vimentin,
snail, collagen I, thrombospondin-I, and other
mesenchymal genes. However, the most consis-
tent marker of EMT has been E-cadherin.

The relevance of EMT-associated markers is
supported by studies describing how expression
is regulated. Many transcription factors such as
the family of zinc finger proteins of the Slug/
Snail family, EF1/ZEB1, SIP-1, and the basic
helix-loop-helix E12/E47 factor that interact with
E-box sequences in the proximal E-cadherin pro-
moter region triggering repression. Of these
transcriptional repressors, forced expression of
SNAIL is sufficient to induce EMT in ARCAP,
and LnCaP prostate cancer cell lines [14], while
Slug acts to only regulate cell proliferation [15].
However, recent reports have suggested in PC-3
cells that SNAIL inhibition alters common EMT
markers, but does not affect invasiveness [16].
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Other transcription factors are implicated as EMT
mediators as well. TWIST, a highly conserved
bHLH transcription factor, is upregulated in 90%
of prostate cancer tissues. RNAI interference of
TWIST expression significantly increased sensitiv-
ity to the anticancer drug taxol-induced cell death
[17]. Furthermore, in addition to EMT, TWIST
may also promote prostate cancer to bone metas-
tasis by modulating prostate cancer cell-mediated
bone remodeling via regulating the expression of
a secretory factor, DKK-1, and enhancing osteo-
mimicry of prostate cancer cells [18]. Thus,
multiple factors contribute EMT in prostate
cancer cells. Although the complex mechanisms
that regulate the expression of multiple factors
simultaneously in prostate cancer one common
observation is that targeting individual factor is
sufficient to reverse step wise events associated
with EMT, thus providing targets for the develop-
ment of therapeutics.

Decreased cell—cell adhesion in many cancers
may not only be the result of direct transcriptional
regulation. Soluble factors such as epidermal
growth factor (EGF), scatter factor/hepatocyte
growth factor (SF/HGF), and members of the
transforming growth factor, TGFB1, and basic
fibroblast growth factor (bFGF) families have
been shown to promote EMT in several model
systems. Most all of these have been shown to
influence the downregulate of E-cadherin expres-
sion with subsequent increased cell proliferation,
dedifferentiation, and induction of cell motility
[19-21]. As cancer-associated EMT is reversible,
the loss of cell—cell connections creates a situation
where decreased E-cadherin levels concede the
tight junctions and enable apically secreted solu-
ble growth factors to establish an autocrine loop
with the basolaterally sequestered receptors. [22].
This feed-forward mechanism supports the main-
tenance of the mesenchymal phenotype. Although
decreased levels of E-cadherin mRNA occurs at
the transcriptional level, E-cadherin stability is a
directresult of phosphorylated catenins. Extensive
investigations have revealed that increased phos-
phorylation of the preferential catenins, B-catenin
and p120, destabilize the cadherin complex thus
inducing scattering of cancer cell lines to a more
invasive phenotype [23]. We have showed that

DU-145 and PC-3 cells express aberrant p120ctn
and B-catenin, and this is reversible through
blockage of EGFR signaling [24]. In addition
to disrupting the cell-cell junctions and enabling
a more migratory phenotype, EGF upregulates
secretion of matrix metalloproteinases that degrade
the ECM aiding in tumor dissemination. EGF
upregulates matrilysin (MMP-7) that mediates
extracellular cleavage of E-cadherin, thereby fur-
ther disrupting cell—cell adhesion and switching
of prostate cells from a lesser to a highly invasive
phenotype [25]. Thus ADAM10, ADAMY knock-
down increased E-cadherin and integrins and
modulates epithelial phenotype and functional
characteristics of prostate cancer cells [26], further
emphasizes the vast number of pathways regu-
lating E-cadherin expression.

Accumulating evidence suggest that growth
factor-induced EMT is the result of transcriptional
reprogramming and chromatin remodeling. Of
the soluble growth factors mentioned, TGFB-1 is
the most noted, however for the focus of this
review we will focus on tyrosine kinase growth
regulation of EMT. IGF-I stimulation of ARCaP,
cells upregulates ZEB1 expression in prostate
cancer cells exhibiting a phenotype and increased
cell migration. The authors also demonstrated that
this is mediated through activation of MAPK/
ERK pathway [27]. Similarly EGF, which is a
robust stimulator of the MAPK pathway, resulted
in activation of new EMT-related marker receptor
activator of NF-xB ligand (RANKL), and
enhances bone resorption and bone turnover,
facilitating successful bone metastasis [14].
Findings from our laboratory, support these obser-
vations in DU-145 and PC-3, both of which
undergo enhanced EMT upon EGF stimulation
[14, 28, 29].

It is important to note that in addition to
transcriptional repression, DNA methylation of
key tumor suppressor and EMT-related genes has
been observed. In the case of E-cadherin, avail-
able cell culture models DU-145 and PC-3 do not
exhibit methylation of E-cadherin, however this
is not observed clinically, as E-cadherin is meth-
ylated in 70% of late-stage prostate [30].

More recently microRNAs (miRNAs), small
non-coding RNAs regulating gene expression,
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control large cohort of genes post-translationally.
A number of miRNAs have been identified as
either oncogenes or tumor suppressor genes. The
importance EMT-related miRNAs was first dis-
covered in breast cancer model where the mir-
200 family was found to indirectly regulate EMT
via targeted regulation of transcription factor 8
(ZEB1, DEFI1, Nil-2-A). Further evidence of
miRNA involvement in E-cadherin expression is
increased expression of mir-9 [31] and mir-9-1
[32], which target E-cadherin [33]. Of the
miRNA 200 family return of miR-200b levels in
PC3 induced to overexpress PDGF-D cells led to
reversal of the EMT phenotype, which was asso-
ciated with the downregulation of ZEB1, ZEB2,
and Snail2 expression. Moreover, this resulted in
inhibited cell migration and invasion, with con-
comitant repression of cell adhesion to the culture
surface and cell detachment [34].

Tumor-Stromal Interactions
Influence Tumor Plasticity

7.2

Several reports have shown that inoculation of
prostate cancer cells within the bone microenvi-
ronment induces reciprocal interactions that
results in seemly phenotypic and genetic changes
in the cancer cells. This is evidenced by the
LNCaP cells, ARCaP, and PC-3 cells after injec-
tion into the bone, yielding cell line derivatives
C4-2, ARCaP M, and PC-3 M cells, which exhibit
more mesenchymal phenotypes and increased
growth and invasiveness [35, 36]. This general
concept was described by Paget in 1889 [37]
who proposed that the seeding of metastatic
cancer cells is dependent upon the host organ
microenvironment (the “seed and soil” concept).
The realization that the host microenvironment
comprises a number of stromal cell types (fibro-
blasts, smooth muscle cells, endothelial cells,
neural endocrine cells, inflammatory cells) and a
host of growth factors (VEGF, IGF, FGF, EGF,
and TGFp) and extracellular matrices (laminin,
fibronectin, collagen, and proteoglycans) and
the fact that these molecules support cancer
growth and progression emphasizes the possible
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directive role of the local host tumor microenvi-
ronment at both primary and metastatic sites that
could affect the overall growth and malignant
potential of the transformed cancer epithelial
cells. Our findings of this is indeed the case, as
EMT-related cellular behavior of invasive cancer
cellsis subject to regulation by the tumor microen-
vironment [29]. To demonstrate the dynamic
influence we examined paired primary and liver
metastasis prostate cancer patient samples and
stained for E-cadherin. Figure 7.1 shows that
E-cadherin is densely expressed within epithelial
compartment of primary prostate tumors and
liver metastases, with only the prostate cancer
cells that have invaded the local stroma exhibit-
ing complete lack of E-cadherin expression. With
the prostate cancer liver metastasis, cell appear to
be less differentiated than primary tumor, and
morphologically similar to the hepatocytes,
through heterotypic cell-cell interactions. That
prostate cancer cells would appear morphogen-
cially similar to liver cells is rooted in the concept
of prostate cancer osteomimicry within bone
microenvironment [38]. This is also supported by
observation that breast cancer metastases to the
liver seem to recreate hepatocyte cords with car-
cinoma cells [39]. We further observed that
DU-145 and PC-3 cells reexpress E-cadherin
through heterotypic interactions and display
complete reversion of the mesenchymal pheno-
type, with decreased vitmentin and increased
cytokeratin, when cocultured with primary rat
hepatocytes [29]. We further observed a lack of
total and active EGFR expression in cell lines and
patient tumors.

Liver metastases express E-cadherin on
tumor cells suggested that signals from the tumor
microenvironment modulate E-cadherin expres-
sion. However, there was question of whether the
transdifferenation was sustained during second-
ary tumor development. Therefore, we co-cultured
E-cadherin positive RFP-MCF-7 cells with GFP
primary rat hepatocytes and examined E-cadherin
expression over a multiday period (Fig. 7.2).
These co-cultures revealed that E-cadherin was
stability expressed after 2 days, but was subse-
quently reverted at the leading edge after 8 days
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a

Primary Prostate Tumor

Prostate Liver Metastasis

Fig.7.1 Tumor cells exhibit phenotypic plasticity within
the liver microenvironment. (a) Human primary prostate
cancer (left) and metastases to liver (right) show expres-
sion of E-cadherin. Formalin-fixed, paraffin-embedded
tissues were obtained from two well-defined prostate ade-
nocarcinomas with liver metastasis, and stained with
E-cadherin antibody. (b) Immunofluorescence of co-cultures

of co-culture. However, after long-term cocul-
ture (14 days) MCF-7 cells underwent three-
dimensional organization. These findings are
similar to our prostate cancer patient observa-
tions and provide the proof-of-principle that
E-cadherin-associated EMT is the result of

shows subcellular location of E-cadherin re-expression.
MCEF-7 RFP (red) and GFP (green) primary rat hepato-
cytes were stained with human-specific anti-E-cadherin
for a multiday period. Top left (Day 2), top right (Day 4),
bottom left (Day 8), bottom right (Day 14). Cy5 second-
ary antibody (blue) was used for E-cadherin primary
antibody

dynamic interactions of the tumor cell with its
surrounding microenvironment.

Since we were able to observe stromal-induced
reexpression of E-cadherin within the liver
microenvironment, would suggest that a reepithe-
lialization process is necessary for establishment
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of secondary tumors. However, given the inher-
ent differences in the stromal parenchyma of each
organ, it is likely that multiple soluble factors can
achieve similar effects.

For example, exogenous BMP-7 was able to
induce E-cadherin of prostate tumors within the
bone microenvironment, however failed to have
any effect on tumors within the lymph nodes
[40]. Furthermore, differential expression of a
number of angiogenesis-associated genes and
their proteins between prostate cancer metastasis
to bone versus liver, and lymph nodes have been
observed [41]. To determine if this is case with
E-cadherin-associated EMT, we cocultured the
ARCaP model with bone marrow stromal cells.
Cocultured ARCaP,, cells displayed a reversal of
E-cadherin, and the more epithelial ARCaP, cells
showing increased colony-forming capacity and
growth advantage in presence of bone stromal
cells [42]. Clinical evidence of E-cadherin expres-
sion in bone metastasis has been observed, and
interesting is associated with a reversal of
E-cadherin-specific methylation pattern [43].

7.3 Targeting Cell Adhesion

for Therapeutic Intervention

Although we are just at the beginning of under-
standing the directive role of the stroma, more
insight into how the stroma regulates tumor cells
will lead to better therapies for late-stage meta-
static disease. Multiple reports have suggested
the benefits of targeting E-cadherin as a thera-
peutic approach. For example, E-cadherin neu-
tralizing antibody (SHEP8-7) has been shown to
sensitize multi-cellular spheroids to microtubule
binding therapies in the taxane family in HT29
human colorectal adenocarcinoma cells [44].
A more recent observation that survival of andro-
gen receptor-expressing differentiated prostate
cells are dependent on E-cadherin and PI3K, but
not on androgen, AR or MAPK [45]. Indeed this
is the case because our findings suggest the
blocking E-cadherin cell-cell interaction with
E-cadherin neutralizing antibody, decreased both
epithelial or mesenchymal-like prostate cells

from reepithelialization and colonizing the bone
microenvironment. The neutralizing antibody
increases their sensitivity to radiation treatment
[42]. Of further clinical benefit, recently a mono-
conal antibody to N-cadherin has been described
as an effective treatment for prostate cancer limiting
local invasion and metastasis both in vitro and
in vivo [12]. Thus, blocking cellular adhesions
appears to be a rationale strategy limiting pros-
tate cancer metastasis.

7.4 Summary

In summary, we propose that the EMT required
to “escape” from the primary tumor mass is tran-
siently “reverted” during the initial stages of met-
astatic seeding, enabling the alien tumor cell to
incorporate into the target tissue and derive survival
signals thereof. Thus, tumor—stromal-interacts
induce cellular plasticity gives rise to distinct
populations of cancer cells within secondary site.
This plasticity gives rise to distinct population,
i.e. mesenchymal phenotype and its kinetic char-
acteristics (motility/invasive), and the epithelial
characteristics necessary for secondary tumor
development. Our findings that epithelial cells
are more successful in establishing secondary
tumor suggest that dissemination from the pri-
mary tumor mass requires the mesenchymal phe-
notype, however a mesenchymal to epithelial
transition is associated with initial metastatic
seeding and subsequent formation of a cohesive
tumor mass within the bone microenvironment
(Fig. 7.3). Critical to our model of phenotypic
mesenchymal-to-epithelial-reverting transitions is
the underling signaling mechanisms that mediate
this transition. Multiple-cell signaling pathways,
most likely initiated by stromal-derived soluble
factors, converge on an ever-expanding set of
transcriptional and post-translation factors that
epigenetically regulate specific proteins that ulti-
mately serve as markers of the epithelial vs. mes-
enchymal phenotype. Understanding the events
may offer new opportunity to target during and
the reverting transition that appear to be essential
to metastatic relapse.
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Mesenchymal Epithelial reverting
Transition (MErT)

Blood vessel or lymphatic

@ Primary Tumer Cells

U Viesenchymal Cell
@ Distant Organ Cell

Fig.7.3 Diagram of mesenchymal-to-epithelial reverting
transition. Epithelial carcinomas cells and carcinoma cells
undergo EMT, which involves a loss of adhesion and
reinforcement of autocrine signaling that drive the cancer
cell to escape the tumor mass and intravasate the blood or
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Abstract

The epigenome which comprises DNA methylation, histone modifications,
chromatin structures and non-coding RNAs controls gene expression
patterns. In cancer cells, there are aberrant changes in the epigenome. The
question in cancer epigenetics is that whether these changes are the cause of
cell transformation, or rather the consequence of it. We will discuss the
epigenetic phenomenon in cancer, as well as the recent interests in the
epigenetic reprogramming events, and their implications in the cancer
stem cell theory. We will also look at the progression of cancers as they
become more aggressive, with focus on the role of epigenetics in tumor
metastases exemplified with the urokinase plasminogen activator (uPA)
system. Last but not least, with therapeutics intervention in mind, we will
highlight the importance of balance in the design of epigenetic based
anti-cancer therapeutic strategies.

comprises DNA methyltransferases (DNMTs),
methyl-DNA binding proteins (MBDs), histone
modifiers, proteins interacting with histone modi-
fications and chromatin remodeling complexes.
The epigenome is characterized by two seemingly
contradictory features: stability and reversibility.
DNA methylation that accompany cellular differ-
entiation during embryogenesis are driven by
innate processes that are highly organized, pre-
dictable and persistent. On the other hand, studies
have shown that the state of DNA methylation
could be modulated by environmental factors such

8.1 Introduction

The epigenome consists of DNA methylation,
various post-translational modifications of histone
tails, nucleosome positioning and non-coding
RNAs. The epigenetic marks are somatically heri-
table [1] but at the same time highly dynamic and
are involved in embryonic development, parental
imprinting and inactivation of the X chromo-
some [2]. The machinery regulating the epigenome
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a stable epigenetic mark in the genome and affect
later life behavior and health [3, 4]. The dynamic
nature of the epigenome is also evidenced when
changes in DNA methylation were reported to
occur within a few hours, between different phases
of the cell cycle or in response to recruitment of
transcription factors [6, 7].

One of the most widely studied components of
the epigenome is DNA methylation. At first, it
was believed that the DNA methylation patterns
were set during embryogenesis by de novo
DNMTs (DNMT?3a and 3b) and were thereafter
faithfully copied by the maintenance DNMT
(DNMT1) after completion of cellular differen-
tiation [8]. This view has changed when later
studies discovered the cooperation between
de novo and maintenance DNMTs occur in con-
texts other than during embryogenesis [9, 10].
The realization that the epigenome is dynamic
has made it an interesting target for therapeutic
intervention. Since then, the involvement of epi-
genetic changes has been studied in a variety of
diseases such as cancers, diabetes, cardiovascular
diseases and psychiatric disorders [11-15].

Cancer has long been regarded as a genetic
disease, where inherited or spontaneous muta-
tions lead to abnormal cellular functions. However,
it is now well accepted that changes in epigenetic
marks in the absence of changes in DNA sequence
could be playing critical roles in cancer as well.
In this review, we will focus on the possible epi-
genetic mechanisms that are involved in cellular
transformation and cancer progression.

8.2 Diagnostic and Prognostic
Significance of Epigenetics

in Cancers

Most types of cancer cells display global DNA
hypomethylation with regional gene hypermeth-
ylation compared to their normal counterparts
[16]. The enzymes responsible for the epigenetic
changes are also deregulated in many cancers.
For example, members of the DNMT family,
DNMT, 3a and 3b have been shown to display
significant changes in expression in various cancers

F. Chik et al.

including lung, liver, breast, gastric, leukemia and
retinoblastoma [17-22]. In particular, DNMT1
overexpression is often associated with poor prog-
nosis [17, 18]. Several studies have found positive
correlations between DNMTs overexpression
and hypermethylation of tumor suppressor genes
[23, 24], although these studies did not demon-
strate a causal relationship between DNMT over-
expression and methylation of tumor suppressor
genes. Nevertheless, methylation of tumor sup-
pressor genes is involved in silencing of their
expression and the methylation status of some
tumor suppressor genes is found to be correlated
with clinical outcomes. Examples of hypermethy-
lated tumor suppressor genes are pl6, MGMT,
RASSFIA and DAPK]I [25-27] and hypomethy-
lated oncogenes are uPA and MDRI [28, 29].
These genes might serve as diagnostic and prog-
nostic markers in different cancers.

Given the reversible potential of epigenetic
marks, demethylating agents have become inter-
esting candidates as anti-cancer drugs. 5-aza-2'-
deoxycytidine (5-azaCdR) is the FDA-approved
demethylating agent that is used to treat myelo-
dysplastic syndrome (MDS) [30, 31] and is cur-
rently under clinical trials for treatment of solid
tumors [32]. Although it was reported to have
anti-cancer efficacy in phase III clinical trials
with MDS patients [31], there are potential com-
plications in the use of such a non-specific drug
for treatment of cancer, especially solid tumors.
This will be discussed in detail in the last section.
The success in developing a cancer specific
epigenetic drug hinges on our understanding of
how different epigenetic factors are involved in
the underpinning mechanisms of this disease.

8.3 DNA Methylation and Cancer

Initiation: The Cause
or the Consequence?

Cellular transformation refers to the process in
which normal cells undergo changes in gene
expression patterns and transform into immortal
proliferating cells that do not differentiate into
their mature post-mitotic state. Under certain
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conditions, transformed cells can be turned into
malignant cancer cells. Given that the hallmark
of cancer is global hypomethylation and regional
hypermethylation at specific gene promoters, the
question is whether this disruption of methyla-
tion patterns is a passive consequence of cellular
transformation, or whether the aberrant changes
in methylation are causing the transformation
itself. The former view has been favored in the
past, based on the belief that cancers are caused
by accumulative mutations [33, 34]. Mutations
cause rearrangements of large chromosomal
regions, which confer the cells with growth advan-
tage under selection pressure due to abnormal
expression of oncogenes [33, 35]. The clonal
expansion of the mutated cells leads to genomic
instability and global demethylation, while the
cell machinery progressively shuts down the
anti-survival genes by hypermethylation. In
this model, stochastic mutations cause genomic
instability, which precedes methylation changes.

Due to the fact that most tumors display
genomic instability, it is important to establish a
model that could dissociate mutations from epi-
genetic changes to define the causal relationship
between epigenetic aberrations and cancer. In a
recent study, it was shown that aberrant changes
in the epigenome could indeed lead to cancers
that do not display genomic instability [36]. Snf5
is a tumor suppressor gene and a core component
of the chromatin remodelling complex SWI/SNF
whose inactivation is detected in several types
of tumors [37, 38], including the highly inva-
sive malignant rhabdoid tumors (MRTs) [39].
Differing from most other tumors where the chro-
mosomes are usually fragmented, MRTs often
display intact genome. The authors generated
Snf5-deficient primary mouse embryonic fibro-
blasts and showed that tumors derived from these
cells were diploid and the cancer phenotype was
correlated with the expression of the cell cycle
protein cyclin D1, which was epigenetically
upregulated by the SWI/SNF complexes [36]. An
alternative approach to study the relationship
between epigenetic changes and transformation
is to study the epigenome of pre-cancerous cells.
A series of studies on colon cancers found that
global hypomethylation as well as regional gene

promoter hypermethylation occur in pre-cancerous
lesions or even benign colon polyps before they
become malignant colon cancers [40—43]. Similar
findings were observed in breast cancers, where
normal tissues surrounding the tumors, up to a
few centimeters apart, have been detected with
aberrant DNA methylation patterns [44, 45].
These observations of methylation patterns change
in pre-cancerous cells suggest that the loss in
methylation can be an early event that precedes
transformation, and it is not merely a conse-
quence of genomic instability. In addition, it has
also been shown that global hypomethylation
leads to elevated mutation rates [46], suggesting
that the epigenetic change may initiate down-
stream oncogenetic pathways. Studying these
model systems may therefore aid our understand-
ing of how epigenetic processes contribute to the
process of oncogenic transformation.

8.4 The Driving Force

Hyperactivity of DNMT]1 in cancers has a causal
role in tumorigenesis [47, 48]. Antisense and
siRNA against DNMT1 reversed tumorigenesis
and inhibited tumor growth in mice [47, 48].
Nevertheless, the cause-and-effect relationship of
DNMTI1 overexpression and gene promoter
hypermethylation has not been clearly demon-
strated. Could other functions of DNMTI, in
addition to DNA methylation, contribute to
oncogenesis?

DNMTTI is a multifunctional protein with a
C-terminal catalytic domain and an N-terminal
regulatory domain where it is bound to a lot of
known proteins. In addition to its methyltrans-
ferase activity, protein-protein interactions may
play a role in the functioning of this maintenance
methyltransferase. DNMT1 has been implicated
in the DNA repair pathway in several studies.
It was observed to localize at the sites of DNA
double strand breaks (DSBs) together with other
repair proteins soon after DNA damage was
induced [49, 50]. One can think that the localiza-
tion of DNMT1 to the damage sites is the cells’
mechanism of recovering methylation loss due to
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Fig.8.1 The role of DNMT1 in transformation. DNMT1
is overexpressed in many cancers. Upregulation of
DNMT1 may lead to gene promoter hypermethylation
through targeting to EZH2-binding sites. Demethylating
agent 5-aza-2'-deoxycytidine (5-azaCdR) exerts its anti-
cancer effects by remethylating these suppressed genes.

the damage repair process. But such an observation
could have a more important implication in
cancer. If DNMT1 overexpression allows the
cells to continue replicate, despite the presence of
damaged DNA, this may partly explain the ability
of cancer cells to overcome cell cycle checkpoints
and become terminally proliferating cells. In fact,
overexpression of DNMTI1 reduced the DNA
damage markers, the phosphorylated form of
histone variants H2A.X (yH2A.X) [51-53], and
enabled the cells to overcome the replication
barrier. Co-localized with DNMT1 and YH2A.X
at the sites of DSBs are proliferating cell nuclear
antigen (PCNA) and another important damage
response protein Chkl, which both were later
showed to be indispensible for the recruitment of
DNMTI1 to DSBs sites [50, 54]. DNMTI1 also
directly binds to 9-1-1 complex (RAD9. RADI,
HUS1) at DSBs sites which help augment the
damage signals [50].

Another extensively studied binding partner
of DNMT1, which is involved in the damage
repair pathways is DNMT 1-associated protein 1
(DMAP 1). DMAPI1 was originally found to be

DNMT! is also involved in the DNA damage repair
pathway. DNMT1 is recruited to the DSBs sites by PCNA
and DMAPI. It overcomes the cell cycle checkpoint by
reducing the damage response. Specific DNMT1 inhibitor
may block this effect and lead to a halt in the cell cycle in
cancer cells

co-localized with DNMT1 and PCNA in the
replication fork [55]. Recent studies show that
DMAPI is essential for the repair system, and
DMAPI-deficient cells display genomic insta-
bility and compromised proliferation [56, 57].
These cells are able to form tumors in p53-
deficient mice [56]. It is of particular interest
that when a full-length DMAP1, but not PCNA-
binding site mutated one, is introduced to
DMAPI1-deficient cells, the levels of YH2A.X
are reduced to normal levels. This suggested not
only that PCNA and DMAP1 co-operated in the
repair process, but that the ability to overcome
damage checkpoints allowed the cells to prolif-
erate without barrier, which eventually led to
tumor formation. Given the importance DNMT1
in the damage response pathway, targeting DNMT1
in cancer might have additional benefits to the
known outcome of re-activation of tumor sup-
pressor genes. By reducing DNMTT levels, we
are taking advantage of the cells internal control
machinery to stop cell cycle progression, which
can result in an effective anti-cancer therapy
(Fig. 8.1).
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8.5 Epigenetic Reprogramming

in Cancers

A relatively new and exciting topic in epigenetics
is cell programming. In simple terms, epigenetic
programming means the acquisition of novel
epigenetic marks. It is a normal process during
development, where most of the epigenome is
erased and later reprogrammed in the embryos
[58]. This early reprogramming event is believed
to be important for the zygote to gain potency
to be developed into a whole organism [58].
However, the idea of epigenetic reprogramming
in fully differentiated cells was not widely
accepted until recently, since such an event would
require the cells to display plasticity. The term
cellular plasticity refers to the ability of cells to
respond to external factors and change their phe-
notypes accordingly. In fact, cellular plasticity in
mature cells has been observed more than 20
years ago in a series of experiments showing
fusion of human fibroblasts with mouse muscles
cells resulted in human muscle proteins [59, 60].
This observation suggested that in the presence
of suitable factors, differentiated cells were able
to be epigenetically reprogrammed into other cell
types. The underlying mechanism of such repro-
gramming in mature cells was not understood at
the time, and the general scientific community
believed that cells were only “reprogrammable”
in the developmental stage. A breakthrough dis-
covery has been made a few years ago where
Takahashi and colleagues successfully generated
induced pluripotent stem cells (iPSCs) from dif-
ferentiated fibroblasts by introducing four tran-
scription factors, Oct4, Sox2, Klf4 and cMyc [61].
Such a discovery clearly demonstrated the pres-
ence of cellular plasticity in mature cell types.

In cancer epigenetics, the polycomb group
(PcG) complexes have been widely studied and
are believed to be one of the most important com-
plex of proteins in the reprogramming event. PcG
proteins were first discovered in Drosophila as
protein complexes that silenced the Hox genes, a
group of homeodomain-containing genes that
regulate many developmental processes [62].
It was later found that the family of PcG proteins

is also present in higher eukaryotes. PcG proteins
display enzymatic activities and are associated
with the repressive histone mark tri-methylation
of histone 3 at position 27 (H3K27me3). This
mark is responsible for gene silencing. In fact,
studies have found that many lineage-specific
genes in embryonic stem cells are bound by the
PcG proteins and kept at a lowly expressed state
by bivalent histone marks: the activating methy-
lated lysine 4 in histone 3 (H3K4me) and the
repressive H3K27me3 [63, 64]. These lineage-
specific genes are poised to be expressed or
repressed by losing the corresponding histone
marks. They are not marked with DNA methyla-
tion in embryonic stem cells, in which would
have completely silence them, but the genes are
frequently methylated in adult cancer cells [65].
Recent evidence shows that EZH?2, a PcG protein,
binds directly to DNMT1 [66]. These findings
may explain how DNMTT1 is targeted to specific
region and leads to regional hypermethylation in
cancers (Fig. 8.1).

8.6 The Cancer Stem Cell Theory

“Stem cell” is the term for any cell that is pluripo-
tent and is able to self-renew [67]. Given that
cancer cells are abnormally proliferating cells, it
is reasonable to propose that cancer cells and
stem cells possess common features. The term
cancer stem cells (CSCs) have gained significant
attention in recent years. It was proposed that
tumors are derived from a few tumor-initiating
cells which display stem cell properties [68, 69].
There are two theories for the formation of CSCs
(Fig. 8.2). The first hypothesizes that normal
adult stem cells acquire accumulated mutations
and become CSCs [70, 71]. Under normal condi-
tions, stem cells divide asymmetrically into two
parts, one daughter cell will undergo differentia-
tion, while the other will possess self-renewal
ability and further give rise to other stem cells. When
mutations occur, these normal stem cells trans-
form into CSCs. The many similarities between
the two types of stem cells support the theory that
CSCs are mutation-derived stem cell [72, 73].
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Fig. 8.2 The cancer stem cell theory. There are two
theories in cancer stem cells (CSCs) formation. Theory 1
suggests mutations occur in normal embryonic stem cells,
while theory 2 suggests dedifferentiation occur in mature

The second theory suggests that the process of
dedifferentiation, i.e. epigenetic reprogramming
occurs in the more committed cell types, such as
committed progenitors or mature cells. These
cells acquire self-renewal properties and become
stem cell-like which, at the very least, display
self-renewal properties [74].

Notwithstanding whether one or both of the
above theories is true, CSCs differ from normal
stem cells. One of the major differences between
the two cell types is that normal stem cells behave
according to defined principles, in terms of rep-
lication, expression patterns and response to
stimulus, while in CSCs these properties change
throughout the progression of the disease
(Fig. 8.2) [67]. If indeed CSCs are the origin of
the whole tumor, this gives us hope that we could
narrow down our targets in the search of anti-
cancer drugs by focusing on the stem cells. In
addition, CSCs are useful tools to study the path-
ways involved in self-renewal, the ultimate
unwanted property we would like to eliminate in
cancers. If we can target these specific pathways,
anti-CSCs therapy can be very effective in avoid-
ing relapses, which are believed to be brought
about by CSCs that escape from the early therapy.

Another possible clinical use of the multipotent
stem cells is to serve as delivery vehicles. Several
studies suggest that the stem cells display
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cells and these cells become stem cells-like. While
embryonic stem cells behave in defined principles, the
phenotypes of CSCs may change throughout disease
progression

tropism towards cancer cells [75, 76]. The
mechanism of their behavior has only been
recently discovered. A recent study shows that
mesenchymal stem cells (MSCs) treated with
histone deacetylase inhibitor (HDACi) specifi-
cally migrate towards tumor cells. One of the
most important proteases involved in cell migra-
tion, the urokinase-type plasminogen activator
(uPA), was found to be hyperacetylated and
upregulated upon HDAC: treatment. The ERK
signaling pathway was also activated [75]. These
findings suggest that HDACi induces MSCs-to-
tumor cells tropism by inducing uPA expression.
It also shows that the use of stem cells delivery
system has tremendous potential in developing
tumor-selective therapy.

8.7 Tumor Progression: From

Neoplasticity to Metastases

If all tumors were localized, most cancers in non-
vital organs such as breast and prostate would
probably have much lower mortality rates.
Unfortunately, tumor cells have various mecha-
nisms by which to break away from their primary
locations and support their growth in a distant
site: local invasion, intravasation (entering the
vascular or lymphatic system) and travel to distant
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organs, chemotaxis (guided movements by inter-
actions with chemotactic molecules) and even
angiogenesis (generating blood vessels) to sup-
port its own growth [77]. This colonization of
tumor in a secondary site is termed metastasis,
and is possible since cancer cells develop mecha-
nisms to overcome normal numerous barriers.
How do epigenetic processes play a role in this
multi-step war? In this section, we will focus on
the functions of some epigenetically regulated
genes and their roles in the systemic changes that
take place during the metastasis process.

8.8 The EMT: Epithelial

to Mesenchymal Transition

Breast and prostate cancers are the most highly
invasive cancers in women and men, respectively.
They both have an epithelial origin and are
hormone-dependent [78]. In the initial stage of
the tumor, hormonal therapy is usually sufficient
to inhibit tumor growth. However, as the disease
progresses, they become hormone-insensitive and
highly aggressive. The epithelial to mesenchymal
transition (EMT), though not absolutely required,
is considered an important step in tumor invasion
and metastasis [77, 79, 80].

Epithelial cells contain a basal membrane
on one end with adhesion proteins such as
E-cadherins, ZO-1 (zona occludins) and cytok-
eratins [81]. This basal membrane is always
attached to the epithelial wall, while the apical
side interacts with the external environment. On
the contrary, mesenchymal cells do not display
polarity. Their cytoskeleton components change
from E-cadherins and ZO-1 to vimentin and
smooth muscle actin [81]. The normal functions
of epithelial cells are, as indicated in their name,
forming the lining of vessels or organs. On the
other hand, mesenchymal cells are more mobile
in their nature. The process of an epithelial cell
losing its polarity and becoming mesenchymal-
like is called EMT.

EMT can be induced by different pathways
and exists in various forms. Nevertheless, there
are some genes that are commonly affected in
most types of EMTs. Interestingly, some of these
genes contain CpG islands in their promoters,

which provide them with the potential to be
switched on or off by epigenetic mechanisms.
One of most studied genes to be silenced in EMT
is the adhesion molecule E-cadherin. Its silencing
has been observed about 20 years ago in various
aggressive cancers [82]. Genetic mutations of the
E-cadherin allele are found in about 50% of the
cancers. The epigenetic mechanism of E-cadherin
silencing has later been proposed, where
5-azaCdR-treated cancer cells demethylated and
re-expressed the gene [82]. It was also recently
proposed that histone deacetylase (HDAC) is
responsible for the suppression of E-cadherin,
and that HDAC inhibitor was able to reactivate it
[83, 84]. Another example of gene silencing in
EMT is the secreted frizzled-related protein 5
(SFRPS). SFRP5 is an antagonist of the WNT
signaling pathway, a pathway that is implicated
in promoting cancer growth and invasion.
Overexpression of SFRP5 in cancer cell lines
decreased cell invasiveness [85]. Clinically,
hypermethylation of SFRP5 was shown to corre-
late with overall survival in some cancers [85, 86].
On the other hand, there are mesenchymal-specific
genes that are activated during EMT, which pro-
mote tumor progression. The typical EMT mark-
ers, vimentin and S100A4, contain large CpG
islands and are found to be methylated in non-
aggressive tumors but demethylated in more
aggressive ones [87—-89]. Another epigenetically
regulated gene that is important in metastases is
uPA, which will be discussed in the next section.
In summary, abnormality in the epigenome may
cause the expression changes of these EMT genes
and contribute to tumor progression.

8.9 The uPA/uPAR System

and Metastases

In order for the cancer cells to detach from their
primary sites, they must interact with other
molecules in the extracellular matrix (ECM). The
ECM consists of different types of polysaccha-
rides, the major one being collagen. In normal
cell context, degradation of ECM proteins is
essential for tissue remodeling in organogenesis,
wound healing and inflammatory response [90].
As early as 30 years ago, it was suggested that
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Fig.8.3 SAM treatment and MBD2 antisense oligonucle-
otides reduce uPA expression. uPA is an important protease
required for cancer metastasis. Demethylation in the pro-
moter leads to its expression in invasive tumor. S-adenosyl-
L-methionine (SAM), a methyl donor, is able to remethylate

metastatic potential of cancer cells correlated
with their ability to degrade ECM proteins [91].
One of the most implicated proteases in promot-
ing tumor invasion is the uPA. The proteolytic
cascade starts when the inactive zymogen plasmi-
nogen is converted to its active form, plasmin.
Plasmin is a broad spectrum protease that can cata-
lyze proteolysis of a series of ECM proteins [92].
There are two enzymes that are responsible for
this conversion, uPA and tPA (tissue-type plasmi-
nogen activator). Out of the various proteases
present in the ECM, uPA stands out from the
crowd by having a specific cell-surface receptor,
uPAR. uPAR is a glycosyl-phosphatidylinositol
(GPI)-receptor that has great mobility on cell
surface due to the lack of transmembrane and
cytoplasmic domains [90, 93]. Studies have
shown that uPAR is localized in the leading edge
of cell movement [94, 95], which supports the
important role of uPA in cell invasion. Indeed,
uPA expression is almost undetectable in most
tissues while it is present in almost all solid
tumors and is highly associated with poor prog-
nostic invasive tumors [96-98].

Studies on the uPA gene have found that there
is a large CpG island present in its promoter which
is methylated in most tissues. The hypothesis that
hypomethylation of the uPA promoter is respon-
sible for its expression pattern was first proposed
by Rabbani et al. [99]. They used methylation-
specific PCR to compare methylation levels in the
highly invasive, hormone-insensitive breast can-
cer cell line MDA-MB-231 and the non-invasive,

the uPA promoter and suppress uPA expression. SAM is
shown to suppress MBD?2, the putative DNA demethylase.
Antisense oligonucleotides against MBD2 have the same
effect on uPA suppression. This suggests the possible
mechanism of SAM treatment on uPA suppression

hormone-sensitive breast cancer cell line MCF-7.
The findings suggested that the more aggressive
MDA-MB-231 cells had a fully demethylated
uPA promoter while MCF-7 cells has highly
methylated uPA promoter. They further pro-
posed the use of the methyl donor, S-adenosyl-L-
methionine (SAM), to re-methylate the uPA
promoter and repress its expression. Indeed, later
studies by them and other groups have shown that
in addition to uPA suppression, SAM treatment
was very effective in inhibiting invasion in vitro
and metastasis in vivo [100-102].

The interesting questions arise, regarding the
mechanism in which SAM methylates the uPA
promoter. Does addition of SAM increases the
methyl groups available and leads to DNMT1
hypermethylating the uPA promoter? Or does
SAM suppresses an enhancer of uPA expression
and therefore re-express the gene? SAM was
previously shown to inhibit DNA demethylase
activity [103]. It is worth to note that SAM highly
suppresses MBD2, a putative DNA demethylase.
MBD2, a family member of methylated-DNA
binding protein, is deregulated in some tumors
[104] and has been studied as a therapeutic target
for cancers [105, 106]. This hypothesis is sup-
ported even more by the evidence that the antisense
oligonucleotides against MBD2 has the same effect
as SAM treatment, where it inhibited invasion in
cell lines such as breast cancer MDA-MB-231
[100] and prostate cancer PC-3 [101]. MBD2 is an
interesting candidate worth further investigation
to understand the mechanism of SAM (Fig. 8.3).
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8.10 The Balance of Methylation
and Demethylation

As mentioned earlier, demethylating agents have
become interesting candidates in the develop-
ment of epigenetic anti-cancer drugs due to the
reversibility of the epigenome. Re-expression of
hypermethylated tumor suppressors has been
intensely studied in the past 20 years and the
demethylating agent 5-azaCdR is now in clinical
use for MDS treatment [32]. 5-azaCdR is a cyti-
dine analog. It is incorporated into the genome
during DNA replication and physically trapped
DNMTs at the site of incorporation by forming
covalent bonds between the aza and the enzy-
matic pocket of DNMTs [107]. This leads to
global loss of methylation as DNA replication
continues without functional DNMTs. Due to the
nature of this chemical reaction, 5-azaCdR is
considered a non-specific drug that inhibited all
family members of DNMTs. In that sense, any
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Fig. 8.4 5-azaCdR
activates both tumor
suppressors and pro-
metastatic genes. 5-aza-2'-
deoxycytidine (5-azaCdR)
is a cytidine analog and it
incorporates into the
genome during DNA
replication, trapping all
DNA methyltransferases
that have the catalytic
domain. This leads to
global hypomethylation
and re-expression of both
tumor suppressor genes
and pro-metastatic genes
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gene could be demethylated and re-expressed,
including the pro-survival and pro-metastatic
genes (Fig. 8.4). Indeed, 5-azaCdR treatment has
been shown to increase cell invasion and metasta-
ses both in vitro and in vivo by upregulation of
oncogenes such as uPA, MMP2, S100A4 and
Ezrin [108—111]. Therefore, the use of 5-azaCdR
in the treatment of early stage solid tumors might
speed up the disease progression.

There are two solutions to this problem. The
first is to develop a more specific DNMT1 inhibi-
tor. As previously mentioned, DNMT1 antisense
oligonucleotides and siRNA experiments show
very promising results in tumor growth suppres-
sion [24, 52, 112]. In addition, a recent study also
suggested that knockdown of DNMT1 significantly
suppressed cancer growth without increasing cell
invasion in breast cancer cell lines [109]. These
observations may be due to the more specific tar-
geting of the DNMTT protein to its target genes
by EZH2 recruitment, or due to its effects on
the DNA damage repair system. Nevertheless,

Compacted
Chromatin

Tumor

Pro-metastatic
Genes

Open

Chromatin



100

specificity is the key element in developing
DNMTT1 inhibitors. The second solution is to
combine 5-azaCdR with other drugs that can
inhibit its negative effect, of re-expressing pro-
survival, pro-metastatic genes. As seen in the
above-mentioned examples, uPA, vimentin and
S100A4 are methylated in normal cell but get
demethylated as cancer progresses. In order to
maintain their methylated state, the use of a
methylating agent such as SAM may be useful.
In fact, anovel hypothesis of combining 5-azaCdR
and SAM has recently been previously suggested
by us [113-116]. Given that separately, either
one of these drugs display very strong anti-tumor
properties, combining the two may result in syner-
gistic effects in tumor suppression while antago-
nizing the side effects. Combining the two already
existing drugs seem to be an efficient way to
develop a new therapy; however, the molecular
mechanisms behind the treatment need to be care-
fully investigated in order to delicately balance
the methylation and demethylation effects.

8.11 Concluding Remarks

Epigenetics is the most rapidly expanding field in
biological science in recent years. The epigenome
regulates gene expression pattern, which makes it
a very important approach to study cell behavior.
Cancer epigenetics is especially interesting because
the reversible nature of the epigenome makes it a
good target for therapeutic intervention. This
review summarizes some of the processes in which
the epigenetic machinery is involved in cancer
initiation and progression. Studying the epige-
nome enables us to learn more about cancer as a
disease. By understanding the molecular mecha-
nisms behind the epigenetic machinery, we would
hopefully be able to develop effective epigenetic
therapies for cancer treatment.
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Abstract

There is now compelling evidence for tumour initiating or cancer stem
cells (CSCs) in human cancers. The current evidence of this CSC hypoth-
esis, the CSC phenotype and methods of identification, culture and in vitro
modelling will be presented, with an emphasis on prostate cancer. Inherent
in the CSC hypothesis is their dual role, as a tumour-initiating cell, and as
a source of treatment-resistant cells; the mechanisms behind therapeutic
resistance will be discussed. Such resistance is a consequence of the
unique CSC phenotype, which differs from the differentiated progeny,
which make up the bulk of a tumour. It seems that to target the whole
tumour, employing traditional therapies to target bulk populations along-
side targeted CSC-specific drugs, provides the best hope of lasting treat-

ment or even cure.

The Cancer Stem
Cell Hypothesis

9.1

The presence of a specialised tumour-initiating
cell has been proposed for two centuries, stimu-
lating experimental studies that resulted in inter-
esting predications and insights with the
technologies available at the time [1-4]. Huntly
and Gilliland have presented an excellent time-
line of cancer stem cell (CSC) research that starts
in 1855 [5]. For example, Furth and Kahn
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described transmitting leukaemia between mice
using a single cell in 1937 [3], which has now
become a much-debated gold standard test for
defining a CSC. The CSC hypothesis can be
summed up by the statement that “not all cancer
cells are equal” [6-9]. The hypothesis was con-
fined to obscurity for a time, mainly due to the
difficulties encountered in purification of the
CSCs from complex and heterogenous tumour
material, but also due to other “harder” lines
of enquiry about the nature of the cancer cell.
These included hugely significant discoveries in
cancer research; cancer-associated viruses, cancer
genetics, immune response, microenvironment,
hormones and environmental factors, multi-
step mutations, oncogenes, tumour suppressors,
genetic instability and epigenetics [10]. Incremental
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progress on CSCs was made, but it has only
been gathering significant momentum for the last
15 years. Following publication of Lapidot et al.
in 1994 [11] describing a tumour-initiating cell in
acute myeloid leukaemia (AML), and further
findings in the haematopoietic system, where the
ability to analyse single cells is greatest, discov-
eries in solid tumours were not far behind. So far,
CSCs have been defined for AML [12], multiple
myeloma [13], B-ALL [14, 15], T-ALL [16],
colon [17], breast [18], prostate [19], glioblas-
toma [20], medulloblastoma [20, 21], bladder
[22], melanoma [23, 24], head and neck [25, 26],
liver [27], kidney [28], pancreas [29], ovarian
[30], lung [31] and endometrial [32] tumours.
The discovery of markers for CSCs in different
tumour types and the ability to isolate stem cells
from both cancer tissues and cell cultures has
fuelled the current surge of research in this area.

Cancer Stem Cells: Identification
and Isolation

9.1.1

CSCs were originally isolated on the basis of
normal adult stem cell properties; self-renewal,
differentiation and homeostasis, that is maintain-
ing a balance between cell proliferation and cell
death [33, 34]. It is perhaps pertinent at this junc-
ture to discuss the term “cancer stem cell”, since
it is often a topic of debate. Alternative terms
such as “tumour-initiating cells” and “clonogens”,
as used by radiation biologists, may be more
accurate. The consensus view is that CSCs have
the capacity to give rise to a tumour and indeed
can be thought of as the driving force behind
tumour growth. All cell types within a tumour
mass should therefore be derived from a CSC and
cellular heterogeneity in cancer may be the result
of an aberrant hierarchy of cell differentiation
and development observed in normal tissues.
Importantly, like normal stem cells, CSCs should
also have the ability to proliferate and self-renew
and thus maintain themselves, as well as giving
rise to daughter cells. But CSCs have the addi-
tional properties of tumour initiation and invasion
and conversely have a disrupted homeostasis
[8, 35, 36]. It is nevertheless important to remember
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that, despite the name, a CSC does not necessarily
arise only from a normal adult stem cell but could
arise from a more differentiated cell, as long as it
displays the defined characteristics described
above [37, 38]. This concept is illustrated by the
existence of induced pluripotent stem (iPS) cells,
where a differentiated somatic cell, e.g. a kerati-
nocyte, can assume stem cell characteristics with
the transduction of a defined set of transcription
factors [39-42].

Like stem cells in a normal tissue, it has been
assumed that CSCs would be a rare population of
cells, but this has been questioned and indeed
seems to vary between and even within different
tumour types [43]. In melanoma studies with
NOD/SCID mice tumour-initiating cell content
was estimated at 0.001-0.1%, whereas when
using an interleukin-2 receptor gamma chain null
mouse, that is more immunocompromised and
therefore more permissive for tumour initiation/
growth, the percentage of tumour-initiating cells
rose to 25% [44]. This finding first cast doubt on
the rarity of CSCs. However, recent xenograft
studies with pancreatic, non-small cell lung and
head and neck cancers have shown that even
under highly permissive xenograft conditions,
the number of tumour-initiating cells was still
low (1 in 2,500) [45]. These studies do highlight
the variations between tumour types. In addition,
a correlation between CD133 expression and the
grade of tumour was observed by Singh et al.
Lower-grade astrocytomas had a smaller fraction
of CD133* cells than higher-grade medulloblas-
tomas [20]. As well as biological testing, the CSC
hypothesis has been mathematically modelled
and the results indicate that the kinetics of treat-
ment, regression and relapse, fit with the hypoth-
esis [46]. The hope is that more sophisticated
computer modelling combined with biological
findings could contribute to data on drug discovery
and drug response prior to in vivo testing.

9.1.2 Cancer Stem Cell Markers

There is no single CSC marker, and CSCs have
been defined using a variety of markers that vary
between tumour types. These include CD133,
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Fig.9.1 How to culture epithelial cells from primary prostate tissue (TURP transurethral resection of the prostate)

CD44,CD24,CD90, CK5,CK20,CD47, ALDHI,
ESA, CD166, B1 integrin, a6 integrin, CKS,
B-catenin, BMI1, NANOG, SOX2, Musashi,
OCT4, CD105, CD271, ABCBS5, MyoD88, Lin28,
CD117, a2 integrin, CD4, CD34, CD7, CD19 and
CD20. Several recent reviews have listed com-
prehensive lists of markers for each tumour type
[43, 47-49]. Tt is acknowledged that there is no
perfect marker for all tumour types, and for isola-
tion the use of several independent markers is
required, such that a pure population of cells is
obtained rather than just an enrichment [50]. To
isolate prostate (cancer) stem cells in our labora-
tory we culture primary prostate epithelial cells,
then select for a2fintegrin high and low expres-
sion by using rapid adherence to collagen I plates.
The cells that do not adhere to collagen I are
harvested as the a2 lintegrin cells (committed
basal cells). Next, the a2flintegrin® fraction is
collected and further selected using antibody
beads and MACS columns to separate into

o2Blintegrin/CD133 (transit-amplifying cells)
and a2Blintegrin®/CD133* (stem cells) popula-
tions (illustrated in Fig. 9.1). Culturing of pri-
mary prostate epithelial cells is described further
below.

In terms of a therapeutic strategy, it is desir-
able (but not an absolute requirement in a non-
essential organ like the prostate) to eliminate the
CSCs without destroying healthy normal adult
stem cells [51]. There are characteristics that are
unique to adult stem cells but may not be relevant
to CSCs, and vice versa, but there are also com-
monalities [52]. Therefore, it is important to
examine each population in isolation. Several
microarray studies have highlighted the impor-
tance of studying selected populations of cells
from tumours [53, 54]. In prostate, for example,
the proportion of normal stem cells is 1-3% and
the proportion of CSCs is 0.1%, therefore any
nuances of expression in these populations would
be masked by the bulk populations if the tumour
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was analysed as a whole [53]. The microarray
expression analyse have shown significant differ-
ences between stem cells and more differentiated
cells, which strengthens the idea that stem cells
are indeed different.

9.1.3 Criticisms of the Cancer
Stem Cell Hypothesis

One criticism of the CSC hypothesis is that it
focuses on the tumour-initiating capability of the
stem cell, while ignoring the influence of the
microenvironment [55]. This may be the case in
some instances, although there are many studies
that highlight the significance of microenviron-
ment and stem cell niche, whilst also highlighting
the difficulty of developing a true in vitro model.
Another criticism is that most researchers are
either proponents of the stochastic model or the
hierarchical model of cancer and appear not to be
open to both. In the stochastic model, all cells
have the same potential to become tumorigenic,
but it is the occurrence of random (mutational)
events that induce one cell to be altered and not
another and in this way heterogeneity of the
tumour mass occurs. The work on melanoma,
using severely immune-compromised mice [44]
as described above, suggests that a very high pro-
portion of cells are tumorigenic, in support of the
stochastic model. However, there have been lin-
eage-tracking studies in other tumours that sup-
port the CSC hypothesis. The likelihood is that
all tumours have variable degrees of the features
of each model, but not to the exclusion of the
other. We must be open to all available evidences.
A recent review by Gupta et al. describes the cur-
rent evidence for the existence of CSCs [56]. To
track the stem cell content and its ability to dif-
ferentiate, we have carried out lineage-tracking
studies in our lab using lentiviral transduction
of both prostate cell lines and primary prostate
epithelial cell cultures [57]. This strategy had
been identified by ourselves in prostate and by
others in leukaemias [58] as a means of monitoring
stem cell differentiation in real time. Lentiviruses
have the advantage that they infect all cells,
including quiescent cells, and will integrate the
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lineage tracking expression cassettes into the
genome, such that they will be passed to daughter
cells. In our study, cell lines were used to confirm
expression of differentiation-specific promoters
within lentivirus vectors, prior to infection of
primary prostate epithelial cells. We successfully
infected the CDI133*/0a2Blintegrin® stem cell
fraction of primary prostate epithelial cells. In
addition, we showed that expression of the PSAPb
promoter was activated following differentiation
of basal cells into a luminal phenotype (culture
conditions are described below). The strategy
was successful, however in different systems the
choice of promoters, the virus titers and efficiency
of infection of primary cells would need to be
optimised.

9.1.4 Prostate Cancer Stem Cells: Basal
vs. Luminal Cells

The CSC hypothesis and indeed the specific
markers to identify the CSCs are more estab-
lished and more accepted in some tumour types
than others. In prostate and breast cancer there
remains a controversy about whether the stem
cell is a basal cell or a luminal cell but here the
discussion will focus on prostate cancer. The
prostate is a slow-growing gland that does not
have the turnover of, for example, the intestine or
skin. Prostate cancer is principally a disease of
ageing. Therefore, for a mutation to occur and be
selected for and then be passed on to daughter
cells such that a tumour is formed, it would be a
long process in the prostate. It is likely that the
differentiated cells that stop growing or indeed
die, are less likely to be the initiators of tumours.
A long-lived stem cell is more likely.

It was originally thought that the initiating cell
of a prostate cancer would be a luminal cell
because the majority of cells in the tumour are of
a luminal phenotype. Indeed, the luminal:basal
ratio changes from ~60:40 luminal:basal in normal
prostate to ~99:1 luminal:basal in prostate cancer.
In mouse prostate, Wang et al. suggested that a
luminal cell is a cell of origin of prostate cancer
by identifying CARN (castration-resistant
Nkx3-1-expressing) cells [59]. These cells are
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defined as luminal because they do not express
basal marker p63 but do express cytokeratin 18
and androgen receptor (AR). CARN cells are
candidates for a stem cell because they are present
in androgen-deprived, regressed prostates and
form tumours when they are PTEN null.

However, there is equally compelling evidence
that in fact it is a basal cell that is the origin of
prostate cancer in mouse. Mouse prostate stem
cells defined with Lin'Sca-1*CD133*CD44*CD117*
markers, a basal cell, have been shown to form
a prostate gland from a single cell [60]. These
studies either mean that in mouse there are two
stem cells, one basal and one luminal, or that
further examination of both models is needed to
find one definitive stem cell.

In normal human prostate, Robinson et al. [61]
showed that luminal epithelial primary prostate
cells arise from basal cells in culture. In 2004,
CD133 was identified as a marker for normal
human prostate stem cells from primary prostate
cultures [62]. From this work it was then shown
that CD133 could be used as a marker for CSCs
using primary prostate epithelia from human
tumours, along with a2 lintegrin [19]. This was
concluded on the basis of their ability to self-
renew, differentiate, proliferate and form second-
ary colonies. The primary cells were able to
invade in matrigel assays at an even higher rate
than the most invasive prostate cancer cell lines.
All these experiments were carried out using
primary epithelial cells cultured from patient
tumours with no genetic manipulation. The one
piece of evidence that is missing from this study
is the demonstration of tumour initiation in vivo
although work in this area is beginning to emerge
(see below). Since then, other publications have
supported the notion of a basal CSC in prostate
[63—69]. Two elegant in vivo studies used a very
different strategy to come to the same conclusion
that the cell of origin of prostate cancer is a basal
cell [64, 66]. Lawson et al. used mouse basal cells
into which they engineered increased ERG
expression and activation of the PI3K signalling
pathway, resulting in tumours with a luminal
phenotype. Similarly, Goldstein et al. used primary
human benign prostate cells and lentiviruses to
introduce activated AKT, ERG transactivator and
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AR in both basal and luminal cells, and assayed
for tumorigenicity at each stage by injecting
>5,000 cells into immunocompromised mice
subcutaneously. Only the basal cells gave rise to
a tumour, which was histologically similar to
human prostate cancer, i.e. it contained a reduced
basal cell content and had differentiated into a
largely luminal mass. Currently, therefore the
evidence is in favour of a basal phenotype for
both normal and CSCs in the prostate [70].

In Vivo Evidence for Prostate
Cancer Stem Cells

9.1.5

A precise identity for the CSC in prostate has not
reached a consensus, primarily due to lack of
in vivo results, to match those available from
other tissue and tumour types. While xenografting
of the human prostate into immunocompromised
murine hosts is a complex procedure with, at best,
moderate success rate [71], encouraging recent
data from our laboratory indicates that tumour
frequency is higher when using the CD133" stem
cell fraction [70]. Primary tumour material, directly
from patient samples is injected subcutaneously
into Rag2”-gammaC~~ mice, xenograft tumours
are harvested and lineage-depleted then total
cells or fractionated cells are serially regrafted.
CD133%, CD44* and CD24* fractions were exam-
ined at cell numbers ranging from 10* to 10° cells
per graft. Tumour latency ranged from 30 to 160
days depending on cell type and number of cells
used and cancers developed in all fractions except
the CD24"e fraction, which typically is selected
for luminal cells. The xenograft tumours gener-
ally had an intermediate phenotype including
expression of CD44* and focal expression of
AMACR, AR, PSA and p63. In vivo tumour-
initiating assays with primary prostate epithelial
cells has been challenging and even with an opti-
mum in vivo model, the efficiency of tumour-take
was still low (15%) although it is higher from
the highest Gleason-grade tumours (Gleason 9)
and highest from hormone-refractory cancers.
This is most likely due to prostate tumours being
slow-growing, and the requirement to adapt to
the in vivo mouse model environment.
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9.1.6 Culture Conditions to Study
Cancer Stem Cells

There are a variety of models in use to study
CSCs (see Fig. 9.2). Cells cultured from primary
patient material without excessive manipulation
are preferable, however this is not a possibility
for all labs, primarily due to restricted availability
of patient material. For this reason many labora-
tories have exploited cell lines that show some
characteristics of CSCs [72-74]. Such models
can be good for hypothesis building and testing,
however they should be used with caution due to
the genetic changes the cells have endured to
induce immortalisation, and results should be
followed up in primary samples. For prostate

there is a broad panel of cell lines available [75],
for example, androgen-independent PC3 cancer
cells, androgen-responsive LNCaP cancer cells,
PNTla and PNT2C2 normal cells (transformed
by large T antigen). LNCaPs and PC3 cells are
derived from metastases, and so to provide a cell
line that was derived from a primary localised
prostate adenocarcinoma, Miki et al. derived two
cell lines RC-92a/hTERT (cancer) and RC-165N/
hTERT (normal) from primary prostate epithelial
cells using a retroviral vector encoding hTERT
to immortalise the cells [76]. These cell lines
have a population of CD133* cells that retain
stem cell properties and as a pair should be very
useful tools to study normal vs. CSCs and cell
differentiation hierarchy.
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Stem cells from primary prostate epithelia
can be maintained in culture, however it is to be
acknowledged that long-term continuous culture
actively selects for cells that have adapted to the
growth conditions, plasticware and media com-
ponents. In the case of prostate epithelium, the
media used to maintain the stem cell population
is called stem cell medium (SCM) and includes a
base of KSFM (keratinocyte serum-free medium)
with EGF (epidermal growth factor) and BPE
(bovine pituitary extract) with LIF (leukaemia
inhibitory factor), SCF (stem cell factor),
GM-CSF (granulocyte-macrophage colony stim-
ulating factor) and cholera toxin supplements
[19]. The cells are maintained in SCM as a prim-
itive (basal) phenotype, but can be induced to
differentiate into a luminal phenotype by placing
them in 50:50 DMEM (Dulbecco’s Modified
Eagles Medium):HAMSsF12 with 10% foetal calf
serum, DHT (dihydrotestosterone) and an insert
of primary prostate stroma. This induces a dou-
ble layer of cells with the top layer expressing
luminal markers including AR and PSA. This
manipulation in culture provides further evi-
dence for the induction of an underlying basal
cell phenotype to a luminal cell phenotype in
prostate cancers [57, 77].

Somewhere between monolayer culture and
in vivo models lie 3D in vitro culture models
[78]. These models provide the means to investi-
gate the responses of CSCs to environmental
factors including cell-cell communication and
physical constraints as well as additional features
such as addition of stromal cells. Mammospheres,
colospheres, neurospheres and for prostate,
protaspheres are well developed in culture and
sphere-forming assays are integral to some inves-
tigations as a test of stemness. Inhibition of stem
cells can result in prevention of the formation of
spheres. In terms of drug testing they are a more
acceptable and affordable alternative for initial
drug testing than in vivo models. A clear example
of how the 3D model can be manipulated due to
external influences comes from prostate [79, 80].
Without serum or stroma, prostate epithelial cells
formed solid spheres, but with the addition of

serum a lumen and double epithelial layer are
formed, and with the further addition of stroma
the epithelial cells are polarised, with respect to
integrin expression and ultrastructural features.
Markers of prostate epithelial cell hierarchy in
the model with serum and stroma were observed,
confirming a complete replication of the in vivo
cellular differentiation. However, CD133* pros-
tate epithelial cells in spheres appear to be more
quiescent, whereas they are stimulated to divide
in monolayer culture [81].

How are Cancer Stem Cells
More Resistant to Therapy?

9.2

There are a number of mechanisms of therapy
resistance that have been harnessed by CSCs as
described below and illustrated in Fig. 9.3.

Considerations of
Microenvironment and Niche

9.2.1

There is no doubt that environment plays a
crucial role in whether or not a tumour will be
“successful”. It is highly likely that there are cells
that over-proliferate or continue to exist, rather
than undergo apoptosis and form the start of what
could be a tumour but fail for some reason, e.g.
lack of blood supply, clearance by the host
immune system, lack of adaptation to environ-
ment or physical constraints. For a ball of uncon-
trolled cells to become a primary tumour and to
further develop into a potentially fatal secondary
tumour, several factors contribute and “niche” is
one of those [§1-83]. It has however, been very
difficult to experimentally model the CSC niche.

Given the importance of microenvironment, a
two-pronged approach to prostate cancer treat-
ment, i.e. targeting both the cancer cells and the
surrounding stroma may well be required. Here
however, the ability of the cancer cells and stem
cells to adapt to their environment, will render
them something of a moving target [84]. This
adaptation is highlighted most clearly by the
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epithelial-to-mesenchymal transition (EMT) that
is necessary for invasion and metastasis [85-87].
However, there are other adaptations that occur;
for example, adapting to inflammation, oxidative
stress and hypoxic conditions, co-evolution of
cancer cells and fibroblasts resulting in cancer-
associated-fibroblasts (CAFs) and adaptation of
prostate cancer cells to grow in bone (osteomim-
icry) [84]. More careful consideration of this
plasticity will be necessary when deciding how
best to target CSCs.

9.2.2 Multi-Drug Resistance
Due to Drug Efflux
and Detoxifying Enzymes

The ABC transporters are a family of >10 drug
efflux proteins that are expressed in normal and
CSCs and include ABCG2 and ABCB1 [88, 89].
They are a mechanism of resistance of CSCs to
chemotherapy [90, 91] and their ability to pump
out dyes as well as drugs means that they are used

as a marker for stem cells [92]. ALDH1 (alcohol
dehydrogenase) is able to detoxify drugs and has
also been used as a marker of CSCs [93] and a
measure of poor prognosis in the clinical setting,
for example, in breast cancer [94]. The use of
ABC transporter inhibitors has been suggested as
an approach to usurp the CSCs [95, 96].
Unfortunately, finding inhibitors with limited
toxicity that result in uptake of the drug with no
loss of efficacy has proved challenging. New
strategies to inhibit the ABC transporters includ-
ing nanoparticles, antibodies, siRNA, antisense
oligonucleotides and transcriptional regulation
are being developed [97].

9.2.3 DNA Damage Response:
Cell Cycle Checkpoints
and DNA Repair

Traditional cancer treatments, such as chemo-
therapy and radiotherapy, kill cancer cells by
inducing DNA damage and eliciting a death
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response. This is typically most effective in rapidly
proliferating cells, that is cells which have lost
their ability to respond to antigrowth signals and
are self-sufficient in positive growth signals, two
of the hallmarks of cancer [98]. There is consid-
erable evidence to show that CSCs have a differ-
ent DNA damage response when compared to the
more differentiated tumour cells and thus are
resistant to these treatments [99, 100]. For exam-
ple, CD133* glioblastoma stem cells from pri-
mary samples and from xenografts had enhanced
DNA repair relative to CD133" cells, most prob-
ably due to activation of a cell cycle checkpoint
[101]. The resulting radioresistance could be
reversed by the use of Chkl and Chk?2 inhibitors.
Interestingly, it has also been shown that hypoxic
conditions expand the stem cell population in
glioblastoma [102]. In leukaemia stem cells it has
been shown that a p21-mediated arrest of the cell
cycle allows for DNA repair and survival of the
stem cell [103]. Cell cycle stage and control over
cell cycle checkpoints have a significant impact
on treatment outcome. In addition, heterogeneity
within stem cells gives an added layer of com-
plexity as seen in haematopoietic stem cells,
where there are both quiescent and proliferating
stem cells. Both are protected from ionising radi-
ation through DNA damage response and repair
mechanisms, but whereas proliferating cells opt
for the homologous recombination pathway when
repairing double-strand breaks, the quiescent cells
opt for the more error-prone non-homologous
end-joining pathway [104]. The mechanism of
radioresistance in breast CSCs is due to the acqui-
sition of less DNA damage and reduced reactive
oxygen species (ROS) as a result of an increase
in ROS scavenging enzymes [105]. The BMI1
polycomb protein can also confer radioresistance
in glioblastoma stem cells by promoting the
recruitment of ATM kinase, a crucial mediator
of the DNA damage response, to the sites of
damage [106].

In summary, resistance to DNA damage occurs
through different mechanisms including activa-
tion of cell cycle checkpoints, enhanced DNA
repair and quenching of ROS. It has been shown
that by teasing apart mechanisms of which path-
ways are affected, specific inhibitors can be used
to interfere with the CSC resistance mechanisms.

In addition, it has also become apparent that the
best strategy is likely to use a traditional treat-
ment such as radiotherapy combined with a spe-
cific drug that inhibits a DNA repair or checkpoint
pathway.

9.2.4 Inhibition of Apoptosis

Tumours progress not just due to increased pro-
liferation but also as a result of lack of apoptosis.
Evasion of apoptosis is another of the hallmarks
of cancer [98]. Therefore, it is not surprising that
CSCs have mechanisms to suppress apoptosis
thus ensuring their long-term survival [107]. The
inhibitor of apoptosis family of proteins (IAPs)
are caspase inhibitors that typically contain the
baculovirus IAP repeat (BIR). Two members,
XIAP and cIAPI1 are present at higher levels in
CD133* glioblastoma cells [108]. Survivin,
another IAP family member, is involved in main-
taining normal stem cell function as well as pre-
venting apoptosis [107]. NF-kB is atranscriptional
transactivator, which sits at the centre of many
response pathways in mammalian cells. One such
pathway is the activation of anti-apoptotic pro-
teins and survival factors [109]. In the prostate,
parthenolide, which blocks NF-kB signalling,
resulted in killing of CSCs but no loss of viability
in CD133* normal cells [53]. A similar outcome
with parthenolide was seen in myeloid and
lymphoid leukaemias [110]. This suggests that
interfering with NF-kB signalling, which is
upregulated in CSCs, can have a therapeutic
effect, although its multiplicity of functions in
many cell types might restrict its direct inhibition
as a treatment strategy. The Bcl-2 family of
proteins has anti-apoptotic and pro-apoptotic
properties. Overexpression of Bcl-2 results in an
increase in the number of haematopoietic stem
cells and also protects these stem cells against
chemotherapy [111]. A similar effect is seen in
glioma stem cells, where an increase in Mcl-1
(Bcl-2 family member) conferred resistance to
treatment [112]. Thus, it seems that CSCs have
harnessed anti-apoptotic mechanisms to ensure
their survival and interfering with these signalling
pathways could be considered as a treatment with
the potential to target CSCs.
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9.2.5 Targeting Stem Cell
Maintenance as a Therapeutic
Strategy

There are other signalling pathways that are
emerging as targets for CSC treatment. These
include the Wnt/B-catenin, Notch and Hedgehog
signalling pathways [113]. These pathways are
also active in normal stem cells, where they are
involved in self-renewal, proliferation and differ-
entiation. There are now active clinical trials
involving compounds that interfere with these
pathways. The effect of Notch inhibition in breast
cancer cell lines and primary cells was to prevent
sphere formation, proliferation and colony for-
mation, indicating that elevated Notch has a crucial
role to play in maintaining stem cell properties
[114]. This effect was replicated in glioblastoma,
where blocking the Notch pathway with y-secretase
inhibitor treatment resulted in depletion and
reduced proliferation of CD133* cells and reduced
neurosphere formation. This effect in turn not
only reduced the number of cells able to form
xenografts but also slowed the growth of tumours
[115]. There is evidence that the Wnt and B-catenin
are involved in radioresistance in mouse mammary
CSCs [116].

Since these developmental signalling pathways
display extensive crosstalk, it is likely that target-
ing only one pathway may not be sufficient. For
example, in a pancreatic cancer xenograft model
only a combination of Hedgehog inhibition
(cyclopamine) with mTOR blocking (rapamycin)
alongside chemotherapy (gemcitabine) reduced
the numbers of CSCs [117].

9.2.6 A Role for microRNAs
in Therapy Resistance

A developing area of research is the role of
microRNAs in cancer development, EMT transi-
tion and drug resistance [118], where it seems
that microRNAs also have a role in stem cell
maintenance [119], stem cell division [120, 121]
and CSCs [122]. There are oncogenic and tumour
suppressive microRNAs, both of which are
deregulated in cancers. For example, loss of
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miR-34, which promotes p53-mediated apoptosis,
has been observed in pS3-mutant gastric cancers.
When expression was restored in two p53-mutant
pancreatic cancer cell models, this resulted in
inhibition of growth, invasion and an increase in
G1 and G2/M arrest [123]. As miR-34 is a down-
stream target of p53, the addition of the microRNA
restores not only this pathway but it also results
in downregulation of Bcl-2, thus increasing apop-
tosis. Restoration of miR-34 acted to sensitise
cells to radiotherapy and chemotherapy. There
are now active investigations into how to inter-
fere with microRNAs, to induce differentiation of
CSCs or to halt EMT [124, 125].

Clinical Relevance
of Cancer Stem Cells

9.3

There is now a pressing need to specifically target
novel treatments to CSCs for two reasons; firstly,
to prevent secondary tumours if indeed tumour
spread is initiated by CSCs, but secondly and
most worrying, recent findings that chemother-
apy and radiotherapy can actually result in an
enrichment of CSCs. There is in vitro evidence
for this in breast cancer and colon cancer. Primary
colon cancer cells were serially transplanted
in xenografts and following cyclophosphamide
or irinotecan treatment residual tumours were
enriched with colon CSCs. These cells were tum-
origenic and had increased levels of ALDHI,
which conferred chemoresistance [126]. In breast
cancer cell lines CD24-°/CD44* tumour-initiating
cells increased in numbers following a course of
radiation treatment [127]. This correlates with
clinical findings that there is a boost in repopula-
tion of tumour cells between radiotherapy treat-
ments. Also in breast cancer cell lines CD24 "%/
CD44* tumour-initiating cells increased follow-
ing selection in doxorubicin [128]. Significantly,
these findings in cell lines were supported in
a study using patient samples [129]. Interest-
ingly, the residual tumour-initiating cells that
remained following endocrine therapy or che-
motherapy are CD24°%/CD44* and also have
mammosphere-forming ability and have an increase
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in mesenchymal markers. This association of
mesenchymal markers indicating EMT with
therapy resistance has been reported before and
suggests that CSCs are not only resistant to
therapy but undergo changes that allow them to
invade and initiate metastasis. If this is also the
case in the patient, then traditional therapy could
provide some initial relief but ultimately cause
more harm than good in the long term.

9.4 Conclusion

To sum up, research into the field of CSCs has
accelerated significantly for the last ten years. But
perhaps it is now appropriate to look in overview at
the nature and the impact of the thousands of pub-
lications in this area. We need to ask the fundamen-
tal questions that still need to be answered in cancer
research and determine if what we know now
regarding the CSC model has answered them.
What impact has this discovery had on patient
treatment? If we eliminate CSCs will it really elim-
inate the tumour? What is the future potential based
on our new knowledge? And, what new problems
do we have to face? How can we overcome the
mechanisms of resistance of CSCs? Future areas of
investigation must also take into account the plas-
ticity and adaptability of the stem cells as well as
their heterogeneity. Alternative techniques includ-
ing mathematical and computer modelling are
already playing their part in this process and can
help to visualise the process of cell differentiation,
such as the model presented by Enver et al. illus-
trating a landscape picture of cell differentiation
[130]. Ultimately the hope is that targeting CSCs
as part of cancer treatment can be more patient-
specific and tumour-targeted with no relapse.
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Abstract

MCF-10F, an ERa negative human breast epithelial cell line derived from
normal breast tissue, is able to form ductal structures in a tridimensional
collagen matrix system. MCF-10F cells that are estrogen transformed
(trMCEF cells) progressively express phenotypes of in vitro cell transfor-
mation, including colony formation in agar methocel and loss of the ductu-
logenic capacity. Selection of these trMCF cells for invasiveness identified
cells (bcMCF) that formed tumors in severe combined immunodeficient
mice. The cell lines derived from those tumors (caMCF) were poorly
differentiated ER, PR, and ERBB2 negative adenocarcinomas. These char-
acteristics are similar to the human basal cell-like carcinomas. This in vitro—
in vivo model demonstrates the importance of the basal cell type as a stem
cell that reconstitutes the branching pattern of the breast and that is also
target of a carcinogenic insult leading to transformation and cancer.

associated with specific clinical behavior [2].
The classification and grading of the tumors,
which are essential for selecting therapeutic
approaches and the prediction of their biological
behavior and patient prognosis, are currently
based on the Nottingham modification of the
Scarff-Bloom-Richardson system (NSBR) grad-
ing scheme. This system, however, is hindered
by the subjectivity of the morphological assess-
ment of nuclear grade, mitosis, and tubular for-
mation [3]. The discovery that the morphological
heterogeneity of breast cancer is also reflected

10.1 Introduction

Breast cancer is an invasive and ultimately fatal
disease whose incidence in postmenopausal
women has gradually increased in most Western
societies over the last few decades, but has sharply
increased in younger women [1]. Invasive breast
cancer is a heterogeneous disease that encom-
passes a variety of pathological features that are

J. Russo (B4) at the transcriptome level has allowed the classi-
Breast Cancer Research Laboratory, fication of breast cancer into five main groups:
Women Cancer Program, Fox Chase Cancer Center, . . g ps:
Philadelphia, PA 19111, USA luminal A and B, normal breast like, ERBB2
e-mail: J_Russo@fccc.edu (HER?2), and basal-like breast carcinomas [4—6].
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The luminal-like subtypes display moderate to
high expression of ER and luminal cytokeratins.
The basal-like carcinomas, which have been
reported to have a more aggressive clinical behav-
ior, are the focus of this work. They are composed
of cells that consistently express genes usually
found in normal basal/myoepithelial cells of the
breast, including basal cytokeratins (5/6, 14, and
17), E-cadherin, caveolin 1, and p53 [7, 8].
Molecular analyses of basal-like carcinomas have
confirmed the frequent lack of expression of
estrogen (ER) and progesterone (PR) receptors
and HER2, high levels of expression of prolifera-
tion-related genes, and frequent mutation of the
TP53 gene. Morphologically, basal-like breast
carcinomas present with high histological grade,
high mitotic indices, central necrotic zones, push-
ing borders, and a conspicuous lymphocytic infil-
trate. In addition, metaplastic elements and
medullary/atypical medullary features have been
reported. Similarities have been found between
basal-like tumors and breast carcinomas occur-
ring in BRCA1 mutation carriers, in premeno-
pausal African American women, Hispanic
women, and in general, in the younger breast
cancer patient population. Breast cancer is more
aggressive in African American women [9]; this
phenomenon has been partly explained by a later
stage at diagnosis [10], larger size of the tumors
that are more commonly high grade, and both ER
and HER?2 negative [11-14].

Basal-like breast cancer has been strongly
associated with African American race and
Hispanic ancestry [15-18].  Surveillance,
Epidemiology, and End Results (SEER) data [19]
also show a shift toward more aggressive sub-
types in African American and Hispanic women
that is consistent across several studies that include
basal cell type with a 5-year relative survival of
only 14% [20, 21]. Basal-like breast cancers are
measured with specificity by adding positive
markers such as cytokeratin 5/6 or epidermal
growth factor receptor [22]. Nonetheless, specific
markers for basal-like breast cancer are not
presently available in most studies, even though
distinguishing true basal-like from triple negative
breast cancers has important implications for
clinical prognosis [22, 23].
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10.2 Biological and Molecular
Understanding of Basal
Breast Cancer and
Epithelial-Mesenchymal
Transition (EMT)

10.2.1 The In Vitro Model

of Basal-Like Breast Cancer

Primary mammary epithelial cells grown in
collagen matrix are able to form tree-like struc-
tures resembling in vivo ductulogenesis [24]. The
human breast epithelial cells MCF-10F form
tubules when grown in type I collagen. The advan-
tage of an in vitro model of three-dimensional
(3D) growth is that it reproduces the epithelial
architecture of the breast (Fig. 10.1) [24-30].
Normal epithelial cells form duct-like structures,
having apical-basal polarity and well-organized
tubular structures with stable adherent junctions
and cell-basement communications. The cell’s
neoplastic transformation is associated with the
loss of apical-basal polarity and monolayer mor-
phology and significant deviations from normal
epithelial behavior in 3D cultures [24-30].

Our observations that ductal carcinomas origi-
nate in the Lob. 1 of the immature breast (Fig. 10.1)
[31], which are the structures with the highest
proliferative activity, and the fact that the cells
that do proliferate in culture are ER negative sug-
gests that the stem cells that originate from nor-
mal ductal structures and cancer are the ER
negative proliferating cells. This idea is supported
by our observations that MCF-10F, a spontane-
ously immortalized ER negative human breast
epithelial cell line derived from breast tissues con-
taining Lob.1 and Lob.2, is able to form normal
ductal structures in a tridimensional collagen
matrix system (Fig. 10.2). The ductal structures
are lined by a monolayer of well-polarized epi-
thelial cells that become malignant after exposure
to either the chemical carcinogen benz[a]pyrene
[32] or the natural estrogen 17B-estradiol (E,)
[24, 29].

We have developed an in vitro—in vivo model
of human breast epithelial cells transforma-
tion induced by estradiol (Fig. 10.3) [29, 30].
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Lobule type 1 Ductal carcinoma in situ

Fig. 10.1 Lobule type 1 or the terminal ductal lobular unit is the site of origin of ductal carcinoma in situ. Adapted
from Russo et al. [76]
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In this model, the human breast epithelial cell
line MCF-10F that is estrogen receptor o (ESR)
negative was transformed by estradiol, and dif-
ferent cell lines that represent different stages of
breast cancer progression were isolated [29, 30].
The MCF-10F progression model consists of four
derived cell lines: (a) the spontaneously immor-
talized cell line MCF-10F, which does not show
any characteristics of invasiveness or tumor forma-
tion and therefore is considered to be a normal-
like breast epithelial cell line; (b) the transformed
trMCEF cells; (c) the invasive bsMCF cell line;
and (d) the tumor cell lines, caMCFs, which show
all characteristics of a fully malignant breast
cancer cell types [29, 30] (Fig. 10.2). The bsMCF
cells induced tumors in severe combined immu-
nodeficient (SCID) mice that were poorly differ-
entiated adenocarcinomas that were ESR, PR,
and ERBB2 negatives and are also metastatic to
the lung (Fig. 10.3).

Loss of the ductulogenic capacity is the earli-
est phenotype observed accompanied by increas-
ing cell proliferation and the activation of genes
related to DNA cell replication, inhibition of
apoptosis, and the expression of genes related to
cell polarity, cell positioning, and cellular archi-
tecture. Further selection of these trMCF cells for
invasiveness in a Matrigel invasion system identi-
fied cells (bcMCF) that formed tumors in SCID
mice. The cell lines derived from those tumors
(caMCF) were poorly differentiated ER, PR, and
ERBB2 negative adenocarcinomas [29, 30].
These characteristics are similar to the human
basal cell-like carcinomas previously described
[6]. To better understand the molecular events
associated with the progressive phenotypic
changes that were observed during estrogen-
mediated malignant cell transformation, we
analyzed chromosomal copy number (CN), loss
of heterozygosity (LOH), and gene expression
changes that occurred at different stages of cell
transformation. By integrating these data we were
able to identify associations between CN changes,
LOH, transcript expression, and phenotypes of
invasion and tumorigenicity, including a strong
gene signature of epithelial to mesenchymal tran-
sition (EMT) that was confirmed by immunobhis-
tochemistry [30]. The bcMCF (invasive) and
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caMCF (tumor-derived) cells showed dramatic
changes in morphology, losing epithelial charac-
teristics of polarity and acquiring mesenchymal
characteristics of a fibroblast-like spindle shape
and increased migratory behavior, invasiveness,
and metastatic capabilities. Changes in gene and
protein expression were characteristic of EMT,
namely, loss of intercellular adhesion (E-cadherin
and occludins), downregulation of epithelial
makers (cytokeratins), and upregulation of mes-
enchymal markers (vimentin and smooth muscle
actins) [29, 30].

10.2.2 The Molecular Pathway

Immortal MCF-10F cells are nontransformed,
nontumorigenic, and ER negative. Because
malignant cell transformation of these cells pro-
duced poorly differentiated tumors characteristic
of basal-like carcinomas, we chose to classify
these cells relative to the breast cell lines described
by Charafe-Jauffret et al. [33]. As shown in
Fig. 10.4, these MCF-10F and derived cell lines
clustered in the branch containing the basal breast
cell lines. In our molecular characterization of
malignant cell transformation [30], we identified
the “intermediate filament” component enriched
in gene ontology (GO) analysis, separating
the nontumorigenic MCF-10F and trMCF cells
from the tumorigenic bcMCF and caMCF cells.
Numerous cytokeratins were suppressed or absent,
whereas vimentin was strongly induced in bcMCF
(7.0-fold) and caMCF (8.1-fold). Because of these
findings, we generated a gene list from published
literature for EMT markers and their regulators
[30]. The 52 genes in this list were filtered by low
stringency criteria of combined coefficient of
variation >0.3 and “Present calls” in more than
30% of the samples. The 27 genes passing these
criteria were used for sample and gene clustering
(Fig. 10.5a). Two sample groups and two gene
groups were identified. The nontumorigenic
MCF-10F and trMCF cells were grouped into
sample cluster k, while the tumorigenic bcMCF
and caMCF cells were grouped into cluster A.
On the other side, the genes were grouped into
cluster a and 3 based on their expression pattern.
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Fig. 10.4 Expression profile of EMT markers and their
regulators during malignant cell transformation. (a) A list
of EMT markers and promoting genes was generated a
priory by literature search (26). Hierarchical clustering of
cell lines and genes was performed using dChip software.
Two sample clusters (k and A) and two gene clusters
(o and B) were identified. The red, white, and blue colors
represent level above, at, and below mean expression,
respectively. (b) Detection of epithelial and mesenchymal
markers by immunochytochemistry (100x). a: Histological
sections of MCF-10F cells, reacted with preimmune mouse
serum, were used as the negative control; b—d: MCF-10F
reacted for EMA, E-Cadherin, vimentin, respectively;

The epithelial markers E-cadherin, occludin,
desmoplakin, and cytokertins were decreased,
while the mesenchymal markers fibronectin,
vimentin, and N-cadherin were increased in
bcMCF and caMCEF cells (Fig. 10.5a).

By real-time RT-PCR, it was confirmed
that the expression of FN1, S100A4, SNAI2,
HRAS, and TGFf1 was increased, while CDH1
(E-cadherin) was decreased in bcMCF and caMCF
cells (see [30]). Immunocytochemical analysis
using antibodies against epithelial membrane
antigen EMA (also called MUC1) and E-cadherin
displayed significant loss of these epithelial
markers and increased expression of the mesen-
chymal marker vimentin in tumorigenic cells
(Fig. 10.5b). These findings confirmed the EMT
phenotype revealed by gene expression profile in
Fig. 10.5a.
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Breast
cancer
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e: trMCEF cells reacted with preimmune mouse serum used
as negative control; f~h: trMCF cells reacted for EMA,
E-cadherin, and vimentin, respectively; i: bsMCF cells
reacted with preimmune mouse serum as a negative con-
trol; j—I: bsMCF cells reacted for EMA, E-cadherin, and
vimentin, respectively; m: caMCF tumor cell line cells
reacted with preimmune mouse serum used as negative
control; n—p: caMCF tumor cell lines reacted for EMA,
E-cadherin, and vimentin, respectively; ¢ and r: invasive
ductal carcinoma of the breast as positive control and
immunoreacted for EMA and E-cadherin, respectively;
s: histological section of an invasive adenocarcinoma
immunoreacted for vimentin. From Huang et al. [30]

In order to determine whether there is a rela-
tionship between our EMT gene signature
(Fig. 10.5a) and the classification of the Basal A
and Basal B breast cell lines reported in Neve
et al. [34], we identified nine genes present in
both our EMT gene signature and the 396 gene
classifier set of Neve et al. [34]. By Prediction
Analysis of Microarray (PAM), we have shown
that the parent MCF-10F cells and trMCF cells
can be classified as Basal A, whereas the bcMCF
(invasive) and caMCF (tumor-derived) cells are
classified as Basal B (Table 10.1). Based on these
data, we hypothesize that both Basal subtypes A
and B can arise from the same cell of origin, and
may reflect differing degrees of EMT and inva-
sive potential. To explore this hypothesis further,
we extracted our EMT gene signature from the
Genechip expression files of the 30 cell lines that
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Table 10.1 Genes
differentially expressed
in bcMCF compared to
MCFI10F cells

Symbol
AZGP1
CDH1
EPB41L5
FRMD3
GRB14
GPR56
KLF5
MEST
MTUS1
RAB25
SFRP1
SFRP1
SFRP1
SRPX
ST14
ST14
S100A9
SIK1

Gene name Fold change
Alpha-2-glycoprotein 1, zinc-binding -31.8
Cadherin 1, type 1, E-cadherin (epithelial) -497.8
Erythrocyte membrane protein band 4.1 like 5 -17.7
FERM domain containing 3 -33
Growth factor receptor-bound protein 14 —4.1
G protein-coupled receptor 56 -27.8
Kruppel-like factor 5 (intestinal) -2.9
Mesoderm specific transcript homolog (mouse) —4.3
Mitochondrial tumor suppressor 1 24
RAB25, member RAS oncogene family —46.2
Secreted frizzled-related protein 1 -5.8
Secreted frizzled-related protein 1 =55
Secreted frizzled-related protein 1 -4.8
Sushi-repeat-containing protein, X-linked -6.4
Suppression of tumorigenicity 14 (colon carcinoma) -5.8
Suppression of tumorigenicity 14 (colon carcinoma) —4.2
S100 calcium binding protein A9 -18.2
Salt-inducible kinase 1 -6.9
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Fig.10.6 bcMCEF cells were transfected by Lipofectamine/
Plus Reagent from Life Technologies. The plasmids that
were used for the cotransfection were pGL3 control red
(SV40-luc) from Promega/C. Contag, Standford University,
and pSV40/Zeo from Invitrogen. After the cells were
transfected, selection occurred over a period of 10-12 days
using 1 pg/ml of Zeocin (Invitrogen). After selection, the
cells were allowed a period of time to recover after which
they were expanded. To ensure the presence of luciferase
in the cells, a Luciferase Assay (Promega) was performed

were characterized for invasiveness in a modified
Boyden chamber assay. As shown in Fig. 10.6,
this EMT gene signature classified, with com-
plete concordance to [34], the cell lines into lumi-
nal, Basal A and Basal B subtypes. Of importance
to this proposal, the Basal B cell lines that scored

using the EnVision Workstation plate reader. Mice were
placed in a plastic restraining device equipped with a hole
from which we could access the tail. The tails of the mice
were placed in warm water in order to dilate the lateral tail
veins and to allow easy visualization. Two million (2 x 10°)
cells suspended in PBS were injected into the lateral tail
vein using a 26-gauge needle. The animals were followed
over a period of 5 weeks by Bioluminescence Imaging
using the Caliper LS/Xenogen IVIS Spectrum System to
determine the location of the bcMCF cells

as invasive grouped to the far left (Fig. 10.6).
This result along with the recent report showing
that EMT occurs more frequently in basal-like
tumors [35] indicates the relevance of these breast
cell lines for molecular analysis of the networks
regulating EMT.
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While the regulation of EMT is not fully
understood, a network of several signaling path-
ways affecting the expression and/or function of
a complex hierarchical network of transcription
factors (TFs) has been partially elaborated [36, 37].
Known signaling pathways include multiple
tyrosine kinase receptors leading to Ras-mediated
activation of MAPK and PI3K pathways, TGF-f3,
Notch, and Wnt. From our studies we have evi-
dence that enhanced TGF-f and Wnt signaling
pathways are found in the EMT expressing
bcMCF and caMCEF cells [30]. TGF-B acting
through Smad transcriptional complexes can
repress expression of the Id TFs (Id1, Id2, Id3)
and activate HMGA2, a DNA binding protein
important for chromatin architecture [38].
Expression of HMGA?2 is known to regulate
several EMT controlling TFs including TWIST]I,
SNAI1, and SNAI2 (Slug) [30, 36, 37] (Figs. 10.5
and 10.6). TGF-B and Wnt signaling also
affect the expression of several additional EMT-
regulating TFs including ZEB1 (TCFS), TCF3
(E2A encoding E12 and E47), and LEF1 [37].

Analysis of the EMT expressing bcMCF cell
line revealed the absence of expression of the
secreted frizzled-related protein 1 (SFRP1), a
repressor of Wnt signaling [30]. One allele of
SFRP1 was deleted in these cells, with the remain-
ing apparently silenced by methylation, account-
ing for the 28-fold reduction of this transcript.
Loss and epigenetic inactivation of SFRP1 occurs
often in invasive breast cancer and is associated
with poor prognosis [39]. Inspection of the SFRP1
expression levels in Basal B cell lines [30] showed
absent calls for 4 of the 8 invasive cell lines; and
eightfold decrease in another three invasive cell
lines relative to the noninvasive MCF-10A cells.
Inspection of the expression files for bcMCF cells
and the eight invasive Basal B cell lines [30]
revealed that LEF1 was always absent, while TCF
3 and TCF 8 were expressed.

10.3 The Metastatic Phenotype

As indicated earlier, the bsMCF cells induced
tumors in SCID mice that were poorly differenti-
ated adenocarcinomas ER, PR, and ERBB2 nega-
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tives. bsMCF or caMCF (T4 or T5) cells
inoculated in the tail of SCID mice induced meta-
static foci in the lung (Fig. 10.3). This unique
model allow us (a) to study the genomic and
epigenomic changes present in the cell with met-
astatic capabilities, (b) to use metastatic and non-
metastatic cells from the same genetic background,
and (c) to elucidate the functional role of each of
the genes thus identified. We have found that
more than 74 genes are either down or upregu-
lated in the invasive and metastatic phenotype of
the bsMCF (Fig. 10.7 and Table 10.2). Several
genes controlling invasion and metastasis are sig-
nificantly downregulated in bsMCF (C5) cells
(Fig. 10.7 and Table 10.2). Many of these genes
are silenced by methylation in specific GpC
islands and the role in the process of invasion and
metastasis has been already determined or sus-
pected. For example, AZGP1 is known to be
downregulated in malignant prostate epithelium
[40, 41] but its precise role in metastasis is not
clear. CLDN7 or Claudin 7 is significantly down-
regulated in bsMCEF cells as well as in breast [42,
43] and other types of cancer [44].
Hypermethylation at the CLDN7 promoter was
detected in 20% of colon cancer cells with low
CLDNT7 expression. EPB41L5 erythrocyte mem-
brane protein band 4.1 like 5 is involved in cell
polarity and in maintaining by separation of the
apical and basolateral domains through special-
ized cell—cell junctions [45, 46] and could be an
early marker of metastasis. GPR56 or G protein-
coupled receptor 56 is downregulated in bsMCF
cells and is markedly downregulated in the meta-
static variants of melanoma. Functional studies
have shown that overexpression of GPR56 sup-
presses tumor growth and metastasis, whereas
reduced expression of GPR56 enhances tumor
progression [47, 48]. KLF5 Kruppel-like factor 5
(Fig. 10.8) is downregulated also in bsMCF cells
and reduced in expression in many types of
human tumor [49].

FRMD3 is a member of the protein 4.1 super-
family and is a putative tumor suppressor [50]
significantly downregulated in bsMCF cells.
Grbl4, a growth factor receptor-bound protein 14
member of the Grb7 family of adapters, is an
inhibitor of FGFR signaling. Grbl4 induces an
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Fig. 10.7 Transformation of MCF-10F cells by 17B3-
estradiol treatment. Experimental protocol: MCF-10F
cells treated with 70 nM 17p-estradiol (E,) that expressed
high colony efficiency (CE) and loss of ductulogenic
capacity in collagen-matrix were classified as transformed
(trMCF). Transformed cells that were invasive in a
Matrigel Boyden type invasion chambers were selected
(bsMCF) and plated at low density for cloning (bcMCF).

MCF-10F, trMCF, bsMCF, and bcMCF were tested for
carcinogenicity by injecting them into the mammary fat
pad of 45-day-old female SCID mice. MCF-10F and
trMCEF cells did not induce tumors; bsMCF, formed solid
tumors from which four cell lines, identified as caMCEF,
were derived and cells proven to be tumorigenic in SCID
mice. bsMCF or caMCF when injected in the tail of SCID
mice develop metastatic foci in the lung

Table 10.2 Upregulated Symbol  Gene name Fold change

genes differentially FHL1 Four and a half domains 1 6.5

expressed genes in bcMCF - - - -

compared to MCF10F HEY1 Hairy/enhancer-of-split related with YRPW motif 1 5.4
ZEBI1 Zinc finger E-box binding homeobox 1 12.0
ZEB2 Zinc finger E-box binding homeobox 2 11.5
COL6A3  Collagen, type VI, alpha 3 77.1
FN1 Fibronectin 1 4.9
FOSL1 FOS-like antigen 1 3.8
GNG11 Guanine nucleotide binding protein (G protein), 10.5

gamma 11

HRAS V-Ha-ras Harvey rat sarcoma viral oncogene homolog 6.0
NRP1 Neuropilin 1 6.9
RHOB Ras homolog gene family, member B 5.7
S100A4 S100 calcium binding protein A4 18.8
TGFB1 Transforming growth factor, beta 1 3.1
TIMP1 TIMP metallopeptidase inhibitor 1 2.9
TNS1 Tensin 1 14.9

arrest of the signaling transduction cascades in
the MDA-MB-231cells by blocking PLCy, ERK?2,
JNK1, and AKT [51, 52]. Another role of GRB14
is a binding partner of tankyrase 2. Tankyrase is
an ankyrin repeat-containing poly[ADP-ribose]
polymerase originally isolated as a binding
partner for the telomeric protein TRF1. MEST or

mesoderm specific transcript homolog is a hyper-
methylated gene that is highly enriched for targets
of the PRC2 (Polycomb repressive complex 2) in
embryonic stem cells. MTUS1 or microtubule
associated tumor suppressor 1 is downregulated
in bsMCF cells and is significantly downregu-
lated in colon cancer and breast cancer [53-55]
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Fig. 10.8 Heat map of the bcMCF cells compared with
the MCF10F cells

and in the triple negative (ER- PR- HER2-) breast
carcinomas, a subgroup of highly proliferative
tumors with poor outcome and no available
targeted therapy. Functional studies indicate that
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silencing MTUS1 expression by siRNA increases
cellular proliferation. Conversely, restoring
endogenous levels of MTUS1 expression leads to
reduced cancer cell proliferation, clonogenicity,
anchorage-independent growth, and reduces the
incidence and size of xenografts grown in vivo
[56]. Loss of SFRP1 (secreted frizzled-related
protein 1) expression is observed in breast, along
with several other cancers [57-61], and is associ-
ated with poor patient prognosis. SFRP1 is sig-
nificantly downregulated in bsMCF cells and
it has been shown to be methylated in many pre
and neoplastic breast cancer cell lines. SFRP1
antagonizes the Wnt/beta-catenin signaling path-
way by competing with the Frizzled receptor for
Whnt ligands resulting in an attenuation of the sig-
nal transduction cascade leading to the develop-
ment of several human cancers, including breast
cancer. SRPX sushi-repeat-containing protein,
X-linked is downregulated in bsMCF cells and is
also markedly reduced in carcinomas of colon,
bladder, and ovary and closely linked to the
progression of T-cell leukemia/lymphoma. The
SRPX gene was originally isolated as a novel
suppressor gene of v-src transformation and was
shown to induce apoptosis in human cancer cells.
It has been observed by us and others that TWIST
is an important TF during embryonic develop-
ment and has recently been found to promote the
EMT phenomenon seen during the initial steps of
tumor metastasis. TWIST is upregulated in
bsMCF cells whereas SRPX is downregulated.
Small interfering RNA (siRNA)-mediated deple-
tion of TWIST with upregulation of SRPX.
Indicating an important role of the SRPX gene in
invasion and metastasis. Another gene downreg-
ulated in bsMCF cells is SNF1LK or the serine—
threonine kinase SIK1 (salt-inducible kinase 1)
as a regulator of p53-dependent anoikis.
Inactivation of SIK1 compromised p53 function
in anoikis and allowed cells to grow in an
anchorage-independent manner. In vivo, SIK1 loss
facilitated metastatic spread and survival of dis-
seminated cells as micrometastases in lungs. The
presence of functional SIK1 was required for the
activity of the kinase LKB1 in promoting p53-
dependent anoikis and suppressing anchorage-
independent growth, matrigel invasion, and
metastatic potential. Decreased expression of the
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gene encoding SIK1 closely correlated with
development of distal metastases in breast can-
cers from three independent cohorts. Together,
these findings indicate that SIK1 links LKB1 to
p53-dependent anoikis and suppresses metastasis
[62, 63]. SIK is an inducible gene target of
TGFbeta/Smad signaling. Loss of endogenous
SIK results in enhanced gene responses of the
fibrotic and cytostatic programs of TGFbeta
[64].

Among the upregulated genes in the bsMCF
cells listed in Table 10.3 are FHL1, HEY 1, ZEB1,
ZEB2, FOSL1, and S100A4. FHL1 (four and a
half LIM domains 1) may play an important role
in ER signaling as well as breast cancer cell
growth regulation [65, 66]. HEY1 (hairy/enhancer-
of-split related with YRPW motif 1) and NOTCH3
are upregulated also in bsMCF cells and may
be involved in the EMT process [66—68].
Transforming growth factor-beta (TGF-beta) is
upregulated in bsMCF cells and is involved in the
EMT through activation of Smad and non-Smad
signaling pathways. EMT is the differentiation
switch by which polarized epithelial cells differ-
entiate into contractile and motile mesenchymal
cells. Cell motility and invasive capacity are acti-
vated upon EMT. Multiple TFs, including del-
taEF1/ZEB1, SIP1/ZEB2, and Snail/SNAII, are
induced by TGF-beta-Smad signaling and play
critical roles in TGF-beta-induced EMT. In addi-
tion, both non-Smad signaling activated by TGF-
beta and cross-talk with other signaling pathways
play important roles in induction of EMT. Of
these, Ras signaling synergizes with TGF-beta-
Smad signaling, and plays an important role in
the induction of EMT. FOSL1 is upregulated in
bsMCEF cells and has been shown to be overex-
pressed in MCF 7 cells after development of anti-
estrogen resistance. Fos is a component of the
dimeric TF activator protein-1 (Ap-1), which is
composed mainly of Fos (c-Fos, FosB, Fra-1, and
Fra-2) and Jun proteins (c-Jun, JunB, and JunD).
Unlike Fra-1 (encoded by Fosl1), c-Fos contains
transactivation domains required for oncogenesis
and cellular transformation [69]. The Fos related
antigen-1 (Fra-1) is activated in multiple cancers
and gene ablation can suppress the invasive
phenotypes of many tumor cell lines [69-71].
S100A4 calcium binding protein A4 is upregu-

lated in bsMCF cells and many other cancers
[72, 73]. It promotes metastasis in several exper-
imental animal models, and S100A4 protein
expression is associated with patient outcome in
a number of tumor types and possesses a wide
range of biological functions, such as regulation
of angiogenesis, cell survival, motility, and inva-
sion [74, 75].

10.4 Summary and Conclusions

From these preliminary data we concluded that
the EMT occurring in the breast basal cells
depends predominately on TGF-3 and Wnt sig-
naling pathways, which increase the expression
and function of transcription and chromatin orga-
nization factors that repress the epithelial and
enhance the mesenchymal phenotype, thus favor-
ing increased invasion and metastatic activity.
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Abstract

Recent molecular profiling has identified six major subtypes of breast
cancers that exhibit different survival outcomes for patients. To address
the origin of different subtypes of breast cancers, we have now identified,
isolated, and immortalized (using hTERT) mammary stem/progenitor cells
which maintain their stem/progenitor properties even after immortaliza-
tion. Our decade long research has shown that these stem/progenitor cells
are highly susceptible to oncogenesis. Given the emerging evidence that
stem/progenitor cells are precursors of cancers and that distinct subtypes
of breast cancer have different survival outcome, these cellular models
provide novel tools to understand the oncogenic process leading to various
subtypes of breast cancers and for future development of novel therapeutic
strategies to treat different subtypes of breast cancers.

the majority of breast cancers initially respond to
therapy, they subsequently develop resistance to
chemo-, radio- as well as biological therapies [2].
Moreover, the recent evidence that breast cancer
is not a single disease but rather a group of dis-
eases is making oncologists re-think their ther-
apeutic strategies for treating breast cancer. Recent
advancement in technology has made it possible
for researchers to perform molecular profiling,

11.1 Introduction

Despite the enormous progress made in under-
standing the biology of cancer over the past two
decades, breast cancer remains the second leading
cause of cancer-related deaths among women in
USA [1]. The major problem remains that although

V. Band (54) which led to the identification of five major sub-
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presents as the most aggressive disease with poor
prognosis and poor disease-free and overall sur-
vival of these patients. On the other hand, luminal
A subtype of breast cancer presents a favorable
outcome after conventional therapies [3, 4].
Although initially these studies were unexpected,
particularly the nature of basal subtypes of breast
cancers, our analyses of in vitro cell cultures of
human mammary gland confirmed the presence
of a population of basal subtype of cells in human
breast tissue [5]. More importantly, in vitro stud-
ies have shown high susceptibility of basal sub-
type of breast cells to oncogenic transformation
[6]. Together, these studies strongly support the
idea that breast cancer subtypes either represent
malignancies of biologically distinct cell sub-
types producing distinct disease entities that
may require different treatment strategies, or dif-
ferent subtypes of breast cancers may arise from a
common precursor-based oncogene-driven repro-
gramming. With our newfound knowledge of
breast cancer subtypes, there is increasing evidence
that breast cancer may arise from breast cancer ini-
tiating or breast stem cells; and with the notion that
these cells may account for therapy resistance,
there is a new hope for cancer researchers to
define stem cell based therapeutics.

Our laboratory has been investigating these
questions for over two decades and has developed
cellular models with the goal to (1) identify and
define cancer initiating cells in human mammary
gland that may represent the precursors of different
subtypes of breast cancers and (2) identify novel
cellular pathways whose disruption leads to
transformation of cells. Below we will briefly
focus on the work conducted in our laboratory
over the past 20 years.

11.2 Evidence that Human Breast
Tissue Contains Various
Epithelial Cell Subtypes

The human mammary gland consists of fatty and
fibrous tissue along with a branching ductal system
ending as terminal ducts and acinar structures
called terminal ductal-lobular units (TDLUs) [7].

X.Zhao et al.

Although, not clearly demonstrated, it is believed
that most breast cancers arise in TDLUs. It is
unclear if a linear model of breast cancer pro-
gression similar to colon cancers exists; however,
different stages of benign breast cancers (such as
typical and atypical hyperplasia), noninvasive
cancers (such as carcinoma in situ - ductal or
lobular), and invasive cancers (such as invasive
ductal or lobular carcinomas) do exist. It is gener-
ally accepted that hyperplasia and/or carcinoma
in situ represent earlier stages of invasive carci-
nomas. Additionally, multiple types of in situ
carcinomas, such as solid, cribriform, papillary,
or comedo types have been reported and it is
possible that these represent tumors originating
from different epithelial subtypes [7].

Histological examination of TDLU shows two
major types of cells, luminal cells (that surround
the lumen) and myoepithelial cells (that line the
basement membrane) [7, 8]. The question we
have been addressing is, if there are only two
types of cells in breast, then what is the origin of
the different subtypes of breast cancers? Recent
studies from our laboratory and that of others
have shown existence of stem/progenitor cells in
human tissues, which begins to answer these
questions (discussed below).

Isolation of Stem Cells
from Normal and Tumor
Breast Tissues

11.3

Stem cells have an enormous replicative poten-
tial with the characteristics of self-renewal and
multilineage differentiation. Although still a
controversial notion, many cancers are thought
to originate from cancer stem cells [9]. This
idea has also generated great interest in the field
of breast cancer and researchers have begun to
examine the existence of mammary stem cells.
The cellular milieu of the mammary gland
undergoes significant changes during preg-
nancy, lactation, and involution [7]. These
include bursts of proliferation of existing cells
during pregnancy, continued differentiation
during lactation and apoptosis during involu-
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tion at the end of the cycle. This cyclical behav-
ior strongly supports the idea of a stem cell-like
population in the mammary gland, which would
meet the demand of a pregnancy cycle. The
existence of adult mammary epithelial stem
cells has therefore been proposed. Direct evi-
dence for the existence of such cells has come
from clear fat-pad transplantation, retroviral
tagging, and X-chromosome inactivation stud-
ies in rodent model [8—14].

Recently, using various stem cell markers,
attempts have been made to identify the human
mammary epithelial stem cells [11-14]. Using
immunomagnetic cell sorting based on surface
antigen markers (Muc and ESA), Gudjonsson
et al. were able to isolate Muc-/ESA+/K-19
cells that were able to self-renew and give rise to
MUCH/ESA +cells, thus exhibiting characteris-
tics of breast stem cells [13]. Dontu et al. isolated
undifferentiated mammospheres from single cell
suspensions of mammary epithelial cells (MECs)
obtained by mechanical and enzymatic disso-
ciations of mammary tissue [14]. Primary
mammospheres can be further passaged to
generate secondary mammospheres. Primary as
well as secondary mammospheres were highly
enriched in early progenitor or stem cells capable
of differentiating along multiple lineages and of
self-renewal [14].

Apart from normal mammary stem cells, the
possible existence of a breast cancer stem cell has
been reported in the literature [15, 16]. In a NOD/
SCID xenotransplant model, Al-Hajj et al. used
four cell surface markers, CD44, CD24, ESA,
and B38.1 (a Breast/ovarian cancer specific
marker) [16], and lineage markers to sort differ-
ent populations of breast cells from breast tumor
tissues. All mice injected with Lin-, CD44+,
B38.1+, CD24—/low generated tumors while
none of the mice injected with CD44-, B38.1-
cells showed tumors. Lin-, CD44+, B38.1 frac-
tions were further subdivided based on the
expression of ESA. When used in xenotrans-
plants, Lin-, ESA+, CD44+, CD24—/low cells
generated tumors whereas other populations did
not [16]. The presence of such a population in
breast tumor tissues suggests the possible exis-
tence of breast cancer stem cells.
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11.4 Establishment of Culture
Conditions to Isolate and
Propagate Human Mammary
Progenitor/Stem Cells

For more than 20 years, our laboratory has devel-
oped techniques and culture conditions to estab-
lish normal human mammary epithelial cell
(hMEC) [17]. In our laboratory, we defined a
medium (DFCI-1) that allows proliferation of
hMECs for 3—4 passages (about 15-20 popula-
tion doublings) and then most of the cells senesce
(unable to proliferate) [17, 18]. However, after
about a month of nonproliferating heterogenous
cell population, a more homogenous cell popula-
tion emerges that continues to proliferate further
for 50-60 population doublings, prior to senes-
cence [17, 18]. This process of emergence of
cells capable of proliferating for extended period
is also known as self-selection; prior to selection,
the cells are termed preselection cells whereas
those that emerge after selection are called post-
selection cells. Several years ago, using two-
dimensional gel electrophoresis we had shown
that hMECs cultured in DFCI-1 medium express
keratin markers (K5, K6, K7, K14, K17, K18, and
K19) that would characterize them as progenitors
rather than a particular lineage, i.e., luminal (K8,
K18, K19) or myoepithelial (K5, KI14).
Furthermore, these cells expressed markers of
basal (K5 and K6) subtypes of cells [5]. Although
at that point it seemed a curious finding, recent
direct cDNA microarray profiling of human
breast cancers has led to similar insights, i.e.,
identification of multiple subtypes of human
breast cancers that present distinct outcomes.
Importantly, phenotypic and gene expression
characteristics of these breast cancer subtypes point
to their possible origin from specific subtypes of
MEUC:s, such as basal or luminal cells [3, 4].

It is important to mention that hMECs exhibit-
ing stem cell markers still underwent cellular
senescence [5]. They entered into senescence
either because (1) currently available in vitro
culture conditions developed by us and others for
hMECs do not allow mammary stem cells to self-
renew indefinitely, or (2) these hMECs are not
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stem cells but are uncommitted progenitor cells
and after several population doublings they
lose their ability to self-renew. Unavailability of
markers to distinguish stem vs. progenitor cells
in mammary tissue makes it difficult for researchers
to ascertain if hMECs cultured under these con-
ditions are stem or progenitor cells.

In order to study these cells for further bio-
logical pathways, we have devised methods to
isolate and immortalize (using hTERT-human
telomerase reverse transcriptase) mammary
stem/progenitor cells [19] and recently have
been successful in defining culture conditions
for their self-renewal and differentiation (dis-
cussed below) [20].

11.5 hTERT Immortal hMECs
Exhibit Stem/Progenitor
Cell Properties and Express
Markers for Well-Known Stem
Cell Signature Pathways

As described above, we have successfully iso-
lated and immortalized stem cells that uniformly
expressed various markers, such as basal (K5,
K14, p63, vimentin) and luminal (K8, K18,
E-cadherin) cell markers. One cell strain (70N)

CD49f
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also expressed K19 (a known luminal cell
marker), CD29, and CD49f (two known stem cell
marker) [11-14], but did not express detectable
levels of the differentiated luminal cell marker
MUCI [13, 20] or differentiated myoepithelial
cell markers (such as a-smooth muscle actin
(a-SMA), CD10 or Thy-1) [20]. Notably, despite
expression of several luminal cell markers, the
primary and hTERT-immortalized hMECs lacked
the expression of estrogen receptor alpha
(ER-alpha) providing further support to the idea
that stem cells lack ER expression [21].
Immunofluorescence analyses confirmed that the
same cells expressed different lineage markers
(Fig. 11.1). We also demonstrated the presence of
such progenitor/stem cells in normal reduction
mammoplasty tissue (Fig. 11.2). Importantly,
hMECs expressing hTERT exhibit the same sets
of markers as their parental primary hMECs indi-
cating that stem/progenitor characteristics were
maintained through immortalization [20]. Based
on these results we speculate that different sub-
types of progenitor cells do exist in primary
hMEC cultures and a particular subset of cells
from this population may give rise to a particular
type of breast cancer during transformation pro-
cess. These results are consistent with microarray
expression analyses of various breast cancer
specimens [3, 4].

vimentin E-cadherin

----- o
- - - - - o
- - - - - o

Fig.11.1 Analyses of stem/progenitor cell markers in parental and hTERT immortalized human mammary epithelial
cells. CD49f, K5, K19, Vimentin, E-cadherin (red); DAPI (blue)
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§ K5/K19

K5/K19

Fig. 11.2 Immunofluorescence staining of human mammary tissue specimen with anti-K5 (green), anti-K19 (red)
double staining (a). Anti-KS5 (green), co-staining with myoepithelial marker anti-a-SMA or CD10 (b)

Although we observed markers of stem/pro-
genitor cells, the proof of principle of a stem/pro-
genitor cell is in its ability to self-renew and
differentiate. Thus, we devised a method to assess
the ability of mammary progenitor cells to dif-
ferentiate into myoepithelial and luminal cells
in vitro [20]. Two types of stem/progenitor cells
(K5*/K19- and K5*/K19*) when cultured in
MEGM medium [14, 20] on 2D plastic substra-
tum proliferate as tightly packed epithelial colo-
nies; after 1 month a proportion of cells near the
periphery adopt a spindle shaped morphology
(Fig. 11.3a). While cells in the center (undiffer-
entiated progenitor cells) expressed the basal,
luminal, and stem cell markers, the spindle-
shaped cells forming the peripheral halo were
KS5-negative and acquired several well-known
myoepithelial cell markers (a—SMA, CD10, and
Thy-1) that were absent on the parental cells as
well as in the central compact part of colonies

grown in MEGM [20] (Fig. 11.3). Differential
trypsinization and re-plating of the central part of
cells showed their ability to regenerate similar
colonies as well as to generate differentiated
myoepithelial cells. In contrast, most of the dif-
ferentiated myoepithelial cells failed to prolif-
erate; however, if myoepithelial cells were
transferred to DFCI-1 medium, some cells con-
tinued to self-renew as myoepithelial cells, sug-
gesting the presence of myoepithelial progenitor
cells. Furthermore, a subset of cells within the
center of the colonies was MUC]1-positive con-
sistent with their differentiation along the luminal
cell lineage ([13, 20] and references therein)
(Fig. 11.3). Taken together these results support
the conclusion that immortalized K5*/K19~ and
K5*/K19* cell types retain mammary stem or
progenitor properties with the capability to
self-renew and differentiate along luminal and
myoepithelial lineages.
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a Before differentiaiton

Fig. 11.3 In vitro self-renewal, luminal and myoepithelial
cell differentiation of K5*/K 19~ cell type in MEGM medium.
(a) Morphology of cells before and after start of differen-

After differentiation

tiation. (b) Immunofluorescence staining of cells after start
of differentiation with K5 (green), luminal cell marker
MUCI (red), and myoepithelial cell marker CD10 (red)

11.6 Mammary Progenitor/Stem
Cells Express Markers of Well-
Defined Stem Cell Pathways

There is increasing evidence that several path-
ways, such as Notch, Hedgehog, Wnt, and Sox
are altered in stem cell differentiation [22-25].
Thus, we performed Affymetrix-based genome-
wide mRNA expression profiling of both K5*
K19~ and K5%*K19* cell types and compared
these with myoepithelial differentiated cells.
These experiments showed significant alteration
in known pathways in stem cell differentiation
further substantiating our findings that K5*/K19~
and K5*/K19* cell types represent stem/progeni-
tor cells [20].

11.7 Mammary Progenitor Cells
are Highly Susceptible to
Preneoplastic Transformation

Over two decades, our studies have defined high
susceptibility of mammary progenitor cells K5*/
K19~ to oncogenic transformation. We have
shown that introduction of various viral
oncogenes, such as urogenital carcinoma-associ-
ated human papillomavirus (HPV) oncogenes E6
and E7, exposure to gamma-irradiation, as well
as cellular genes (such as mutant p53, activated
Rho GTPases and Bmi-1, a member of the poly-
comb group of transcriptional repressors)
induce preneoplastic transformation, i.e., immor-
talization of progenitor cells [18, 19, 26-28].
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Fig. 11.4 Human mammary stem/progenitor cells are
highly susceptible to preneoplastic transformation.
Several viral oncogenes, such as HPV E6 and SV40, irra-
diation and cellular mutant/overexpressed genes (ZNF217,

Other study has shown that ZNF217, a zinc finger
protein that is overexpressed in breast cancers,
can promote the immortalization of post-selection
human MECs [29] (Fig. 11.4).

11.8 Cellular Targets of E6 and
Their Potential Role in hMEC
Immortalization

Characterization of oncogenesis-related cellular
targets of HPV E6 and E7 oncoproteins has been
facilitated by their ability to dominantly immor-
talize primary human cells in vitro [18, 19, 30, 31].
The cellular protein that was first shown to inter-
act with high-risk HPV E6 proteins was the tumor
suppressor protein p53 via an ubiquitin ligase
E6AP [32]. The p53 protein is a key regulator of
DNA repair, cell cycle arrest, and apoptosis in
response to genotoxic stress [31-33]. These
responses are essential to prevent the emergence
of cells with unstable genomes that are expected
to be susceptible to oncogenic transformation.
Indeed, mis-sense mutations that inactivate p53,
deletion of its gene, or loss of its expression,
occur in nearly half of all human cancers [31-33].

B 'S a

(Immortalized) Insatiability (Transformed)

mutant p53, RhoA, and Bmi-1) induce immortalization/
preneoplastic transformation. Genomic instability induced
by additional oncogenes or by exposure to DNA damage
further leads to full transformation of hMECs

The reproducibility and relatively high efficiency
with which E6 (in post-selection hMECs) or E6
and E7 combination can induce the immortaliza-
tion of hMECs have therefore opened a practical
approach to elucidate the biochemical mecha-
nisms of hMEC immortalization. Using the HPV 16
E6 as a bait in yeast two hybrid analyses of a
hMEC cDNA library, we have identified several
known as well as novel targets of the E6 oncogene
that represent potential mediators of E6-mediated
hMEC immortalization [34]. These include ADA3
(alteration/deficiency in activation 3), a novel
coactivator of p53 and steroid receptors (estrogen
receptor and retinoic acid receptor) that enhances
transcription. shRNA-mediated knockdown of
ADA3 dramatically inhibits function of p53, ER,
and RXR proteins [35-37]; E6 targeted protein 1
(E6TP1), a novel GTPase activating for Rap
small G protein; and protein kinase N (PKN), an
effector for Rho small G protein [27, 34, 38].
Furthermore, MamL1, a human homologue of
Drosophila mastermind gene and a known coacti-
vator for Notch, also interacts with E6 [39, 40].
These studies have implicated the p53, Notch,
ER, Rho, and Rap signaling pathways in early
transformation of hMECs. Consistent with these
analyses we have shown that expression of mutant
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p53 [26] or activated Rho [27] directly induces
the immortalization of hMECs. Recently, we
identified a human orthologue of drosophila
Ecdysoneless (Ecd) protein as a E6 binding pro-
tein that also associates with p53 and induces
p53-mediated cellular senescence in fibroblasts
but not in epithelial cells [41]. In order to study
the cellular function of Ecd in mammalian cells,
we generated Ecd”** mouse embryonic fibro-
blast cells from Ecd floxed mouse embryo. Cre-
mediated deletion of Ecd in Ecd""* MEF:s led to
a proliferative block due to a delay in G-S cell
cycle progression; this defect was reversed by the
introduction of human Ecd. Loss of Ecd led to
marked downregulation of E2F target gene
expression. Furthermore, Ecd directly binds to
Rb at the pocket domain, and competes with E2F
for binding to hypophosphorylated Rb. These
results demonstrate that mammalian Ecd plays a
role in cell cycle progression via Rb-E2F path-
way [42, 43]. Recent studies from our laboratory
show Ecd is overexpressed in several carcinomas,
including breast cancers, and overexpression of
Ecd in mammary cells enhances cellular entry to
S-phase of synchronized cells upon growth factor
stimulation. Importantly, overexpression of Ecd
promotes oncogenic characteristics in human
mammary epithelial cells (Bele et al., unpublished
data). Taken together, these studies underscore
importance of identification and characterization
of E6 cellular targets in breast cells.

11.9 Conclusions

Our ability to culture and immortalize mammary
stem/progenitor cells in vitro has provided the
first reliable model of immortal mammary stem/
progenitor cells and a wealth of knowledge about
the behavior of mammary cells and the genes
involved in normal cell growth and oncogenesis.
Characterization of these cells has provided
potential novel markers for early diagnosis and
prognosis of breast cancers and given knowledge
about potential precursor cells for breast cancers.
In vitro transformation analyses have also proven
important to understand the multistep nature of
breast cancer. Lastly, using gene profiling we

X.Zhao et al.

have begun to appreciate that breast cancers do
not originate only from luminal cells but also
from basal (and probably from myoepithelial
progenitor) cells and that there are subtypes of
breast cancers possibly originating from distinct
normal precursors that have distinct clinical
outcomes and may require different treatment
strategies.

However, many critical questions remain
unanswered: How do different subtypes of breast
cancer cells originate? Do breast cancer stem
cells originate from normal mammary stem cells?
How to define cancer stem cell specific thera-
peutic strategy? In conclusion, experimental
immortalization of breast progenitor cells has led
to substantial progress in our understanding of
the biology of breast cancer and future studies in
these model systems should go a long way towards
helping elucidate the nature of breast cancer
heterogeneity and thus facilitate the development
of more individualized stem cell based therapy
for breast cancer patients.
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Abstract

Parathyroid hormone-related protein (PTHrP) is widely expressed in fetal
and adult tissues and is a key regulator for cellular calcium transport and
smooth muscle cell contractility, as well as a crucial control factor in cell
proliferation, development and differentiation. PTHrP stimulates or inhib-
its apoptosis in an autocrine/paracrine and intracrine fashion, and is par-
ticularly important for hair follicle and bone development, mammary
epithelial development and tooth eruption. PTHrP’s dysregulated expres-
sion has traditionally been associated with oncogenic pathologies as the
major causative agent of malignancy-associated hypercalcemia, but recent
evidence revealed a driving role in skeletal metastasis progression. Here,
we demonstrate that PTHrP is also closely involved in breast cancer initia-
tion, growth and metastasis through mechanisms separate from its bone
turnover action, and we suggest that PTHrP as a facilitator of oncogenes
would be a novel target for therapeutic purposes.

12.1 PTHrP Background,
Discovery, Gene Sequence
and Protein Structure

12.1.1 Background
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Malignancy-associated hypercalcemia (MAH) is
a well-recognized syndrome that occurs in
patients suffering from certain malignant cancers.
The classic signs and symptoms of hypercalce-
mia are confusion, polydipsia, polyuria, consti-
pation, nausea, vomiting and eventually coma.
Hypercalcemia associated with malignancy of
nonparathyroid tissues frequently occurs during
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bone invasion by tumor cells, where bone resorp-
tion is the direct result of osteoclast action.
Osteoclastic bone-degrading activity is stimu-
lated by several cytokines including MIP-1a,
TNF-B, IL-1p, IL-3 and IL-6, which are produced
locally by the tumor cells [1-4]. MAH is com-
monly associated with malignant tumors of the
breast, lung, head and neck, esophagus, cervix,
skin or kidney [5].

In 1936, Gutman conducted the first large
group study of MAH; these patients suffered
from myeloma and breast cancer, and most of
them presented bone metastases [6]. Fuller
Albright in 1941 was the first to propose that a
PTH-like humoral factor was responsible for the
hypercalcemia in patients with renal carcinoma
which resolved after irradiation of bone metas-
tasis. In the following years, the concept was
accepted and the term “ectopic PTH syndrome”
became widely used to describe patients with
high circulating plasma calcium concentrations,
low phosphorus, and few or no bone metastases
[7-9]. In 1969, a thorough review was made of
cases where patients suffered symptoms of hyper-
parathyroidism yet exhibited malignant tumors
of nonparathyroid origin. The conclusions drawn
from this work were that some nonparathyroid
tumor cells could initiate transcription and trans-
lation of the PTH gene and secrete PTH [10].
Such cases of “ectopic PTH syndrome” [11]
included kidney adenocarcinoma [12] and a
malignant hepatoblastoma [13].

Rare cases were found where nonparathyroid
tumors secreted PTH, and many studies demon-
strated that the immunological properties of cir-
culating of PTH-like material in hypercalcemic
patients with nonparathyroid cancer or primary
hyperparathyroidism were distinct from those of
the immunoreactive PTH found in the serum of
patients with primary hyperparathyroidism [14,
15]. In 1980, Stewart and associates established
the first full biochemical characterization for 50
consecutive patients with cancer-associated
hypercalcemia, with or without bone metastases.
This study delineated characteristic laboratory
findings that now define the PTH-like syndrome,
and coined the term humoral hypercalcemia of
malignancy (HHM): elevated nephrogenous cyclic
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AMP excretion levels, high serum calcium, low
serum phosphorous, marked reduction in 1,25-
dihydroxyvitamin D and low or suppressed
reactivity with PTH antisera.

12.1.2 Discovery

Based on the biochemical characterization of
humoral hypercalcemia of malignancy, much
effort was devoted to the problem of identifying
and isolating the tumor-secreted unknown fac-
tor that was responsible for this syndrome. In
1987, three independent groups simultaneously
achieved: (1) purification of an active component
with a molecular weight of 18 kDa from a human
lung cancer cell line (BEN) [16], (2) purification
of a 6-kDa active component from cultured
human renal carcinoma cells [17], and (3) purifi-
cation of a 17-kDa active component from a
human breast tumor biopsy [18]. Most interest-
ing was the fact that the N-terminal amino acid
sequence of these adenylate cyclase-stimulating
proteins revealed outstanding homology to PTH,
identifying the existence of a PTH-like factor in
those cancer cells.

Using the partial amino acid sequence infor-
mation from these discoveries, oligonucleotide
probes were synthesized and used to identify
complementary DNAs (cDNAs) encoding BEN
cell mRNA [19], mRNA from a human renal car-
cinoma [20] and mRNA from a renal carcinoma
cell line [21]. Characterization of those clones
revealed a gene and peptide sequence similar to
that of human PTH. Eight of the initial 13 resi-
dues of the mature protein and the final 2 residues
in the signal peptide were identical to those of
human PTH. The term parathyroid hormone-
related protein (PTHrP) derives from this high
homology to the N-terminal sequence of PTH.

The elucidation of the PTHrP sequence
allowed investigators to synthesize fragments of
the peptide and to study their effects in different
experimental conditions. Kemp et al. demon-
strated that the N-terminal fragment of PTHrP
(1-34) exhibited PTH-like activity in rat and
chicken kidney and produced effects commonly
seen in HHM such as increased excretion of
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Fig.12.1 Structure of human parathyroid hormone-related protein (PTHrP) gene (adapted from Philbrick et al. [35])

cAMP and phosphorus, and reduced urinary
calcium excretion [22]. Using radioligand bind-
ing techniques, Nickols et al. were able to show
that amino-terminal fragments of PTH and PTHrP
interacted with identical receptors present on rab-
bit kidney microvessels and tubules [23].
Immunoassays were developed and indicated that
PTHrP was circulating at high levels in patients
with HHM [24, 25]. These findings provided
strong evidence that circulating PTHrP produced
by various cancers was the causal agent respon-
sible for hypercalcemia.

12.1.3 Gene Sequence
and Protein Structure

The Pthrp gene is localized to the short arm of
chromosome 12 in humans [26] whereas the PTH
gene is on the short arm of chromosome 11 [27].
The localization of PTH and Pthrp on these chro-
mosomes and the similarity in sequence and orga-
nization of the two genes provide indirect evidence
for a common evolutionary origin [26, 28].

The human Pthrp gene (Fig. 12.1) is a com-
plex transcriptional unit which spans more than
15 kb of DNA, with 9 exons and at least 3 pro-
moters. Alternative splicing of the premessenger
RNAs produces three PTHrP isoforms differing
at their carboxyl-terminal ends and containing
139, 141 or 173 amino acids. Exon 4 encodes a
region common to all peptides, while exons 5 and
6 encode the unique carboxy termini of the other
two peptides. PTH and Pthrp genes display an
identical pattern of intron/exon organization in
the region of exons 2 and 3 [19, 26, 28-30]. In
contrast to the human organization, rat and mice
Pthrp genes are relatively simple with a single

promoter homologous to the downstream P3
promoter of the human gene. They produce mature
peptides of 141 and 139 amino acids, respectively
[31, 32]. The Pthrp gene in the chicken yields a
single mature peptide of 139 amino acids [33].

The initial translational human PTHrP prod-
ucts undergo complex processing, including
separation of the (=36 to —1) pre-pro sequence
and endoproteolysis of the full-length (=36 to
139), (=36 to 141) and (-36 to 173) sequence
at multibasic sites. All sequences present an
N-terminal signal sequence for endoplasmic
reticulum entry and a coding 1-139 peptide
[34, 35]. The amino acid 35-111 region is dra-
matically conserved in human, rat, mouse and
chicken sequences, with the human and rodent
amino acid sequences differing in the 1-111
region by only two residues. This high evolution-
ary conservation suggests important physiologi-
cal and biological functions. The 35-111 region
is rich in putative proteolytic processing sites, with
multiple dibasic amino acid groups [34, 35].

Region 107-111 (-Thr-Arg-Ser-Ala-Trp-) or
TRSAW is evolutionally highly conserved, a sug-
gesting that a peptide encompassing this region
may be physiologically important [36].

12.2 PTHrP Physiology

12.2.1 PTHrP Functional Domains
Analysis of the Pthrp gene sequence reveals
several functional domains (Fig. 12.2), including
a signal peptide, a PTH-like N-terminal domain,
a mid-region domain that begins at amino acid 38
and a unique carboxy-terminal domain named
osteostatin [36, 37].
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Fig. 12.2 The functional domains of the human PTHrP
protein and its interaction partners. T-P denotes phospho-
rylation of Thr85. SSTS stands for residues Serl19,
Ser130, Thr132 and Ser138 and AAAA denotes their

The N-terminal domain of PTHrP (1-36)
shares with PTH a homologous sequence that
interacts with the PTH/PTHrP type 1 receptor
(PTHI1R), a class II G-protein coupled receptor
(GPCR). Upon binding PTHrP, the PTHIR recep-
tor can either activate the formation of cyclic
3',5'-adenosine monophosphate (cAMP) by stim-
ulating adenylate cyclase (AC) through Gas, or
activate phospholipase Cf (PLCp) through
Gog/11. cAMP then activates protein kinase A
(PKA), whereas activated PLCJ stimulates the
formation of diacylglycerol (DAG) and 1,4,5-
inositol triphosphate (IP3). In turn, DAG acti-
vates protein kinase C (PKC) and the production
of IP3 leading to an increase in the intracellular
free Ca?* [38, 39]. The PTHIR receptor can also
stimulate the influx of extra-cellular Ca** through
regulation of calcium channels [40], and activate
protein kinase C through a PLC-independent
pathway [41-43]. The PTHIR receptor classical
transduction pathways can lead to different bio-
logical effects in a cell type-specific manner.

The mid-region PTHrP comprises a bipartite
nuclear localization sequence (NLS) consisting
of residues 88-91 and 102-106. This NLS
sequence may allow PTHrP to accumulate in the
nucleus [44-46] and bind rRNA [47, 48]. This
peptide likely enters the nucleus immediately
after NLS binding to importin-f1 to form a

1 S==STS
o T
CDK1/2 kinase?

" Y

-
I

replacements by alanines. CDK cyclin-dependent kinase,
GPCRG-protein coupled receptor. Green bars show
extension of the PTHrP protein in splicing variants
—36/141 and —36/173 (adapted from Dittmer [138])

complex that links to the microtubular trackway,
where it is pulled by a dynien motor to a nuclear
envelope pore and handed over to the pore chan-
nel transport machinery [49-52]. Although the
NLS exact function is still obscure, it is likely to
be of great significance since mice missing the
NLS and the C-terminal region of the PTHrP
gene present decreased cellular proliferative
capacity and increased apoptosis in multiple
tissues, retarded growth, early senescence and
malnutrition leading to an early death [53].
In addition, in vitro studies indicate that the
midregion sequence retains a CDK1/CDK2 phos-
phorylation site at Thr [85] [54], which suggests
that translocation of PTHrP is associated with
activation of the cell cycle [44, 55].

The PTHrP C-terminal domain 107-139 was
named osteostatin because this peptide inhibits
rat osteoclastic bone resorption with an incredibly
low EC, value of 10" M [36, 56, 57].

12.2.2 PTHrP Receptors

PTHrP binds to, and activates, the G-protein
coupled receptor (GPCR) for PTH/PTHrP
(PTH1R) which is expressed in PTH and PTHrP
target cells such as osteoblasts in bone and renal
tubular cells. PTHIR in humans and rodents is
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encoded by a multi-exon gene with potential for
alternate splicing and alternate promoter usage
[58]. The PTHIR gene is located on chromosome
3 in humans and possesses 14 exons.

PTHIR has seven transmembrane spanning
domains [59] and has been cloned from opossum
kidney, rat bone, and human bone and kidney
[60-62]. The amino terminal region of PTH
(1-34) and PTHrP (1-34) interacts with the
J-domain, the functional portion of the receptor
that contains the seven transmembrane-spanning
helices and the connecting loops [63].

Following receptor—agonist interaction, PTHIR
is activated and mediates not only the endocrine
actions of PTH, but also the autocrine/paracrine
actions of PTHrP.

12.2.3 Normal Physiological
Functions of PTHrP

PTHrP is widely expressed in fetal and adult tis-
sues, including cartilage, bone, breast, skin, skel-
etal heart and smooth muscle, uterus and placenta,
as well as endocrine organs and the central ner-
vous system [34, 35, 64]. PTHrP is a key regula-
tor for cellular calcium transport and smooth
muscle cell contractility, and possesses crucial
roles in cell proliferation, development and dif-
ferentiation [35]. It is important to note that the
known biological properties of PTHrP are not
only the results of its interaction with PTH1R and
its subsequent signal transduction cascades, but
also of PTHrP nuclear translocation [65, 66].
PTHrP is known to stimulate or inhibit apoptosis
in various settings in a cell- or tissue-specific
manner [67-69]. These actions are mostly per-
formed in an autocrine/paracrine and intracrine
fashion.

The biological actions of PTHrP are particu-
larly important for bone development during
endochondral bone formation. Targeted ablation
of Pthrp results in homozygous”™ mice dying
shortly after birth and presenting abnormalities in
endochondral bone development [70]. In contrast,
heterozygous Pthrp*~ animals are viable but
demonstrate a reduction in trabecular bone vol-
ume and an early osteoporotic phenotype [71].
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In addition, genetic mouse studies indicate
PTHrP regulates hair follicle development, mam-
mary epithelial development and tooth eruption
[72-76].

12.2.4 PTHrPin Mammary
Gland Development

During postnatal breast development in normal
mice, PTHrP appears to be expressed by both
luminal and myoepithelial cells of the mammary
gland [77, 78], while myoepithelial cells and
mammary stromal cells express the PTH/PTHrP
receptor. Both stromal and myoepithelial cells
are important in the branching growth of the
mammary gland during sexual maturation and
early pregnancy, and PTHrP ligand and receptor
are appropriately positioned to participate in this
process [77, 79, 80].

Pthrp-null mice die soon after birth of severe
musculo-skeletal defects [70], but Pthrp rescue
in the chondrocytes of these animals leads to a
phenotype compatible with life. This strategy
generates a mouse PTHrP-sufficient in chondro-
cytes, but PTHrP-null in all other sites including
breast. These mice are characterized by the
absence of normal epithelial-mesenchymal signal-
ing cascade, failure to form mammary mesen-
chyme and the resorption of nascent mammary
bud [73, 76].

12.3 PTHrP and Cancer Biology

12.3.1 Breast Cancer

Female breast cancer is a major medical problem
with significant public health and societal ramifi-
cations. Although breast cancer death rates have
declined in recent years, breast cancer remains
the most commonly diagnosed cancer and the
second leading cause of cancer death in women
[81]. Since normal breast growth is regulated by
many hormones, growth factors and receptors, it
is not surprising that malignant cells derived from
breast tissue also express the same hormones,
growth factors and receptors. Numerous genes
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are controlled by complex regulatory networks
and involved in the development and progression
of breast cancer, and these genes are the key fac-
tors determining the characteristics of each tumor.

12.3.2 PTHrP and Cancer Development

PTHrP was originally discovered in patients with
MAH [5]; approximately 80% of hypercalcemic
patients with solid tumors have elevated PTHrP
plasma concentrations as a result of increased
secretion by the tumors [82]. However, PTHrP
expression is present in many tumor types even in
the absence of hypercalcemia. For instance, the
great majority of breast cancer tumor samples
show positive staining for PTHrP, and strong
Pthrp gene activity in breast tumors is associated
with onset of bone metastases independent of
hypercalcemia [83-87].

Normal prostatic epithelial tissues express low
levels of PTHrP, as determined by immunohis-
tochemistry and in situ hybridization. In contrast,
overexpression of PTHrP is common in prostate
cancer [88, 89], and many prostate cancer cell
lines in vitro and metastatic bone lesions in vivo
express PTHrP. PTHrP stimulates primary pros-
tate tumor growth and protects cells from apop-
totic stimuli [90]. PTHrP expression was found
in all major lung cancer cell types [91, 92] and
was most common in squamous cell lung cancer
[93]. While benign colorectal adenomas and non-
neoplastic adjacent mucosal epithelia show no
detectable PTHrP expression, about 95% of
colorectal adenocarcinomas overexpress PTHrP
mRNA and protein, and the expression level
is higher in poorly differentiated than in well-
differentiated adenocarcinomas [94, 95]. In a
clinical study of 76 patients with various hemato-
logical malignancies, 50% of the 14 hypercalcae-
mic patients had significant elevation in plasma
PTHrP concentrations [96]. Similar observations
were made in stomach cancer where PTHrP is
expressed in 77% of gastric adenocarcinomas
without humoral hypercalcaemia. In contrast,
only 5% of adenomas and none of the non-
neoplastic epithelium showed PTHrP expression.
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Similarly, PTHrP expression was more common
in moderately differentiated adenocarcinomas
(95.5%) and poorly differentiated adenocarcino-
mas (100%) than in well-differentiated adenocar-
cinomas (43%). Furthermore, PTHrP expression
was more intense in the deeply invasive portions
than in the mucosal carcinomas [97].

It is well established that PTHrP is the major
causative agent in MAH associated with a broad
range of tumors. However, this is only one aspect
of the multiple facets of PTHrP in cancer biology.
Indeed, the complex growth factor-like properties
of PTHrP have shed new light onto potential roles
for this peptide in the regulation of tumor growth
and invasion. In support of this, PTHrP expres-
sion has been shown to be under the control of
numerous growth and angiogenic factors such as
transforming growth factor (TGF-p,) epidermal
growth factor (EGF), platelet-derived growth
factor (PDGF) and vascular endothelial growth
factor (VEGF) [98, 99]. Conversely, PTHrP stim-
ulates the expression of many of these factors in
various cell types and behaves as an angiogenic
factor in endothelial cells [98, 100, 101]. More
recently, PTHrP was shown to promote cell inva-
sion in vitro [102, 103]. These observations
clearly suggest a multifunctional role for PTHrP
in cancer biology. Its functions include (1) regu-
lation of tumor cells growth, differentiation, and
progression; (2) induction of progression of oste-
olytic bone metastasis, (3) moderation of tumor
cell survival factors and interference with apop-
tosis signaling pathway.

12.3.3 PTHrP in Breast Cancer
Development

Breast cancer is frequently accompanied by
PTHrP-induced hypercalcemia in advanced
stages of the disease [25], and 50-60% of pri-
mary human breast cancer tumors overexpress
PTHrP [85, 104, 105]. Several retrospective
studies suggested that breast cancer patients with
PTHrP-positive primary tumors were more likely
to develop bone metastases compared to breast
cancer patients with PTHrP-negative tumors
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[85, 104-106]. PTHrP is expressed in 68% of
surgically excised early breast cancers, compared
with 100% of bone metastases [107], and 50% of
cases of early breast cancer expressed the PTHrP
receptor in contrast to 81% of cases of bone
metastases. PTHrP expression without concomi-
tant expression of its PTHIR receptor in primary
tumors correlated with a reduced disease-free
survival with a mortality rate of 6%, while co-
expression of both predicted the worst clinical
outcome at 5 years with a mortality rate of 32%
[107]. A similar observation was noted regarding
the differential expression of PTHrP isoforms in
different stages of breast cancer. The levels of the
1-139 isoform mRNA was much higher in the
tumors of patients who later developed metasta-
ses than in those of patients who developed no
metastases. This mRNA isoform was also more
abundant in breast tumors from patients who
developed bone metastases than in those of patients
who developed metastases in soft tissues. In con-
trast, the amounts of the 1-141 isoform mRNA in
these groups of tumors were similar [87].

A prospective study conducted by Dr Kremer’s
team in patients with malignancy-associated
hypercalcemia (including breast cancer patients)
indicated that elevated circulating levels of
PTHrP is an indicator of poor prognosis and is
associated with reduced survival (Fig 12.3) [108].
Intriguingly, however, a retrospective clinical
study of breast tumors collected at surgery sug-
gests a better outcome and survival in patients
whose primary tumor overexpresses PTHrP
[109, 110].

To shed light on this controversy, Sato and
co-workers treated animals presenting symp-
toms similar to those of HHM patients with a
humanized anti-PTHrP antibody. The animals
showed significant improvement in hypercalce-
mia and cachexia after antibody treatment [111].
Furthermore, administration of this antibody in
nude mice injected intra-cardiac with the human
breast cancer cell line MDA-MB-231 reduced the
ability of these cells to form bone metastases
[112]. Animal studies using mice transplanted
with human tumors expressing PTHrP suggest
that the humanized anti-PTHrP antibody could

be an effective and beneficial agent for patients
with HHM. In vitro, overexpression of PTHrP in
the human breast cancer cell line MCF-7 caused
an increase in mitogenesis, whereas the inhibition
of endogenous PTHrP production resulted in
decreased cell proliferation [113]. Enhanced
bone tumor growth was also observed when the
MCF-7 cells were transfected to overexpress
PTHrP. Taken together, these results point to the
pro-tumorigenic effects of PTHrP [94].

12.3.4 Role of PTHrP in Breast
Cancer Metastasis to Bone

The bone matrix contains large amounts of
growth factors such as type I collagen, insulin-
like growth factors (IGFs), transforming growth
factor o and  (TGF o and B), fibroblast growth
factors (FGF-1 and -2), platelet derived growth
factors (PDGFs) and bone morphogenic proteins
(BMPs) [114].

The bone remodeling cycle involves a series
of highly regulated steps which depend on the
interactions of two cell types, the mesenchymal
osteoblastic lineage and the hematopoietic osteo-
clastic lineage. Osteoblasts synthesize some of
the growth factors stored in the matrix during
bone formation. Most growth factors are released
in active form into the marrow when bone is
degraded during osteoclastic bone resorption.
The resorption areas provide a fertile microenvi-
ronment for tumor cell colonization and prolifer-
ation [115, 116].

The inner structure of bone consists of bone
marrow which is multicellular and contains
hematopoietic stem cells and stromal -cells.
Hematopoietic stem cells differentiate into any
type of blood and immune cells including mac-
rophages, lymphocytes and osteoclasts. Stromal
cells support the differentiation of the hematopoi-
etic stem cells but importantly, have the ability to
differentiate into osteoblasts [117]. In addition,
physical factors within the bone microenviron-
ment, including low oxygen levels, acidic pH and
high extracellular calcium concentrations may
also enhance tumor growth [118]. Furthermore,
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Fig. 12.3 Serum levels
of PTHrP and survival

of patients with MAH.
(a) Survival in 76
hypercalcemic cancer
patients, by PTHrP status
and pretreatment calcium
levels. Numbers shown in
the inset are total numbers
of deaths/number of
patients at baseline.
Numbers of patients at
risk were 40 at 100 days,
22 atyear 1, and 3 at
year 3. (b) Survival in
hypercalcemic cancer

1.00

0.75

0.50

0.25

Proportion surviving

R.Kremer et al.

Pretreatment Calcium and PTHrP

PTHIP 0, Ca <12 —— 1025
PTHIP >0
PTHIP 0, Ca >12
PTHIP >0

916
—_— 910
22125

patients by PTHrP status 0.00
and age group. The 0
numbers of patients at risk
were 41 at 100 days,

22 atyear 1, and 3 at year 3.
CA <12 =pretreatment
serum calcium levels 10.3
to 12 mg/dl; CA >

12 =pretreatment calcium
levels > 12 mg/dl; PTHrP
0=PTHTrP not elevated;
PTHrP > 0=PTHrP
elevated. PTHrP and
calcium levels are two
independent prognostic
factors for patient survival,
and the effect of PTHrP is
only significant in patients
younger than 65

o

1.00

0.75 -

0.50

0.25

Proportion surviving

Years

PTHrP and age group

PTHIP 0, Age <65 —— 8/20
PTHIP >0 — 20126
PTHrP 0, Age » 65 —— 11115
PTHrP =0 1115

0.00

when the tumor cells stimulate osteoclastic
bone resorption, the bone microenvironment
becomes more enriched in bone-derived growth
factors that enhance survival of the cancer and
disrupt normal bone remodeling, resulting in bone
destruction.

Metastasis is the spread and growth of tumor
cells to distant organs, and represents the most

Years

devastating attribute of cancer. The common sites
for metastatic spread of breast cancer are bone,
lung and liver [119]. However, certain cancers
will form metastases in specific organs or tissues
at higher frequencies than predicted by blood
flow patterns alone. For instance, breast, prostate,
lung cancer and multiple myeloma frequently
metastasize to bone. Bone metastases are often
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broadly classified as osteolytic (proceeding
through bone destruction) (Fig. 12.4) or osteo-
blastic (proceeding through aberrant bone forma-
tion) (Fig. 12.5). Osteolytic bone lesions are
typical of breast and lung carcinoma as well as
hematological malignancies such as multiple

\

Osteoblast

myeloma. On the other hand, tumors in bone may
stimulate new bone formation resulting in osteo-
blastic bone metastasis, a situation most often
associated with prostate cancer although also
encountered in breast cancer. The osteolytic-
osteoblastic distinction is not absolute, as many
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patients with bone metastases have both types of
lesions and individual metastatic lesions can
contain both osteolytic and osteoblastic compo-
nents. A dysregulation of the normal bone remod-
eling process is encountered in both types of
lesions [120].

According to the Stanley Paget “seed and
soil” hypothesis, tumor cells (seed) invading bone
provide growth factors that activate the bone
microenvironment (soil), which in turn produces
growth factors that feed the tumor cells, creating
a vicious cycle of destructive mutual coopera-
tion [121].

PTHrP has been shown to play a key role in
the osteoclastic bone resorption resulting from
breast cancer metastasis to bone because it acti-
vates local bone turnover and consequently par-
ticipates actively in the vicious cycle described
above [117, 122, 123]. It has to be noted that
PTHrP expression by breast cancer at metastatic
sites differs dramatically from expression at pri-
mary sites. In fact, only 50% of primary breast
cancers express PTHrP, whereas 92% of metasta-
ses of breast cancer to bone produce the peptide
[124]. The increased local PTHrP stimulates
RANKL expression and inhibits OPG secretion
by osteoblasts. RANKL binds to its receptor
RANK (expressed on osteoclasts) and enhances
the differentiation and fusion of active osteo-
clasts in the presence of the macrophage-colony-
stimulating factor. Bone-derived TGF-B, IGFs
and FGFs released as a consequence of osteo-
clastic bone resorption stimulate tumor produc-
tion of PTHrP via different receptors present in
the cancer cells (PKC, MEK, P38 MAPK and
Akt signaling pathway) [121, 125, 126]. Tumor
cells might contribute to the vicious cycle by
producing growth factors and cytokines which
in turn sustain tumor growth [127]. It is, how-
ever, unclear whether the predilection of these
cancers for spreading to bone results from the
induction of PTHrP in the bone microenviron-
ment, or whether tumors that produce PTHrP
are more likely to metastasize to bone [124]. In
contrast to its well-characterized role in bone
metastasis development, the role of PTHrP in
tumor progression outside the skeleton remains
controversial.
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12.4 Pthrp Gene Ablation

in Mammary Epithelial Cells

and Its Consequences

on Tumor Initiation,

Growth and Metastasis
12.4.1 Rationale
PTHrP is expressed in normal epithelial cells but
its expression increases in breast cancer and
becomes associated with multiple metastatic
lesions and reduced survival. It is, however, still
unknown whether PTHrP overexpression is
simply a consequence of tumor progression, or
whether it is mechanistically linked to the tumor
progression process from initiation to metastasis.
In order to shed light on this relationship, we
ablated the Pthrp gene in mammary epithelial cells
and determined the consequences of this ablation
on tumor initiation, growth and metastasis.

We used a model in which PTHrP is specifi-
cally excised in mammary epithelial cells using
the cre-loxPsystem. In this model, it is important
to note that Cre is expressed shortly after birth
(around 10 days) [128] but not during embryonic
development [129], making the system suitable
for the study of PTHrP roles in mammary develop-
ment during puberty as well as in tumor initiation
arising from the normal mammary epithelium.

12.4.2 MMTV-PyMT Breast
Cancer Mouse Model

In the MMTV-PyMT transgenic mouse model
[130], expression of the oncoprotein polyoma
middle T antigen (PyMT) is under the control of
the mouse mammary tumor virus long terminal
repeat (LTR) and its expression is restricted to the
mammary epithelium and absent from myoepi-
thelial and surrounding stromal cells.

PyMT, a membrane-attached protein, is
encoded by the small DNA polyoma virus. PyMT
is not normally expressed in human breast tumor
cells, but when overexpressed in the mammary
epithelium of transgenic mice, it acts as a potent
oncogene because its product (MT oncoprotein)
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binds various receptors and activates several
signal transduction pathways, including those of
the Src family kinase, ras and the PI3K pathways,
which are frequently activated in human breast
cancers [131]. Src phosphorylates Y315, which
in turn directly activates the p85/p110/PI3K com-
plex, which then activates PDK1 and 2 and results
in AKT phosphorylation and activation [131].
Previous studies have shown that PTHrP can acti-
vate both ras [132] and AKT [133, 134] signaling
pathways.

12.4.3 Tumor Progression from
Hyperplasia to Metastastic
Carcinoma

Mammary hyperplasia can be detected in this
animal model as early as 4 weeks of age. The
hyperplasia then progresses to adenoma in 6
weeks, to early carcinoma in 9 weeks and to late
carcinoma 12 weeks, with pulmonary metastasis
present in 100% of animals. The MMTV-PyMT
mouse model of breast cancer is characterized by
a high incidence of lung metastasis with highly
reproducible progression kinetics. Increased met-
astatic potential has been shown to depend on the
presence of macrophages in primary tumors and
on the establishment of a chemoattractant para-
crine loop of colony-stimulating factor-1 (CSF-1)
and EGF ligands between macrophages and
tumor cells [135]. Although PyMT transgenic
mice do not develop bone metastasis per se,
metastatic cells are found in the bone marrow
relatively early and continue to grow in later
stages without evidence of bone metastasis [136]

12.4.4 Conditional Knockout of Pthrp
in Mammalian Epithelial Cells
of the MMTV-PyVMT
Transgenic Mouse Model

Disruption of the Pthrp gene in the mammary
epithelium of the PyVMT transgenic mouse
model produces mice that are homozygous
(PyVMT-Pthrp"*) or heterozygous (PyVMT-
Pthrp™*) for the floxed Pthrp allele. Both groups

155

of animals possess two active Pthrp alleles,
whether flanked by flox sequences or not. These
mice were crossed with a separate strain express-
ing Cre recombinase under the control of the
MMTV promoter that targets Cre expression to the
mammary epithelium. Excision of flox-bordered
essential Pthrp sequences renders the gene non-
functional. The resulting homozygous mice
(PyVMT-Pthrp™¥ex; Cre*) therefore express no
PTHrP in the mammary epithelium, while the
heterozygous mice (PyVMTPthrp™+;Cre*) pres-
ent lowered levels of PTHrP expression because
they retain one active Pthrp allele.

A significant consequence of reduction or
elimination of PTHrP expression in the mam-
mary epithelium of the offspring is a marked
delay in tumor onset. 100% of control animals
(normal PTHrP levels) present tumors by day 55,
while heterozygous (PTHrP haploinsufficiency)
and homozygous animals (absent PTHrP) reach
this percentage by days 77 and 85, respectively.

Metastatic spread to lungs was similarly
reduced independent of tumor size, illustrating
the crucial importance of ablating PTHrP signal-
ing to prevent breast cancer progression and
metastasis [137].

Other Cre/lox studies indicate ablation of
floxed sequences in only 90% of the cells, leav-
ing 10% of the cells to potentially express the
knock-out protein. In order to overcome the prob-
lem of residual PTHrP expression, we isolated
cells from PyVMT Pthrp"#*; Cre” tumors, trans-
fected them with an adenoCre-GFP (or control
adeno-GFP) construct, subcultured the cells and
purified them by flow cytometry to obtain pure
populations of Cre* (or control Cre’) cells with
complete or no Pthrp ablation. When these cells
were transplanted into the mammary fat pad of
healthy syngeneic mice, tumor onset was signifi-
cantly delayed post-tumor implantation in adeno-
Cre animals compared to adeno-GFP controls
[137]. Tumor growth was also significantly
delayed in the adenoCre mice. Metastatic tumor
cells were detectable in the bone marrow of ade-
noCre animals during killing, confirming that this
model can be used to examine natural progres-
sion of breast cancer from the primary site to the
skeleton. The ablation of Pthrp was also observed
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to inhibit GO/G1 to S transition in tumor cells, to
enhance tumor cell apoptosis (increased TUNEL
staining and decreased Bcl-2 expression) and to
decrease Aktl and increase Akt2 expression
[137]. From these observations, we concluded
that PTHrP is critical for the initiation of mam-
mary tumorigenesis in vivo, and that ablation of
PTHrP expression in mammary epithelial tumor
cells inhibits tumor growth and metastasis by
several mechanisms.

12.5 Summary and Conclusion

PTHrP has been associated with cancer as the
causative agent for malignancy-associated hyper-
calcemia, and with progression of metastases in
the skeletal environment. We show that PTHrP is
involved in breast cancer initiation, growth and
metastasis, and we suggest that PTHrP plays a
role in a number of critical checkpoints for
PyVMT, which points to a novel role as a facili-
tator of oncogenes and emphasizes the impor-
tance of attempting its targeting for therapeutic
purposes.
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Abstract

Using an immortalized human bronchial epithelial cell line, we showed
previously that the transforming growth factor beta-induced (TGFBI)
gene was consistently downregulated by six- to sevenfold among radiation-
induced tumorigenic human cells when compared with controls. Trans-
fection of TGFBI gene into tumor cells resulted in a significant reduction in
tumor growth as well as in vitro anchorage independent growth. The obser-
vations that TGFBI knock-out animals showed increased spontaneous tumor
incidence and chemically induced tumors highlight the suppressive nature
of the gene. There is evidence that extranuclear/extracellular targets are
important in low-dose radiation response and that the cyclo-oxygenase-2
signaling pathway mediates the process. The involvement of NFkB-
dependent cytokines and the resultant inflammatory response works in
concert with in modulating radiation-induced bronchial carcinogenesis.

Although ionizing radiation is a well-established
human carcinogen and is known to induce tumors
on various sites in human, the underlying cellular
and molecular mechanism of radiation carcino-
genesis remains unknown. The carcinogenic risk
for human epithelial cells after exposure to low
LET radiation has been estimated to be in the
range of 107'2 per cell per Gy based on the breast

13.1 Introduction

Radiation is a two-sided sword; on the one hand,
it is a well-established human carcinogen, and,
on the other hand, it is an effective therapeutic
regimen against a variety of human malignancies.

T.K. Hei (<) cancer incidence among Japanese A-bomb survi-
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various phenotypic and genotypic changes leading
to malignancies after exposure to ionizing radia-
tion. Although these cells are immortalized either
by viral transduction [2] or by ectopic expression
of telomerase [3], they are phenotypically normal
and do not express any transformed characteris-
tics such as anchorage independent growth and
tumorigenicity in nude mice. After exposure to
either 150 keV/um a particles or 1 GeV/ nucleon
*Fe ions, transformed cells arise through a series
of sequential stages including altered growth
pattern, resistance to serum-induced terminal dif-
ferentiation, agar-positive growth, tumorigenic-
ity, and metastasis [4, 5].

Previous studies have shown that a single
60 cGy dose of these high LET alpha particles or
heavy ions irradiations can induce neoplastic
transformation of the BEP2D cells in a step-wise
fashion at a frequency of ~ 10 [4]. The immortal-
ization step, therefore, increases the transforma-
tion yield of primary human epithelial cells by
more than a million fold. It should be noted that,
while the majority of agar-positive BEP2D clones
are nontumorigenic, they all demonstrated the
propensity to resist serum-induced terminal dif-
ferentiation. In addition, each preceding stage
represents a necessary, yet insufficient step toward
the later, more malignant phase. Furthermore,
tumorigenic BEP2D cells show no mutations in
any of the ras oncogenes [4], a finding that is con-
sistent with the observation that radiation is clas-
togenic that induces primarily multilocus deletions
and chromosomal loss.

13.1.1 Changes in Gene Profiling
in Radiation-Induced

Tumorigenic Cells

The differential expression of known genes
between tumorigenic and nontumorigenic con-
trol cells can be compared using a cDNA expres-
sion array. Briefly, total RNAs from both
tumorigenic and control BEP2D cells are iso-
lated and then treated with DNase I to remove
any contaminating DNA from the RNA prepara-
tion. PolyA* RNA is then isolated, and **P-labeled
complex cDNA probes are generated by reverse
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transcription in the presence of **P-labeled dATP.
The cDNA probes can then be hybridized to the
nylon membrane and the hybridization patterns
can be analyzed by autoradiography. The inten-
sity of the signal, which corresponds to the
expression levels of the individual genes, can
be easily quantified using phosphorimaging
technique.

Using cDNA microarrays to compare differ-
entially expressed genes in radiation-induced
tumorigenic cell lines relative to parental BEP2D
cells, there is evidence that TGFBI gene is down-
regulated by more than six- to seven fold in the
tumorigenic cells [5]. TGFBI is a secreted pro-
tein induced by the transforming growth factor-f3
(TGF-B) in human adenocarcinoma cells as well
as other human cell types [6]. TGFBI was first
identified in a human lung adenocarcinoma cell
line (A549) treated with TGF-B. This gene
encodes a highly conserved 683 amino-acid pro-
tein that contains a secretary signal sequence and
four internal homologous domains, the last of
which contains an RGD (Arg-Gly-Asp) motif
which can serve as a ligand recognition site for
integrins [6]. TGFBI product has been shown to
be a component of extracellular matrix (ECM) in
lung and mediates cell adhesion and migration
through interacting with integrin via integrin
receptors: a3p1, avp3, and avB5 [7]. It is ubig-
uitously expressed in human normal tissues;
however, its role in cancer appears to be cell type
specific. Although downregulation or lost expres-
sion of this gene has been found in human tumor
cell lines including lung, breast, and leukemia as
well as in human primary lung and breast tumor
specimens [5, 8], there are several reports that
TGFBI is over-expressed in human colorectal,
colon, esophageal, and pancreatic cancers [9, 10].
Furthermore, there is evidence that TGFBI medi-
ates tumor metastasis and cancer cell extravasa-
tion [10]. For human lung cancer CpG island
hypermethylation in the promoter region corre-
lates with the silencing of TGFBI promoter and
its subsequent down-expression [11]. In vitro
studies have implicated its role in maintaining
microtubule stability, and inhibiting tumorigenicity
and tumor angiogenesis, suggesting a tumor sup-
pressor function in vivo.
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13.1.2 Ectopic Re-Expression
of BigH3 Suppress Tumorigenic
Phenotype

To ascertain the tumor suppressive effect of
TGFBI gene in human lung cancer, it is necessary
to re-express the lost or downregulated gene in
tumor cells and determine the tumor outcome
upon inoculation into nude mice. The approach
was to ectopically express the gene in a highly
malignant cell line (TL1) using pRc/CMV2
TGFBI expression vector. Thirty G418-resistant
colonies (TL1-TL30) that expressed different
levels of TGFBI gene were chosen for further
studies [12]. From the northern and western blot-
ting results, the parental TL1 cells and TL1-pRc/
CMV?2 cells expressed a low, detectable, and
similar level of TGFBI gene. After transfection,
the expression of TGFBI gene in TL1-clone 18
cells was restored to a level similar to that of con-
trol BEP2D cells, whereas in TL1-clone 28 cells
it was fourfold higher than control. Upon inocu-
lation into athymic nude mice, no tumor (0/8
mice) was detected in animals injected with the
parental BEP2D cells after more than 20 weeks.
However, 8/8 mice that were injected with either
TL1 or TL1-pRc/CMV2 tumorigenic cells with
vector control developed progressively growing
tumors at 4 weeks, with average volumes of
1021.8 mm? and 970.6 mm?, respectively. In con-
trast, only 9/16 mice injected with TL1-clone 18
formed small tumor nodules at 4 weeks, with an
average volume of 86.7 mm?® which was signifi-
cantly smaller than that of the parental TL1 cells
(P<0.01). The results of these studies provide
unequivocal evidence of the TGFBI gene func-
tion in radiation carcinogenesis.

13.1.3 TGFBI Knock Out Mice Have
Higher Spontaneous Tumor
Incidence

To explore the physiological function of TGFBI
and its role in tumorigenesis, TGFBI-deficient
mice were generated by homologous recombina-
tion [13]. The correct targeting resulted in the
replacement of exons 4—6 of TGFBI gene in mice
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with a neomycin-resistant gene and was identified
by Southern analysis. TGFBI”~ mouse embryo
fibroblasts (MEF) still expressed TGFBI mRNA,
but the level was about sixfold lower than in wild-
type MEFs. Moreover, the deletion of exons 4-6
in TGFBI7~ MEFs was demonstrated by RT-PCR,
and the absence of TGFBI protein was revealed
by western blot.

To determine the tumor-suppressor function of
TGFBI in vivo, TGFBI"-, TGFBI"~, and wild-
type TGFBI** animals were generated from
back-crossing of heterozygous TGFBI*~ mice and
the development of spontaneous malignancies for
up to 20 months was examined [13]. From ages of
9 to 16 months, over 20% of TGFBI”~ mice died
of systemic illness, whereas all TGFBI*"* mice
were alive. To determine the cause of death, the
moribund TGFBI”~ mice between ages of 9 and
16 months were sacrificed and subjected to
detailed histopathological analysis. Four out of 12
mice developed malignancies including one inva-
sive lung adenocarcinoma and three lymphomas,
one of which was a highly disseminated lym-
phoma infiltrating liver and lung tissues. By the
end of 20 months, 8.3% of TGFBI** mice, 13.3%
of heterozygotes, and 37.04% (20/54) of TGFBI~~
mice had developed tumors. The tumor incidence
in heterozygotes is higher than that in wild-type
mice, but did not reach statistical significance
(P>0.05, x* test). Furthermore, topical treatment
of TGFBI~ animals with the chemical carcino-
gen 7,12-dimethylbenz(a)anthracene (DMBA)
resulted in a tenfold higher skin tumors by
6 months of age when compared with wild-type
animals. This data further confirmed the tumor
suppressor function of the TGFBI gene.

13.1.4 TGFBI”- MEFs Exhibit
an Increased Frequency
of Chromosomal Aberrations

To clarify whether disruption of TGFBI resulted in
an increased frequency of chromosomal aberra-
tions, TGFBI7~ and wild-type MEFs at passage
2 were treated with 0.05 pg/ml colcemid for
3—6 h, and chromosomal metaphases were pre-
pared using previously published procedures.
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Various types of chromosomal aberrations in
TGFBI- MEFs were identified. Overall, 43.75%
(7/17) of metaphases prepared from TGFBI™-
MEFs contained chromatid breaks, centric frag-
ments, or chromosomal breaks, whereas only
13.3% (2/15) metaphases from wild-type MEFs
contained only centric fragments [13]. In addi-
tion, frequency of micronuclei was also examined
in the early passage of MEFs (P2). Twenty-four
hours post-plating, cells were fixed with acid alco-
hol and stained with acridine orange in dark for
10 min. A total of 3,000 cells were counted for
each experiment, and three independent assays
were performed. Micronuclei frequency in
TGFBI”- MEFs was found to be 4.7-fold higher
than that in wild-type MEFs.

13.1.5 Nontargeted Effects
of lonizing Radiation

Radiation is a well-established human carcinogen.
Based principally on the cancer incidence found
in survivors of the atomic bombs in Japan,
the International Commission on Radiological
Protection (ICRP) and the US National Council on
Radiation Protection and Measurements (NCRP)
have recommended that estimates of cancer risk
for low-dose exposure be extrapolated from higher
doses where data are available using a linear, no-
threshold model. This recommendation is based on
the dogma that the DNA of the nucleus is the main
target for radiation-induced genotoxicity and, since
fewer cells are directly damaged at lower doses,
the deleterious effects of radiation decline propor-
tionally. However, there is increasing evidence
from a number of laboratories indicating that extra-
nuclear targets/extracellular events may also play
an important role in determining the biological
responses of ionizing radiation, particularly, at low
doses (reviewed in 14, 15). A major conceptual
shift in our understanding on the target theory of
ionizing radiation in the last decade has resulted
from the discovery of the bystander effect.

The radiation-induced bystander effect is
defined as the induction of biological effects in
the cells that are NOT directly traversed by a
charged particle, but are in close proximity to
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cells that are. The additional responding cells that
received no radiation exposure were “bystanders”
of either directly hit cells or resulted from agents
released from the irradiated medium. Although
circumstantial evidence in support of a bystander
effect appears to be consistent, direct proof of
such extranuclear/extracellular effects are most
convincingly demonstrated using charged particle
microbeams [16, 17].

Using microbeam technology, a variety of bio-
logical endpoints in both human and other mam-
malian cell lines have firmly established the
presence of a bystander effect under either con-
fluent or sparsely populated culture conditions. In
general, as few as one cell in a population that is
targeted by a single particle has been shown to be
sufficient in eliciting a bystander response [17].
Furthermore, increasing the number of particle
traversals per cell or the total dose delivered to
the irradiated fraction does not increase the inten-
sity of the bystander response. Thus, there is no
evidence of a dose response in any of the biologi-
cal endpoints examined thus far.

The apparent lack of a dose response in
bystander effects observed in many in vitro stud-
ies conducted using either a microbeam or
through medium-mediated approach could have
significant, broader implication in radiation risk
assessment. The dose-response concept and the
linear no threshold model form the cornerstone in
our current management of radiation risk, par-
ticularly at the low-dose region. However, at the
low-dose range, there are other radiobiological
effects come into play including adaptive response,
genomic instability, and genetic susceptibility.
Although the role of bystander effects in human
health is not clear at the moment, there is evidence
that it may modulate tumor incidence after heavy
ion irradiation in mice [18].

13.1.6 Nature of the Signaling
Molecules and Pathways
Involved in Radiation-Induced
Nontargeted Response

In our quest to identify the signaling pathways
involved in radiation-induced bystander effect,
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we first focused on the genes that are differentially
expressed among the bystander vs. control cells.
Since the microbeam can only irradiate one
cell at a time and a large number of cells are
needed for gene array analyses, we employed a
novel double mylar dish approach to define
the bystander response. Briefly, two concentric
stainless steel rings were fitted with mylar bot-
toms with the outer and inner rings covered by a
6- and 38-um-thick mylar sheet, respectively.
The thicker mylar sheet of the inner ring was
sliced into strips. After sterilizing with 70% etha-
nol and air-dried, exponentially growing normal
human lung fibroblasts (NHLF) were plated in
the concentric strip dishes 3 days before irradia-
tion to ensure a confluent state. Since the fibro-
blasts seeded on the 38-pum-thick mylar strips
would not be irradiated due to the short penetrat-
ing distance of the o particles, these cells would
effectively become the bystander cells, being
seeded right next to the cells plated on the 6-pm
mylar dishes that were directly irradiated.

Using a signal transduction pathway specific
SuperArray, we compared the differentially
expressed genes among the nonirradiated con-
trol NHLF cells and the bystander cells. Among
the 96 genes represented on the platform, tran-
scription level of one gene, cyclooxygenase-2
(COX-2), was found to be consistently upregu-
lated by more than threefold, while the RNA
level of insulin growth factor binding protein-3
(IGFBP3) was found to be consistently lower
by more than sevenfold in multiple analyses of
multiple bystander samples [19]. Semiquan-
titative reverse transcription (RT)-PCR was used
to confirm the expression levels of these two
genes using expression level of the glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH)
gene as an internal control. The expression of
the COX-2 protein in the nonirradiated bystander
cells was further confirmed by western blotting.
Addition of the COX-2 inhibitor NS-398
(50 uM) suppressed COX-2 activity in NHLF
cells and finally, after 24 h, reduced the COX-2
protein level in bystander cells to a nondetect-
able level [19]. These results indicated that
expression of COX-2 is associated with the
bystander effect.
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13.1.7 Effects of COX-2 Inhibitor
on the Nontargeted Effect

If the COX-2 gene is causally linked to the
bystander-signaling pathways, it should be pos-
sible to modulate the bystander response using a
specific inhibitor of the COX-2 enzymatic activity.
Experiments were conducted to show the effect
of a noncytotoxic and nonmutagenic dose of
NS-398, a specific inhibitor of COX-2 activity,
on bystander mutagenesis at the hypoxanthine
guanine phosphoribosyltransferase (HPRT) locus
in NHLF cells irradiated with a 0.5-Gy dose of a
particles using the track segment beam [19].
NHLF cells showed a bystander mutagenic yield
of ~4.2+1.2 mutants per 10° survivors. By con-
trast, in cultures co-treated with NS-398 (50 uM)
that did not increase the spontaneous mutant
yield by itself, the bystander mutant fraction
was reduced by more than six fold to a level
of ~0.7 £0.2 mutants per 10° survivors. Although
NS-398 treatment was able to reduce the HPRT
mutant fraction in the directly irradiated popula-
tion as well, the magnitude of suppression, from
9.2+3.5 to 5.9+2.2 mutants per 10° survivors
was only 36%.

13.1.8 Activation of MAPK Signaling
Pathways in Bystander Cells

Insulin growth factor and other cytokines activate
mitogen-activated protein kinase (MAPK) sig-
naling cascade; and activation of extracellular
signal-related kinase (ERK) by phosphorylation
is a critical upstream event preceding COX-2
expression. Our previous findings based on west-
ern blot analysis demonstrated a strong upregula-
tion of phospho-ERK levels in both a-irradiated
and bystander NHLF 4 h after treatment [19].
To further confirm the activation of ERK in
bystander cells, PD98059 (50 uM), a specific
inhibitor of MAP kinases (MEK) — extracellular
signal-regulated kinase (ERK) — was added to
cell cultures immediately after irradiation for a
period of 4 h. In the presence of PD98059, the
phosphorylated form of ERK and its activation
were suppressed in both o particle irradiated and
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bystander cells. If activation of the MAPK
signaling cascade and ERK phosphorylation are
essential in mediating the bystander effect, it
should be possible to mitigate the later response
by using a specific inhibitor of the MEK-ERK
signaling cascade. In fact, treatment of cells with
a noncytotoxic dose of PD98059 (50 uM) com-
pletely suppressed bystander toxicity observed in
NHLF cultures [19].

13.1.9 NF-xB Signaling Pathway
in Modulating Radiation-
Induced Nontargeted Response

Exposure of mammalian cells to ionizing radia-
tion induces two completely different “informa-
tion flows” that regulate cell response: from
the nucleus to the cytoplasm and from the plasma
membrane receptors via the cytoplasm to the
nucleus. One of the universal and well-documented
effects of ionizing radiation is the production of
double-stranded breaks (DSB) in genomic DNA
and DSB-induced signaling that targets and acti-
vates Ataxia telangiectasia mutated (ATM) kinase
in the nucleus followed the initiation of the down-
stream ATM-mediated signaling pathways [20].
ATM-mediated phosphorylation and stabilization
of p53 is one of the critical events in directly irra-
diated cells, which determines the fate of a cell
whether to undergo growth arrest or to cell death
via the mitochondrial apoptotic pathway. A gen-
eral role of ATM/ATR in the regulation of radia-
tion-induced bystander response was described
several years ago and was confirmed by the sub-
sequent investigation [21, 22]. However, ATM-
p53 signaling pathway was not directly involved
in the initiation of bystander response [19, 22];
furthermore, bystander response was observed
for p53-null cells [23].

There is clear evidence that alpha particle irra-
diation upregulates NFkB binding activity in both
directly irradiated and bystander cells, while Bay
11-7082, a pharmacological inhibitor of IKK/
NF«B, efficiently suppresses this up-regulation and
also reduces levels below the basal amount [24].
This inhibitor of NF«B activity also efficiently
downregulates COX-2 and iNOS-expression
levels in both directly irradiated and bystander
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fibroblasts. The NF-xB-dependent gene expression
of Interleukin 1 beta (IL1B), IL6, IL8, IL33, tumor
necrosis factor (TNF), and PTGS2/COX2, in con-
cert with other NF-kB-target genes, in directly
irradiated human skin fibroblasts resulted in the
production of other cytokines and their receptors,
as well as COX-2-dependent prostaglandin E2
(PGE2), with autocrine/paracrine functions.
These signaling molecules might further activate
signaling pathways and target NF-kB-dependent
gene expression in both directly irradiated and
nontarget cells, using the plasma membrane
receptor-initiated pathways through the cytoplasm
into the nucleus.

13.1.10 Relevance of the Nontargeted
Response in Radiation
Carcinogenesis

Using the radiosensitive Patched-1*~ (Ptchl*")
mouse model system that has a defect in radia-
tion-induced activation of the ATR-Chkl1 check-
point signaling pathway, there is evidence that
irradiated of the lower half of the animal with a
3-Gy dose of X-rays resulted in the induction
of medulloblastoma in the nonirradiated brain
tissues [25]. A significant increase in medullo-
blastoma (39%) occurred in the partial body
irradiated heterozygous mice compared to the
sham-treated group.

On the basis of human serum analyses, there is
clear evidence that plasma clastogenic factors are
present many years after radiation exposure from
the Japanese atomic bomb survivors, Chernobyl
liquidators, and from patients who underwent
radiotherapy [26]. To provide a better estimate of
the frequency distribution of second primary
tumor sites in relation to previous irradiation
volumes, a cohort of 115 pediatric patients who
developed such cancers was studied [27]. It was
estimated that ~22% of these secondarily derived
tumors arose from a distance of at least 5 cm
from the irradiated site and ~6% arose from a dis-
tance that was> 10 cm away, i.e., from out-of-field
locations. Although these findings are suggestive,
nonetheless, the data highlight the potential of
second tumor development outside the treatment
field and at much lower dose level.
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13.2 Conclusion

In vitro oncogenic transformation assays based
on immortalized human bronchial epithelial cells
are useful surrogate models in dissecting molecu-
lar mechanisms associated with each of the mul-
tiple steps involved in radiation carcinogenesis.
In an attempt to identify the genes involved in the
neoplastic process, cDNA arrays have been used
to screen differentially expressed genes between
control and radiation-induced tumorigenic cells.
The identification of TGFBI as a tumor suppres-
sor gene in tumorigenic human bronchial epithe-
lial cells and human lung cancer samples is
further confirmed by the availability of the TGFBI
knock-out mouse model. In the mean time,
advances in microbeam technology have resulted
in the unequivocal demonstration of an extra-
nuclear and an extracellular target in modulat-
ing radiobiological responses. The presence of
COX-2 and various inflammatory cytokines in
the nontargeted cells/tissues signified the critical
role of the stress response in the process. The
demonstration of a radiation-induced nontargeted
effect in 3D human tissues in whole organism
and that the progeny of nontargeted cells shows
an increase in genomic instability ([28] for
review) highlights the contributions of COX-2
and the inflammatory cascade in radiation
carcinogenesis.
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Abstract

Inhibitors of histone deacetylases (HDACs) have emerged as a new class
of anticancer agents based on their actions in cancer cell growth and cell
cycle arrest, terminal differentiation, and apoptosis. Previously, we ratio-
nally designed and developed a new class of hydroxamide- and mer-
captoacetamide-bearing HDAC inhibitors. A subset of these inhibitors
exhibited chemo-radiation sensitizing properties in various human cancer
cells. Furthermore, some HDAC inhibitors protected normal cells from
radiation-induced damage and extended the survival of mice following
total body exposure to lethal dose radiation. Pathological analyses revealed
that intestinal and bone marrow cellularities recovered significantly from
radiation-induced damage by structural compartments restoration, sug-
gesting the mechanism of action of these HDAC inhibitors. These findings
support the hypothesis that epigenetic regulation may play a crucial role in
the functional recovery of normal tissues from radiation injuries.

The epigenetic regulation governs gene expres-
sion, in part, through the balance of histone
acetyltransferase (HAT) and histone deacetylase
(HDAC) activities. HAT's acetylate lysine groups
at the amino terminal tails of nuclear histones to
neutralize positive charges on the histones, yield-
ing a more open, transcriptionally active chroma-
tin structure [1]. By contrast, HDAC family
members deacetylate lysine residues on histones
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Department of Radiation Medicine, matin condensation. Increased acetylation of his-
g‘e Lombardi ComprehenscilVe (ljéncef Center, tones and nonhistone proteins leads to changes
eorgetown University Medical Center, . . . T
3970 Reservoir Road, N.W, Box 571482, in the chromatin arclytecture anfl accesmbllhty
Washington, DC 20057-1482, USA for key cellular proteins to specific target sites
e-mail: jungm @ georgetown.edu [2, 3]. As such, a shift in the relative activities of
J.S. Rhim and R. Kremer (eds.), Human Cell Transformation: Role of Stem Cells 171

and the Microenvironment, Advances in Experimental Medicine and Biology 720,
DOI 10.1007/978-1-4614-0254-1_14, © Springer Science+Business Media, LLC 2011



172

these enzymes profoundly influences biological
processes, including DNA repair, replication,
cell cycle checkpoint activation, and cellular
differentiation [4].

14.1 Histone Deacetylase

Family Members

HDAC:S are initially identified as components of
large multiprotein complexes that bind to pro-
moters and repress transcription, and are found
in the nuclear and cytoplasmic compartments
[5, 6]. Eleven human HDACS have been identified
and divided into four classes based on structure,
sequence homology, and domain organization.
Class I consists of HDACs 1, 2, 3, and 8, which
are predominantly nuclear and play roles in cell
proliferation [5]. Class I HDACs are further
subdivided into IIa (HDACs 4, 5, 7, and 9) and
IIb (HDAC6 and 10) [7]. These enzymes are
characterized by a large NH2-terminal domain
or a second catalytic site and their expression is
more restricted, suggesting roles in cellular dif-
ferentiation and development [8]. Class III
enzymes include the SIRTs (sirtuins), and are
NAD-dependent deacetylases [9], which are not
inhibited by TSA or other hydroxamates. HDAC
11 is characterized as class IV, based on a phy-
logenetic analysis, and whose function is least
known [10].

14.2 Structural Classifications
of HDAC Inhibitors (HDACIs)

Inhibitors of HDACs have been discovered and
developed as promising anticancer drugs [11].
On the basis of structural divergence, HDAC
inhibitors are classified: (1) short-chain fatty
acids (i.e., sodium phenyl butyrate, valproic acid,
AN-9), (2) hydroxamic acids (i.e., suberoyla-
nilide hydroxamic acid (SAHA; vorinostat),
oxamflatin, trichostatin A (TSA), m-carboxycin-
namic acid bis-hydroxamide (CBHA), LBH-589,
LAQ-824, PCI-24781), (3) cyclic peptides
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(i.e., FR901228 (depsipeptide; romidepsin),
apicidin, cyclic hydroxamic acid-containing pep-
tides (CHAPS), trapoxin), (4) benzamides (i.e.,
MS-275, CI-994), (5) ketones (i.e., trifluorom-
ethyl ketone), and (6) miscellaneous (i.e., MGCD-
0103). A subset of HDACIs is reportedly as
pan-HDAC inhibitors, such as TSA and SAHA,
while MS-275 and depsipeptide confer isomer
or/and class-specificities. Some of which are cur-
rently in clinical trials [12], and two drugs, vor-
inostat (Zolinza®) and romidepsin (Istodax®),
have recently been approved by FDA for the
treatment of cutaneous T-cell lymphoma (CTCL)
in patients ([13], www.hhs.gov).

14.3 Development of
Second-Generation HDACIs

Despite a generally acceptable toxicity profile
for HDACISs, the lack of target specificity and
the presence of the toxicophore hydroxamide
group may still cause unpredictable toxicity
problems. To improve physicochemical and
pharmacological properties of first-generation
HDACTs, we rationally designed and developed
several new classes of HDACIs, including
ligands bearing either a hydoxamate or mercap-
toacetamide group [14, 15]. A subset of these
candidates exhibited 50% HDAC inhibition
activity within nanomolar ranges in vitro and
radiosensitizing effects on various cancer cells
[14, 15]. The candidate inhibitors potently
repressed the growth of cancer cells: the Gl s
for the hydroxamates ranged from 0.1 to >60 uM,
while the mercaptoacetamides revealed weaker
growth inhibitory activity against cancer cell
lines. Table 14.1 presents the data demonstrat-
ing that the hydroxamates conferred potent
cytotoxicity, while the mercaptoacetamides
revealed less against all three cancer cell lines.
However, normal human fibroblasts (NHP-5)
and human primary skin fibroblasts (Hs-68)
were found to be significantly resistant to these
HDACTs, supporting the notion that candidate
HDAC inhibitors preferentially suppress cancer
cell proliferation.
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Table 14.1 Effects of hydroxamate (HOCAHA) and mercaptoacetamide (6MAQH) HDAC inhibitors on pan-HDACs
and the growth of cancer and normal cells
Cell proliferation (GI,, uM)

Cancer cells Normal cells

50% pan-HDAC

Compound activity inhibition (nM) PC-3 SQ-20B MCF-7 NHP-5 Hs-68
H6CAHA 176 1.77 2.88 3.98 >300 >500
6MAQH 44 40 30 23 >500 >500

Note: Cell lines were obtained from the Tissue Culture Shared Resources of the Lombardi Comprehensive Cancer
Center, Georgetown University Medical Center. PC-3 is a prostate cancer cell line; SQ-20B is a head and neck squamous
carcinoma cell line; MCF-7 is a breast cancer cell line; NHP-5 and Hs-68 are nonmalignant human epithelial cell lines.
Cell proliferation was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
after a 48-h incubation period, as previously described [16]. Growth inhibitory concentrations at 50% (GI, ) were cal-
culated graphically and the mean GI,; values were obtained. Results are the mean of at least three determinations.
Statistical comparisons between treatment groups were made using GraphPad Prism 4.0 software

MCF-7:  Ac-a-tubulin Ac-histone H4
[uM]: 0 03 1 10 0 03 1 10
SAHA e B

H6CAHA ——— o —
6MAQH — e

Fig. 14.1 Dose-dependent and differential effects of
hydroxamate HOCAHA and mercaptoacetamide 6MAQH
on histone H4 and a-tubulin acetylation levels in MCF7
cells were analyzed after 4-h treatment with indicated
concentrations of HDAC inhibitors. Cells lysates were
prepared in a lysis buffer containing 20-mM Tris—HCl
(pH 7.4), 2-mM EDTA (pH 7.4), 2-mM EGTA (pH 7.4),

14.4 Cellular Target Specificity
of HDACIs

Given that 11 HDAC isomers are present in mam-
malian cells, whether isomer-specific HDACIs
are better drugs has been an outstanding question
and is actively in ongoing investigation. In gen-
eral, the determination of acetylated histone and
a-tubulin levels has been used as a measure of
HDACI efficacy in vitro and in vivo. Pan-
HDACTSs, such as SAHA and TSA, appear to tar-
get both histones H3/H4 and o-tubulin evidenced
by their enhanced acetylation levels, in a dose-
dependent manner. In contrast, other HDACIs,

6-mM mercaptoethanol, 10 pg/ml leupeptin, 2 pg/ml
aprotinin, and 1% NP40. The samples were subjected to
SDS-polyacrylamide gel electrophoresis. The indicated
proteins were probed with a polyclonal rabbit antibody
against acetylated histone H4 or a-tubulin (Upstate, Inc).
The immune-reactive bands were detected by enhanced
chemiluminescence (Amersham Biosciences)

such as trapoxin B, sodium butyrate, and FK-228,
do not exhibit these characteristics, suggesting
their selectivity at the cellular level [17]. Others
have reported that depsipeptide exerts modula-
tion of p53, ErbB1, ErbB2, and Raf-1 expression
in lung cancer cells [18]. Valproic acid, an anti-
epileptic agent, has shown to be involved in the
proteolysis of HDAC2 [19]. Hyperacetylations of
o-tubulin and Hsp90 have also been tightly linked
to class I HDACS6 inhibition. Our data, as shown
in Fig. 14.1, demonstrate that mercaptoacet-
amide-based HDACI 6MAQH preferentially
enhances acetylation of o-tubulin while hydrox-
amate HDACIs, SAHA and H6CAHA, enhance
the acetylation levels of both histone H4 and
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o-tubulin in a dose-dependent manner, suggesting
6MAQH as a class II HDAC isomer-specific
inhibitor. Therefore, understanding of the roles of
various HDAC isoforms in cell processes and
identifying HDACI-specific biomarkers in dis-
eases may contribute to strategies for the identifi-
cation of promising second-generation inhibitors
that exhibit target specificity and that offer clinical
relevance.

14.5 HDACs,DNA Damage Repair,
and Radiation Sensitivity

Accumulated studies have shown that a particular
subset of HDACIs induces radiosensitivity of
various human cancer cells [14, 20-24]. Consistent
with these findings, several recent reports have
provided supporting evidence of specific HDAC
isoforms’ roles in cell cycle regulation and
intrinsic radiation sensitivity [25-29].

A significant line of evidence has demon-
strated that a subset of HDAC family members
plays a critical role in DNA damage response and
repair [27, 30-32] and that post-translational
modifications (e.g., acetylation) of histones or
nonhistone proteins flanking DSBs affect acces-
sibility of repair and signaling proteins to the
damaged regions of DNA [33, 34]. Moreover,
changes in the chromatin architecture by HDACI
have shown to enhance the activation of nonhis-
tone proteins, including p53, pRB, and tran-
scriptional factors that are involved in cell cycle
regulation and affect cell proliferation and apop-
tosis, processes that are frequently aberrant in
cancers [11, 35]. With their intrinsic anticancer
properties, a subset of HDAC inhibitors has
exhibited radiation sensitizing properties in cer-
tain cancer cell lines and in preclinical models
[20-24, 36, 37]. However, underlying mecha-
nisms are not fully understood.

Previously, we have shown that an HDAC
inhibitor, trichostatin A (TSA), increased the
amount of radiation-induced DNA damage and
slowed the repair kinetics [31]. Gene expression
profiling also revealed that a majority of genes
that control cell cycle, DNA replication, and
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damage repair processes were down-regulated
following TSA exposure. HDACI treatment
modulated the radiation-induced DNA damage
repair process, in part, by suppressing BRCAI
gene expression [31]. Further studies have dem-
onstrated prolonged appearance of YH2AX and
Rad51 foci and suppression of DNA damage
repair genes (ATM, Brcal, and Brca2). Functions
of damage sensing and repair proteins, including
ATM, MREL11, y-H2AX, and 53BPI, are also
affected by changes in chromatin structure con-
formation [38—40].

A sensor of DNA damage, ATM has been
shown to interact with HDACI, to play a role
with HDAC4 in the DNA damage response path-
way, and to be associated with ionizing radiation-
induced changes in chromatin structure [25, 28].
Inactivation of HDACS3 affects S phase progres-
sion and enhances DNA damage [26]. HDAC4
co-localizes with 53BP1 (a protein which partici-
pates in the phosphorylation of p53 and Chk2
and in the maintenance of S and G, cell cycle
checkpoints) in DNA damage-induced nuclear
foci [25]. Finally, other studies have suggested
that butyrates, TSA, and inhibitory HDAC RNAs
are capable of sensitizing cancer cells to ionizing
radiation [27, 30-32, 41].

14.6 HDACI and Radioprotection
In Vitro

One of the hallmarks of HDACT action is to pref-
erentially sensitize actively proliferating cancer
cells [42-45]. Normal cells are considerably
more resistant to HDAC inhibitors than are tumor
cells [45]. To determine underlying mechanisms
of biological discrepancy between cancer and
normal cells, we examined the synergistic effect
of HDACI on DNA damage response by scoring
phosphorylated H2AX (yH2AX) foci, one of the
first events occurring at DNA double-strand
breaks (DSB). The data demonstrated that the
foci formation in cancer cells (PC3, LNCaP, and
DU 145) was markedly increased within 0.5 h and
gradually decreased by 3 h after irradiation (5 Gy)
(Fig. 14.2). HDAC inhibitor treatment alone
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Fig. 14.2 Effect of H6CAHA on radiation-induced
YH2AX foci; PC3, LNCaP, and DU145 cells were incubated
with vehicle or 1-uM H6CAHA for 16 h and then exposed
to 5 Gy of y-radiation. The 0-h samples were not exposed to
radiation. YH2AX foci were evaluated in 75 nuclei per treat-
ment per experiment. Columns represent mean values from

resulted in the accumulation of YH2AX foci for-
mation. However, after pretreatment with
H6CAHA for 16 h followed by irradiation (5 Gy),
YH2AX foci/cell growth increased significantly
and sustained these levels up to 6 h and persisted
for at least 24 h. This trend was not observed in
normal cells (data not shown). These results indi-
cate that disruption of the radiation-induced DSB
damage repair mechanism may account for
H6CAHA-induced radiosensitization of cancer
cells and also indicate that HOCAHA may have
the potential to facilitate DNA damage repair in
normal cells.

14.7 HDACI and Radioprotection
In Vivo

Given that the ability to selectively kill cancer
cells while limiting damage of normal cells is the
ultimate therapeutic goal and that HDACIs (phe-
nylbutyrate, trichostatin A, and valproic acid)
could suppress cutaneous radiation syndrome

LNCAP

H6CAHA [

H6CAHA
DMSO |

DUI145

three independent experiments; bars represent SD. After
staining, foci were visualized by Olympus FV300 equipped
with FluoView software. Statistical comparisons between
treatment groups were made using GraphPad Prism 4.0
software by Student’s #-test. A probability value of p<0.05
was considered to be significant

[42, 43], understanding the mechanisms of cancer
cell radiation sensitization and normal cell pro-
tection by HDACTSs is important.

To address how the candidate HDACTs affect
normal cells in response to ionizing radiation
in vivo, C57BL/6 mice were treated with an i.p.
subtoxic dose (4 mg/kg) of either hydoxamate
H6CAHA or mercaptoacetamide 6MAQH, 4 h
prior to total-body irradiated (TBI) with 15 Gy of
gamma radiation. The survival rate and body
weight were monitored daily. The data demon-
strated that 100% of animals undergoing TBI
died within 67 days. The loss of body weight
was evident, possibly indicating intestinal dam-
age. However, HDACI treatment extended the
survival of animals; 40% of animals treated with
hydroxamide HOCAHA or mercaptoacetamide
6MAQH survived until the end of the study at 25
days. The data also showed that the duration of
survival of animals pretreated with hydoxamate
H6CAHA (median survival: 14 days) extended
further than those treated with mercaptoacet-
amide 6MAQH (median survival: 9 days)
(Fig. 14.3). These animals eventually gained
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Fig. 14.3 The effects of each potential HDAC inhibitor,
hydoxamate (H6CAHA) and mercaptoacetamide (6MAQH),
on survival of mice undergoing total body irradiation of
15 Gy gamma. Each cohort (10 mice per group) received
i.p. administered HDACI (4 mg/kg body weight) 4 h prior
to irradiation. Survivals of animals were monitored and
the body weights were measured daily for 25 days until
the end of experiments. C57BL/6 mice (18-22 g) were
treated with an intraperitoneal dose (4 mg/kg) of hydox-
amate or mercaptoacetamide, 4 h prior to total-body irra-
diation (TBI). The animal protocol was reviewed and

approved by the Georgetown University Animal Welfare
Committee. The body weights of control and treated mice
were measured at weekly intervals. Total body irradiation
(TBI) was performed using a Mark-30 irradiator with a
¥Cs source at a fixed dose rate of 2.71 Gy/min. The
Kaplan-Meier method was used to analyze survival data.
All statistical analyses were performed on relative sur-
vival data (percentage change from initial survival).
Student’s r-tests were performed to determine if the differ-
ences between the treatments were significant. p<0.05
was considered statistically significant

Fig.14.4 Mouse bone marrow (BM) 2 days after exposure to 15 Gy of Cs-137 total body irradiation (IR). Femur cross
sections: (a) DMSO (control); (b) 4 mg/kg of mercaptoacetamide 6MAQH; (c) 4 mg/kg of hydroxamate HOCAHA

weight and continued to survive until termination
of the experiments.

To understand underlying mechanisms, histo-
logical analyses were performed using various
tissues, including the pelvic bone marrow (BM)
and the intestine. The data demonstrated that
HDACI pretreatment resulted in less BM cell loss

within 2 days compared with treatment with IR
alone (Fig. 14.4). Structural recovery accompa-
nied by an increase in small intestine crypts with
villus height was also interpreted as an indicator
of radioprotection (Fig. 14.5).

Although the underlying mechanisms respon-
sible for survival remains unclear, these results
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Fig. 14.5 Mouse intestine (colon) after exposure to 15 Gy of Cs-137 total body irradiation (IR). Left: DMSO control;
Middle: 2 days post-IR; Right: merceptoacetamide 6MAQH, 5 weeks post-IR

suggest that the candidate HDACIs protect mice
from BM and intestinal injuries after total-body
irradiation (TBI), supporting the clinical poten-
tial of HDACI in protecting the damage of nor-
mal cells/tissues during radiation treatment. It is
attempted to speculate that candidate HDAC
inhibitors may trigger the activation of BM pro-
genitors and promote their infiltration into the
damaged sites and that suppression of cytokines
by candidate compounds may contribute to
reduced inflammation and/or cell death rates,
thereby facilitating recovery from radiation-
induced injuries.

14.8 Conclusion

Radiation-induced acute and late injuries often
cause dysfunction of organs and generate second-
ary effects on functional impairment [46, 47].
Limitations and efficacy of radiation therapy in
cancer treatment are contingent upon tolerances
of normal tissues encompassed in the irradi-
ated fields. Our novel and structurally distinct
HDACTs, hydroxamide HOCAHA and mercep-
toacetamide 6MAQH, exhibited modulating
effects on radiation responses by which preferen-
tially killing cancer cells in vitro and in vivo, and
enhancing the survival rate of mice following
lethal doses of radiation. The data suggest that
significant recovery of intestinal and BM cellu-
larities and restoring structural compartments
from radiation-induced damage is a mechanism

of action of these HDAC inhibitors. Therefore,
the use of HDAC inhibitors for radiosensitizing
cancer cells and radioprotection of normal tissues
identifies an entirely new category of drugs with
clinical translation potential. Further studies are
warranted for its precise evaluation in which
these candidate compounds can be advanced as a
treatment agent for normal cell protection from
radiation-induced injury.
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Abstract

ATM (gene mutated in ataxia-telangiectasia) is a critical central component
of the pleiotropic responses of cells to ionizing radiation-induced stress.
To gain insight into molecular mechanisms and to enhance our under-
standing of ATM functions, we have advanced a human model cell system,
derived from genetically defined immortal fibroblasts, and we have applied
high-throughput genomic, proteomic and metabolomic technologies for a
systems level analysis. The cellular characterizations reported here pro-
vide the background for application of a systems analysis to integrate tran-
scription, post-translational modifications and metabolic activity induced
by exposure of cells to ionizing radiation. We present here a summary of
the derivation and characterization of cells comprising this model cell
system and review applications of this model to systems analysis of ATM
functions.

tion, as well as immunological deficiency and
extreme sensitivity to ionizing radiation [1-3].
Established primary cells, lymphoid and fibroblasts
derived from AT patients are available; however,
growing such cells has proven difficult and most
mechanistic studies utilize virus immortalized
cell lines. We have used one such cell line,
AT5BIVA to develop a model human fibroblast
system for investigating the role of ATM in reg-
M. Jung (54) ulating gene expression, protein expression and
Department of Radiation Medicine, post-translational modification, as well as metab-

Lombardi Comprehensive Cancer Center, olite generation. Here we characterize the cells
Georgetown University Medical Center,

3900 Reservoir Road NW, Washington, DC 20057, USA and demonstrate feasibility for high-throughput
e-mail: jungm @georgetown.edu analysis to globally define ATM mediated cellular

15.1 Introduction

Investigations of the human genetic disease,
ataxia-telangiectasia (AT) have led to the discov-
ery of ATM, the gene mutated in AT, as the cen-
tral factor leading to a complex clinical syndrome
marked by progressive neurological degenera-
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Fig. 15.1 Schematic
diagram of cell model
system
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responses in the genetically defined model
cell system. Bioinformatic integration of the
genomic, proteomic and metabolomic analyses
using commercially available software permits
a systems view of cellular responses to radiation
stress.

Although the clinical syndrome of AT is multi-
faceted, the disease is attributed to mutation in the
single gene, ATM [4]. ATM spans more than
150 kb, consisting of 66 exons and transcribing a
13-kb transcript. The 3,056 amino acid gene prod-
uct belong to the PI-3 kinase family of proteins
and functions by phosphorylating and activating
key molecules involved in cell cycle regulation,
DNA repair, immune response, transcriptional
regulation and genomic stability [4-6].

The activation of ATM in response to DNA
damage results in phosphorylation of proteins
involved in critical cellular processes, including
cell cycle regulation and DNA repair. The phos-
phorylation cascade ultimately leads to tran-
scriptional activation, and siRNA silencing of
ATM has shown a significant impact on the tran-
scriptional profile in the cell [7]. To our knowl-
edge, there has been no comprehensive analysis
of global gene expression changes in human
cells in which ATM function has been restored.

Model Cell System is Based on AT5BIVA

Human Fibroblasts

MRC5CVI

Do = 1.4 Gy

Transfection
pcDNA -ATM '

MRC5CVI

Do = 1.4 Gy

Therefore, our initial aim was to establish model
cells suitable for investigating ATM-dependent
and ATM-independent response to ionizing radi-
ation exposure.

15.1.1 Establishment of the (ATM +)

Model Cell System

To establish a model cell system for gene expres-
sion analysis we selected AT human fibroblasts
(AT5BIVA) with a known mutation in ATM,
which leads to a truncated gene product.
Introduction of the full-length ATM in a pcDNA3
expression vector resulted in a clonal cell line
(ATCLS8) with corrected radiation phenotype.
A second important cell line was established fol-
lowing gene transfer and radiation selection
experiments [8]. Cell line ATCL11 was found to
have normal radiation response parameters in a
background of mutant ATM. These cells have
been previously reported and represent ATM-
independent enhancement of cellular responses
to radiation exposure attributed to the introduc-
tion of a mutated IkB-o, modifying cellular
NF-kB regulation [8]. Figure 15.1 provides an
overall schema of cell line derivation.
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Fig. 15.2 Radiation clonogenic survival of AT cells.
Logarithmically growing cells were exposed to graded
doses of y-radiation. Clonogenic survivors were mea-
sured and fit to the single-hit, multitarget and linear qua-
dratic models as shown in a semi-logarithmic plot of the
data. Points and bars represent means of SEMs from trip-
licate flasks

15.1.2 Characterization of Fibroblast
Cell Lines

The radiation responses shown in Fig. 15.2
illustrate the survival of ATSBIVA cells to graded
doses of y-radiation exposure. Parameters derived
from the single hit, multitarget model of cellular
radiation survival, D, determinations provide a
convenient assessment of radiation sensitivity as
illustrated in Table 15.1 [9]. The smaller the value
of D_, the more sensitive are the cells to radiation
killing. In our laboratories, cells with normal
responses to ionizing radiation demonstrate D
values ranging from 1.2 to 1.7 Gy. Together, these
several cell lines provide a unique, genetically
defined model of the extremely sensitive fibro-
blasts of AT, ATSBIVA and the pcDNA trans-
fected cells, as well as the radiation sensitivity
complemented ATCLS derived by the introduc-
tion of the “wild type” ATM. The cell line,
ATCLI11, contains a truncated IkB-o, a dominant
negative factor which complements the radiation
responses of ATSBIVA cells in an ATM-independent
manner [8]. The MRC5CV1 cells are immortal
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Table 15.1 Radiobiological parameters of model human
fibroblasts

Radiation ;
Cell line category D, (Gy) N
AT derived cells and controls
AT5BIVA ERS 0.8 2.7
AT5BIVA/pcDNA ERS 0.8 35
ATCLS RS 1.6 1.2
ATCLI11 RS 1.6 1.0
MRC5CV1 RS 1.4 52

ERS extreme radiation sensitivity; RS normal level of
radiation sensitivity

human fibroblasts with “normal” radiation sensi-
tivity (D =1.4 Gy) but in a different genetic back-
ground, serving as additional controls in radiation
studies.

15.1.3 Gene Expression Profiling
in Human AT Fibroblasts

ATM has been implicated as a primary DNA
damage sensing molecule in the cell [9]. To assess
the effect of ATM on transcriptional regulation,
we investigated gene expression patterns of the
several ATSBIVA derived cells. A line graph of
microarray analyses in Fig. 15.3 compares basal
gene expression levels of cells in exponential
growth showing the impact of ATM gene prod-
uct, resulting in enhanced and suppressed gene
“outliers.” To assure reproducibility and quality
of the data, experiments were performed in
triplicate and samples were split prior to cRNA
library preparation. This resulted in the analysis
of six microarray chips per experimental point.
Multidimensional scaling and gene-tree analysis
of these samples from the genetically defined cell
lines confirmed distinct separation by cell line, as
reported elsewhere [10].

The expression differences demonstrated by
microarray data were validated by quantitative
Real-Time PCR (qRT-PCR) assays (Table 15.2).
All samples were normalized to GAPDH con-
trols. Overall, expression trends were remarkably
consistent with data obtained by array analyses,
albeit the more sensitive qRT-PCR generally
showed higher expression levels.
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Fig. 15.3 Line graph

of differential gene
expression comparing
ATS5BIVA, vector control,

ATCLS and ATCL11 cells +10 ]

-10

2
? f 1 CellLine.
ATSBIVA AT5BIVA/pcDNA  ATCL8 ATCLM
Table 15.2 ¢RT-PCR Mean fold change (SEM)
validation of microarray Accession
df:termmed expression number Description PCR Microarray
differences comparing B :
ATCLS to ATSBIVA MCL1 Myeloid cell leukemia sequence -2.0(0.183) -2.1(0.381)
RELA Reticuloendotheliosis viral 1.52 (0.123) 1.88 (0.166)
oncogene
GAS6 Growth arrest specific 6 -6.96 (1.64) -10.24 (5.29)
CASP3 Caspase 3 -1.62 (0.258) —1.55(0.273)
CDHI11 Cadherin 11 16.0 (2.39) 17.28 (1.71)
EPHBI1 Ephrin B1 21.11 (5.87) 21.07 (3.29)
ATM Ataxia telangiectasia mutated 34.30 (4.76) 20.17 (10.73)
SLC16A4  Solute carrier family 16 -13.93(9.87) -21.72 (16.83)
HDACI1 Histone deacetylase 1 2.30 (0.496) 1.47 (0.097)

15.1.4 Proteomic Studies of AT Cells

The product of the ATM gene triggers signaling
cascades that regulate DNA damage and repair,
cell cycle and apoptosis and stress response.
These signaling pathways are governed by trans-
lational and post-translational events, leading to
the need for analysis of differential protein levels.

Since the primary focus has been on the radiation
stress response, global changes in the proteome
were determined by comparing 2-D gel patterns
with and without radiation exposure [11].

A total of 435 and 630 differentially expressed
proteins were identified for ATSBIVA and ATCL8
cell lines, respectively, across the time course
study. We selected proteins with a high confidence
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Ta]ble :15'3 Summary of Protein name (transcription factors) 30min 1h 3h 24h
selected proteins, .
- ND D
expressed differentially in (Q99497) DI-1 protein — — - ! l N
ATCLS cells determined at (P67809) Nuclease sensitive element binding protein ~ ND i 1 ND
indicated intervals (060675) Transcription factor MafK ND i ND ND
following experiments (Q86WZ6) Zinc finger protein 227 ND ND ND
5 Gy y-radiation (Q99676) Zinc finger protein 184 ND ND ND
(Q9Y265) RuvB-like 1 ND ND ND
Protein name (stress response) 30min 1h 3h 24 h
(P07900) Heat shock protein — 90 alpha i T i i
(P08107) Heat shock protein 70 | l l l
(P11021) 78 kDa glucose regulated protein ND l i i
Protein name (DNA/RNA/protein processing) 30min 1h 3h 24h
(P24534) Elongation factor 1 l l ND ND
(P31942) Heterogeneous nuclear riboprotein l ND ND ND
(P17987) T-complex protein 1 1 ND ND |

(P49411) Elongation factor Tu
(P 31948) Stress-induced phosphoprotein

(P19338) Nucleolin
(QO01105) SET protein
(P35232) Prohibitin

Protein name (cell cycle/proliferation)

(Q05682) Caldesmon

(060861) Growth arrest specific protein
(P12004) Proliferating cell nuclear antigen
(P11802) Cell division protein kinase 4
(P82979) Nuclear protein Hee-1
(Q9HCTO) Fibroblast growth factor-22

score (>95%) for gene ontology analysis which
showed a predominance of proteins involved in
signaling, transcription, cell cycle and cytoskele-
tal structure and regulation. As an example,
Table 15.3 summarizes selected differential pro-
tein levels as a function of time after exposure to
ionizing radiation. Since 2-D gel analysis reflects
extent of post-translational modifications, as well
as changes in expression levels, the interpretation
of upregulated and downregulated events are less
relevant than the observations of changes in levels
of a given protein or modified status.

Previously, we reported the effects of ATM on
differential protein levels and/or post-translational
modifications under basal conditions, by resolv-
ing whole cell protein lysates on 2-D gel electro-
phoresis [12]. A predominant representation of
proteins was involved in pathways regulating

ND T ! !
ND ! l !

ND ! ND ND
ND ND | ND
ND ND | ND
30min  1h 3h 24h
ND ND 1 ND
ND ! ND ND
ND ! ND ND
ND ND ND |

ND ND ND 1

ND ND ND 1

cancer progression, cell growth and proliferation,
cell death, small molecule biochemistry and amino
acid metabolism. The pathways for purine, pyrim-
idine and amino acid metabolism were signifi-
cantly altered in ATCLS8 as compared to ATSBIVA
[12]. Moreover, the integrated analysis identified
significant ATM impact on RRM2, a potential
constriction point in purine metabolism [12].

15.1.5 Metabolomic Studies of AT Cells

To determine effects of ATM restoration on lev-
els of metabolic products, we performed ultra-
performance liquid chromatography coupled
with time of flight (UPLC TOF) mass spectrom-
etry. The resultant features were analyzed by
multivariate data analysis to yield ion rankings



186 M. Jung et al.
a 0.150
6 ............
r0.125
=5
) £0.100
S 4 -
a -0.075 &
~ 3 .......... o
g
-
2
1
0
=3 [0} o “— c
5 & £ g & § £ % e 5 £ 2
3 3 © o 3 < © SR = =z
g2 8 5 £. £ €. & 2 o8 8 2z &
8 i) e g £ & 3 < 8 S S 5] 3] k=)
5] ] i s 2 T3 Ele) %) Q9 X0, B < )
= = X S &8 @2 i 85 080 = i <
o ° < cg of ¢ o 20 -8 3 % S
£ S 5 £D° = =
S < < g% €= §5§ E pQ 2% £ g °F
g o g ) 2 3 8 5%8 O i
K] °© < 3 = © E cOs £
g 2 € = g< g¢= §
3 w e [6) T = n
3 O
3 g8
o S0
o} o o
- 0.125
20} ]
- 0.100
o
S 1.5 1o [ R S l ................. .
tg & [ | ] — — — - 0.075 5
& 2
P D T I D T WS WS W W W S—
e -0.050
;
IR e L e e . ............... I ................ I ............................................................................. [ 0025
0.0- . | -0.000
= c [7) = ®» .
= 2 5§ 5 § % £ 5 & g2 g2 &
= 5] 35 5 & ] 5 o E 3 g
[} < c = c c
2E 5 ¢ § ® £ » § £ 5 & 3
Q 0 D < + = > 0 + n %) %) »
8c 9} 2 5 3 « 2 5 < s &
84 @
£ © = ) e o . 5 2 £ e s
o = < c o ) = 2 (7} o 5
o= € S 5 =3 'S < = o 2
o 5 T 3 < n = 2
= 7] < 5]
< ) s g
g g 2 & g g
= o
£ 2 @ =
<< o

Fig. 15.4 Canonical pathways associated to the metabolites that showed significant changes in expression in response
to radiation exposure of ATCL8 (a) and AT5BIVA (b) cells, respectively

for putative identification of biomarkers showing
relative changes in metabolomic profiles. These
ions comprised the dataset for mass based
chemical identification using the Madison
Metabolomic Consortium Database (MMCD).
KEGG (Kyoto Encyclopedia of Genes and
Genomes) IDs associated with metabolites
showing significant fold changes and p-values
for functional pathway analysis using “Ingenuity”
software (ingenuity pathway analysis, IPA).
Pathways showing significant perturbations

included purine, pyrimidine and aminosugars
metabolism (Fig. 15.4) [11].

15.1.6 Integration of Databases

To integrate the several functional pathways, the
proteomics and microarray datasets were scored
for differentially expressed proteins or genes known
to participate in the common metabolic pathways
using the IPA tool. As an example, Table 15.4
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illustrates pathway integration across all three
levels of expression for purine metabolism. The
selected ions representing small molecule metabo-
lites were validated by mass spectrometry and
empirical formulae by comparing MS/MS frag-
mentation patterns and retention times of the target
ion and the standard metabolite [11].

The work summarized here utilized the iProX-
press proteomic analysis system, the commercial
software, Ingenuity (IPA) and the KEGG (http://
www.genome.ad.jp/kegg/) pathway, one of the
most widely used databases with curated path-
way maps for metabolism and other cellular
processes.

15.2 Discussion

We have described a genetically defined model
cell system, established by transferring genes
into the mutant ATSBIVA fibroblasts and select-
ing for clones exhibiting correction of the radia-
tion sensitive phenotype. A full-length ATM
expressing vector was used to derive ATCLS and
Western analysis has demonstrated characteristic
ATM phosphorylation at serine 1981 1 h follow-
ing exposure of cells to ionizing radiation in
ATCLS, but not in AT5BIVA, confirming the
presence of an activated ATM in ATCLS. Further
characterization of the ATM competent and ATM
deficient cells has included transcriptomic, pro-
teomic and metabolomic studies, followed by an
integrated analysis.

Collectively, our data show that ATM expres-
sion results in profound changes in the radiation
phenotype and in gene expression. Comparisons
of gene expression patterns of AT5SBIVA to
cells expressing a functional ATM following radi-
ation exposure, demonstrate an attenuated, less
robust response in ATSBIVA. Differences were
observed in 15 functional categories, including
those expected; such as apoptosis regulation,
cell cycle and growth regulation. Therefore,
these cells should permit detailed evaluation of
ATM-dependent and ATM-independent radiation
responses of cells.

The integrated systems approach to the global
studies of cellular processes identifies common

M. Jung et al.

links at the mRNA, protein and small molecule
metabolite levels. Purine metabolism was found
to be a major ATM mediated pathway at all three
levels of analysis.

Finally, this report shows the feasibility of
performing integrated “omics” analysis for study-
ing global changes that result from complex per-
turbations in a single gene. The technical aspects
of the approach extending from genes to metabo-
lites by integration within metabolic pathways
have been demonstrated. The data highlight
potential biomarker discovery and hypothesis
generation in studies of complex phenotypes
within the ATM model fibroblast system.

15.3 Materials and Methods

15.3.1 Cell Cultures

ATSBIVA and MRC5CV1 cells were obtained
from the National Institute of General Medical
Sciences (NIGMS). Cells were maintained in
modified Eagle’s medium with 20% fetal bovine
serum, 100 U/ penicillin, and 100 pg/ml strepto-
mycin. Cells were grown to 80% confluence and
serum starved for 24 h for experiments. The
ATCLS cell line was established by transfecting
ATS5BIVA cells with the wild type, full-length
“ATM” in a pCDNA expression vector and
selected by screening for correction of radiation
sensitivity.

15.3.2 Affymetrix Microarray Analysis

Total RNA was extracted using an RNeasy kit
(Qiagen, Valencia, CA, USA). RNA labeling and
hybridization were performed according to the
Affymetrix protocol for one-cycle target label-
ing. For each experiment, fragmented cRNA was
hybridized in triplicates to Affymetrix GeneChip
HG-U95 arrays (Affymetrix, Santa Clara, CA).
Affymetrix data analysis included pre-processing
of the probe-level Affymetrix data (CEL files).
We applied RMA for background adjustment,
quantile method for normalization and the
“median polish” for summarization. The triplicate
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arrays representing the same subject were aver-
aged. Probe sets were considered statistically sig-
nificant if their p-values were less than 0.001.
Pathway analysis was performed with Database
for Annotation, Visualization and Integrated
Discovery (DAVID).

15.3.3 Quantitative RT-PCR

Total RNA was reverse-transcribed using the
High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). qRT-PCR was performed
in triplicate using TagMan Gene Expression
Assays (Applied Biosystems) on the Applied
Biosystems 7900HT Fast Real-time PCR System.
Amplification of 18 S rRNA provided endoge-
nous control to standardize the amount of sample
added to the reaction. The comparative cycle
threshold (CT) method was used to analyze the
data by generating relative values of the amount
of target cDNA (Applied Biosystems). The sta-
tistical analyses of these data were performed
with a two-sided ¢ test since the expression data
showed normal distribution.

15.3.4 Two-Dimensional Protein
Gel Electrophoresis

Five hundred microgram of each whole cell lysate
were focused on the Protean IEF Cell from Bio-
Rad. Proteins were resolved on a second dimen-
sion on 12% SDS-PAGE gels, fixed and stained
with coomassie blue G250. Protein patterns were
compared using Dimension imaging software
(version 1.5, Syngene).

15.3.5 In-Gel Tryptic Digestion
And Protein Identification

by Mass Spectrometry

The protein spots of interest were manually
excised from 2-D-gels and processed as previ-
ously described [13]. Tryptic peptides were
extracted in acetonitrile and mass spectra were
recorded with a matrix assisted laser desorption/
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ionization-time of flight, time of flight (MALDI-
TOF-TOF) spectrometer (4700 Proteomics
Analyzer, ABI, USA).

Peptide masses were compared with the theo-
retical masses derived from the sequences con-
tained in Swiss-Prot databases using MASCOT.
A subset of predicted proteins was validated
using western blotting and the trend with respect
to fold change was observed to be consistent with
the experimental findings. For a time course com-
parisons of molecular networks, 30 min and 3 h
samples were selected as representative of early
and late responses following radiation exposure.
Functional pathways were determined using the
ingenuity pathway analysis (IPA).

15.3.6 Mass Spectrometry
for Metabolomic Analyses

Samples were prepared and subjected to ultra-
performance liquid chromatography-time of
flight mass spectrometry (UPLC TOF MS). All
reference chemicals were purchased from Sigma,
St. Louis, MO. All solvents were LCMS grade
(Fisher Scientific, USA- Optima grade).

15.3.7 Western Analyses

Protein extracts of ATSBIVA and ATCLS cells
were resolved by 1-D gel electrophoresis and
transferred onto polyvinylidene fluoride (PVDF)
membranes (Millipore Corporation, Bedford
MA). Antibodies were purchased from Santa
Cruz Biotechnology (USA). Antiphosphorylated
serine 1981 ATM antibody was procured from
Rockland Chemicals, USA.

15.3.8 Functional Pathway Analyses

IPA software was used to generate the pathways
that are related to transcripts, proteins and metab-
olites. Network analysis generated functional
association networks based on curated literature
information of protein interaction, co-expression,
and genetic regulation.
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Abstract

We developed a telomerase-positive, infinite life span human fibroblast cell
strain (MSU-1.0) by transfection of a v-MYC oncogene and spontaneous
over-expression of transcription factors SP1/SP3. Loss of expression of
p14~LT and enhanced expression of SPRY?2 gave rise to the MSU-1.1 cell
strain. Unlike MSU-1.0 cells, the MSU-1.1 cells can be malignantly trans-
formed by expression of N-RAS™! or H-Ras'!? oncoproteins (driven by
their original promoters) and expression of a SRC-family protein, v-FES.
MSU-1.1 cells can also be malignantly transformed by high expression of
these RAS oncogenes or the v-K-RAS oncogene. PDGF-B transformed
MSU-1.1 cells give rise to benign tumors (fibromas) in athymic mice.
A second route to malignant transformation of the MSU-1.1 cells involves
loss of functional TP53 protein by carcinogen treatment and loss of expres-
sion of wild type p16™K. These studies indicate 6-8 “hits” are required to
activate the oncogenes and inactivate the suppressor genes we identified.

16.1 Brief History of Early
Studies on the Growth
and Transformation
of Fibroblasts in Culture

Fibroblasts are found in all organs and tissues of
vertebrates, but are not the dominant cell type of
any organ or tissue. Of the more than 200 types of
7.J. McCormick (59) cells that exist, fibroblasts have been the most
Department of Microbiology and Molecular Genetics extensively studied in cell culture. In the 1940s,
and Department of Biochemistry and Molecular Biology,  when cell culture was being developed, investiga-
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fibroblasts [1, 2]. Some investigators thought
that the specialized cells of any organ or tissues
dedifferentiated into fibroblasts when placed in
culture. Others thought that the culture medium
used preferentially selected for the growth of fibro-
blasts over other cell types, e.g., epithelial cells,
which failed to grow and were lost. It was later
concluded that this was the case. Many recent
papers demonstrating epithelial to mesenchymal
cell transition in culture re-opens this question [2].

In 1943, Earle et al. [3] at the National Cancer
Institute in Bethesda, MD, discovered that C3H
mouse fibroblasts acquire transformed character-
istics in culture after a single chemical carcinogen
treatment and these cells form sarcomas in C3H
mice, leading to the death of the animals. The con-
trol cultures (not treated with carcinogen) acquired
the same transformed characteristics at a lower
frequency and formed sarcomas in 8% of the cases.
Since then, many investigators have performed simi-
lar experiments with mouse fibroblasts and they also
found that spontaneously-transformed malignant
cells developed. On rare occasion, there have been
reports of the spontaneous malignant transformation
of human fibroblasts in culture. However, when we
reviewed the literature in 1988 [4], we could not
validate any of the reports of spontaneous malignant
transformation of human fibroblasts in culture.

Namba et al. [5, 6] reported that repeated car-
cinogen treatment of human fibroblasts in culture
produced cells that caused sarcomas when
injected in immunosuppressed mice. We [4]
tested the parental cells used in these experiments
and their tumor derivatives, and found that they
carried the same isozymes. This confirmed the
validity of these experiments. Because Namba’s
tumor-derived cells have multiple chromosomal
changes they are not ideal for use in determining
the genetic and/or epigenetic changes responsible
for malignant transformation.

16.2 Oxygen Exposure to Rodent
Fibroblasts in Culture Causes
Transformation

A 2009 study by Yoshii and Watanabe [7] exam-
ined the question whether the 20% oxygen level
(the same as air) typically found in CO, incubators
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is responsible for the spontaneous transformation
of rodent fibroblasts in culture. Mouse, Syrian
hamster, and human fibroblasts (isolated from
embryos at the same stage of development), were
exposed to 20% (normoxic), 2% or 0.5% (hypoxic)
oxygen continuously. Human fibroblasts did not
develop an infinite life span and did not express
any transformed properties when exposed to any
level of oxygen. Mouse and hamster fibroblasts
exposed to the same levels of oxygen developed
an infinite life span and expressed anchorage
independent growth (a transformed phenotype)
especially when exposed to 20% oxygen.
Continuous exposure of mouse fibroblasts to 20%
oxygen led to cells that formed malignant tumors
when injected into syngeneic mice (personal
communication, M. Watanabe). Oxidative stress
is known to cause DNA damage. Human fibro-
blasts have been shown to have more robust
mechanisms to protect themselves from oxygen
stress than rodent fibroblasts [7].

16.3 Strategy Used to Transform
Human Fibroblasts

To understand the mechanisms by which human
fibroblasts become cancer cells in vivo, we trans-
fected genes (oncogenes) that had been shown to
be activated or over-expressed in cells from
patient-derived sarcomas (fibroblastic or undiffer-
entiated soft tissue sarcomas) into human fibro-
blastic cell strains. We isolated colonies that were
either drug-resistant (plasmid contained a drug-
resistant marker) or expressed transformed phe-
notypes (foci or anchorage independent growth).
Independent clonal populations were tested for
the level of expression of the oncoprotein of inter-
est and grouped based on high, moderate, or low
expression level. These clonal populations were
tested for: focus formation, anchorage indepen-
dent growth, growth in medium with reduced
levels of serum, and tumor formation in athymic
mice. In addition to studying the role of specific
oncogenes, we also evaluated the role of the tumor
suppressor genes, TP53, pl4*fF, pl16™¥, and
LRP12, in malignant transformation.

Because of space limitations, this paper only
describes the details of our research, highlighting
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the contribution of many of our colleagues.
Other researchers have taken a somewhat dif-
ferent approach to reach an understanding of
how human fibroblasts become malignant cells.
These have been reviewed by Peters and his
coworkers [8, 9] as well as by Counter and his
coworkers [10].

The process of carcinogenesis involves
sequential changes due to enhanced function of
an oncogene and/or loss of function of a tumor
suppressor gene. These changes typically give
the cells a selective growth advantage allowing
clonal expansion to a large population. This
increases the probability that one of the cells will
undergo a spontaneous or carcinogen-induced
mutation in another cancer related gene. Each
sequential change results in a cell that has acquired
a more transformed phenotype, ultimately result-
ing in a cell that is capable of forming a malignant
tumor. Human cancers typically are clonal in
origin, i.e., they originate from a single “first cancer
cell.” Cancers that develop as a result of viral
activity may be an exception.

16.4 Development of Infinite
Life Span Human Fibroblasts

Many patient-derived cancer cell lines have an
infinite life span in culture, while human fibro-
blasts, like other normal human cells, have a lim-
ited life span in culture (~60 population doublings).
Infinite life span human fibroblasts, which were
chromosomally stable, are ideal to study the
genetic and/or epigenetic changes responsible for
malignant transformation.

The normal human fibroblast cells used for
these experiments (LG1) were obtained from the
foreskin tissue of a healthy newborn male. To
create infinite life span human cells, we expressed
the v-MYC gene in LG1 cells [11], a technique
that had been reported to cause rat fibroblasts to
develop an infinite life span [12]. The v-MYC
gene (linked to a neomycin-resistant gene) was
transfected into human fibroblasts and neomy-
cin-resistant clonal populations were isolated.
These v-MYC expressing cells were grown in
culture until the cells senesced. A small number
of cells continued to grow beyond senescence
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(more than 150 population doublings). These
cells are considered immortal, i.e., having an
infinite life span.

The newly established infinite life span cells
gave rise to two distinct clonal populations in cul-
ture. The cells, designated MSU-1.0, were derived
from large diffuse clones that grew relatively
slowly (72 h doubling time) and were diploid.
The cells, designated MSU-1.1, were derived
from small punctual clones that grew more rap-
idly (18-24 h doubling time) and carried two
stable marker chromosomes, 45 chromosomes
total. One of the marker chromosomes has a loss
of the 11pl5 region similar to that observed in
embryonal rhabdomyosarcomas [13]. The H-RAS
gene is located on the lost fragment. We con-
cluded that the diploid MSU-1.0 strain must have
arisen first and the MSU-1.1 strain arose from it.
The MSU-1.0 and MSU-1.1 cells were both neo-
mycin-resistant, the v-MYC-neo vector was inte-
grated in the same location in both, and they
carried the same genetic markers as the parental
LG fibroblasts. Neither cell strain formed tumors
in athymic mice. LG1 cells and their many deriv-
atives, MSU-1.0, MSU-1.1, etc., are referred to
as the MSUI1 lineage of cells.

After the discovery of the telomerase gene,
h-TERT [14], we tested LG1, MSU-1.0, MSU-
1.1 for telomerase activity and found that the
MSU-1.0 and MSU-1.1 cell strains had such
activity, but the LG1 parental cells did not [15].
It was later reported that the human h-TERT
expression was controlled by the transcription
factors MYC and SP1 [16]. We found that both
MSU-1.0 and MSU-1.1 cell strains spontane-
ously express a significantly higher level of
SP1 and SP3 protein than the LG1 cells [17].
Therefore, it seems likely that the spontaneous
over-expression of SP1 and SP3 in a subpopula-
tion of the v-MYC-expressing LG1 cells leads to
the expression of telomerase and as a result, the
infinite life span property of MSU-1.0 and
MSU-1.1 cell strains. Studies have shown that
the transfection of the human c-MYC gene into
WI38 human fibroblasts can also lead to infinite
life span cells by a similar process [18, 19]. The
c-MYC gene is over-expressed in the SHAC
human fibrosarcoma cell line [20] as well as in
other human sarcomas [21, 22].
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16.5 INK4a-p14°%F

The MSU-1.1 cells have a shorter doubling time
(18-24 h) than the LG1 or MSU-1.0 cells,
strongly suggesting that they have an aberration
in a growth factor pathway. We found that p142RF,
a protein that controls the cell cycle, is not
expressed in the MSU-1.1 cells, but is expressed
at the same level in both the MSU-1.0 and LGl
cells [23]. We also found that other normal human
fibroblasts express pl4A%F, but HT1080 and
SHAC patient-derived human fibrosarcoma cell
lines do not. The pl14A%F protein functions as a
growth suppressor by inhibiting MDM?2-
dependent p53 degradation [24]. Inactivation of
the p14RF gene in primary human fibroblasts has
been demonstrated to give the cells a strong
growth advantage [25], similar to what we have
seen in MSU-1.1 cells. The loss of p144&F expres-
sion is found in angiosarcomas [26] and Ewing
sarcomas [27].

16.6 Malignant Transformation:
The RAS/SRC Pathways

The patient-derived human fibrosarcoma cell
line, HT1080, expresses the N-RAS™*%" oncogene
[28]. HT'1080 cells that have a reduction in the
amount of the N-RAS™*' oncoprotein, results in
a 1,000-fold reduction in anchorage independent
growth. The cells are weakly tumorigenic [29].
Obviously there is a fine balance between the
amount of N-RAS and N-RAS™*! protein that is
required for malignant transformation of these
cells.

The K-RAS, N-RAS, and H-RAS genes are
highly homologous, but their expression levels
vary considerably in different types of normal
tissues and their oncogenic forms occur in spe-
cific types of human cancer [30]. This led us to
carry out studies on the ability of the oncogenic
forms of these genes to transform the MSU-1.1
cells. We found that expression of the v-K-RAS
[31] oncogene caused MSU-1.1 cells to form
foci. Cells isolated from the foci grew in an
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anchorage independent manner and formed
spindle cell or myxoid sarcomas in athymic mice.
We also studied the ability of the N-RAS™*%
oncogene in a high expression vector to malig-
nantly transform MSU-1.1 cells. Cells isolated
from resulting foci formed spindle or round cell
sarcomas in athymic mice [32]. These cells
expressed high amounts of the N-RAS™*%! pro-
tein, which on Western blot analysis appears as
a novel more rapidly migrating band, as we
observed in the HT1080 cells.

When we expressed the N-RAS™%! gene
(from the HT1080 cells) with its own promoter
in MSU-1.1 cells, these cells expressed only a
slightly higher level of the N-RAS™*! protein
(the novel more rapidly migrating band) and were
more refractive than the parent population. They
do not exhibit anchorage independent growth and
do not grow in medium with reduced serum [33].
On Western blot analysis, MSU-1.1 cells and
HT1080 cells express similar amounts of K-RAS,
H-RAS, and N-RAS proteins. It is not surprising
that MSU-1.1 cells and HT1080 cells express
comparable levels of the three RAS proteins since
the sarcoma, which gave rise to the HT 1080 cells,
developed in part as a result of a mutation at
codon 61 (one of the two alleles of the constitu-
ent N-RAS genes). We conclude that although
high expression of the N-RAS™% gene malig-
nantly transforms the MSU-1.1 cells, it is likely
that in the HT1080 cells, another gene functions
to complement it in the malignant transformation
process.

We also transfected the MSU-1.1 cells with
a vector carrying the H-RAS"? oncogene con-
taining either two enhancer sequences, or one
enhancer sequence, or no enhancer sequence
[34]. Only the cells transfected with the high
expression vector (two enhancer sequences) pro-
duced foci. Cells isolated from the foci exhibited
anchorage independent growth, grew in medium
without exogenous growth factors, and produced
tumors of 1 cm® in 30-34 days. These tumors
were found to be poorly differentiated, invasive,
spindle cell sarcomas. Chromosomal analysis of
the RAS oncogene transformed tumor-derived
cells indicated that they all carried the two
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Fig. 16.1 Representative image of a fibroma generated by the MSU-1-1-PGF-B cell strain

marker chromosomes, which are characteristic
of the MSU-1.1 cells and had a modal chromo-
some number of 45.

However, when we transfected the H-RAS'?
gene with its own promoter into MSU-1.1 cells,
they expressed slightly higher levels of the
H-RAS protein and were slightly more refrac-
tive than the parental LG1 cells [33]. This cell
population exhibited greater anchorage inde-
pendent growth (small colonies) and grew in
medium with reduced growth factors somewhat
better than the parental MSU-1.1 cells and is
nontumorigenic.

One growth factor that activates the RAS
pathway in human fibroblasts is PDGF-B. The
simian sarcoma virus that transduces the sim-
ian form of the PDGF-B gene causes benign
tumors (fibromas) in monkeys [35]. It is also
known, unlike normal human fibroblasts, the
HT1080 human patient-derived sarcoma cell
line expresses PDGF-B protein that drives rep-
lication of these cells [36]. We found LG1 human
fibroblasts and its derivatives, MSU-1.0 and
MSU-1.1, do not express PDGF-B protein [37].

To determine what role PDGF-B gene expression
plays in the transformation of human fibroblasts,
we transfected the simian sarcoma virus form of
the PDGF-B gene (linked to a drug-resistance
marker) into the MSU-1.1 cells and selected for
drug resistant colonies [37]. Clonal populations
that expressed the PDGF-B protein at high levels
grow to much higher saturation densities than
the MSU-1.1 cells and form large colonies in
agarose. As expected, the PDGF-3 receptor was
activated in the cell strains that produced high
levels of PDGF-B. These cells formed small
tumors after 72 days, but did not continue to
grow and did not regress. They were found to be
benign tumors (fibromas) (Fig. 16.1). Tumors
left in the animals for 144 days exhibited small
islands of sarcomatous cells within the fibromas.
When these benign tumors were removed, estab-
lished in culture, selected for drug resistance,
and injected into athymic mice these cells formed
predominantly benign tumors with multiple
discrete islands of low or high grade spindle,
or round cell sarcomas. We concluded that an
additional spontaneous change occurred in the
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benign tumors that gave rise to sarcomatous
cells. These fibroma-derived cells had the same
chromosome complement as their parental
MSU-1.1 cells (45 chromosomes, including the
two marker chromosomes).

16.7 Studies on a SRC Family
Protein

The SRC family of genes consists of nine members
that have a close homology and code for nonre-
ceptor tyrosine kinases. All cells express one or
more genes from the SRC family. The first onco-
gene discovered was the viral SRC gene (v-SRC),
the oncogene of the Rous sarcoma virus (RSV) of
chickens [38], which is derived from the c-SRC
gene of chickens. RSV infection of chickens
results in a massive viremia, which causes mul-
ticlonal spindle cell tumors that kill the animals.
RSV also transforms chicken fibroblasts in
culture.

To determine whether a SRC-family member
plays a role in the malignant transformation of
human fibroblasts, we transfected the MSU-1.1
cells with the v-FES gene linked to a drug-resis-
tance marker [33]. Clonal populations of drug-
resistant cells that expressed the v-FES protein
had spindle cell morphology, the same growth
factor requirements as their parental MSU-1.1
cells, formed small anchorage independent colo-
nies at an enhanced frequency, and were nontum-
origenic. However, v-FES clonal populations
kept in culture for 50-60 population doublings
acquired the ability to form large colonies in aga-
rose and these populations formed high grade
sarcomas of 1 cm? in 27-75 days. MSU-1.1 cells
not expressing the v-FES protein were nontum-
origenic even after extensive culturing. These
experiments suggest that the expression of this
SRC-family gene (v-FES) is required for malig-
nant transformation, but at least one additional
genetic and/or epigenetic change is also required.
It should be noted that many studies on SRC-
family proteins utilize antibodies that cross-
react with various members of the family.
A 2008 study [39] demonstrates that a SRC-family
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tyrosine kinase (LYN) plays an essential role
in the tumorigenic growth and metastases of
Ewing sarcoma. We chose the v-FES gene for our
studies, because specific FES antibodies were
available.

We transfected the v-FES oncogene into the
H-RASY'? or N-RAS™*¢!" cells (expressing low
levels of these oncoproteins, as described above)
to determine whether expression of a SRC-
family oncoprotein could complement the RAS
oncoprotein and malignantly transform cells.
The H-RASY'?v-FES-expressing cells formed
large anchorage independent colonies at a high
frequency, exhibited enhanced growth in medium
with reduced serum, and formed high grade
spindle cell sarcomas in athymic mice with a
short latency. However, the N-RAS™*¢!-y-FES
expressing cells did not form anchorage inde-
pendent colonies, or exhibit enhanced growth in
medium with reduced serum, and did not form
tumors.

We carried out an additional study transfect-
ing the v-FES oncogene into the MSU-1.2 cells
[40]. This cell strain is a spontaneous clonal
derivative of the MSU-1.1 cells selected for its
ability to grow rapidly in medium without exog-
enous growth factors. It does not form large colo-
nies in agarose and does not form tumors. The
v-FES expressing cells formed large colonies in
agarose and formed invasive, spindle cell sarco-
mas with a short latency. This result is consistent
with that described above for the H-RASY'?v-
FES cells indicating that expression of v-FES
provides an essential step in the malignant trans-
formation process.

We also carried out a parallel experiment
using MSU-1.1 cells with low levels of expres-
sion of the PDGF-B protein [37]. In culture,
these cells exhibited minimal characteristics
of transformation and were nontumorigenic
in athymic mice. Like the H-RASY'?v-FES-
expressing cells, the PDGF-B-v-FES-expressing
cells formed large anchorage independent colo-
nies at a high frequency, grew in medium with
reduced serum, and formed high grade spindle
cell sarcomas (Fig. 16.2) in athymic mice with a
short latency.
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Fig. 16.2 Representative image of a fibrosarcoma generated by the MSU-1.1-H-RAS"!2-v-FES cell strain

16.8 Summary of Oncogene
Transformation Experiments

The results described above indicate that malignant
transformation of human fibroblasts requires
specific mutations in the MYC, SP1/SP3, p144%F,
RAS (or PDGF-B), v-FES genes (or homolog’s),
or their promoter regions. If these mutations were
spontaneous or carcinogen-induced, six “hits”
would be required for malignant transformation.
As a tumor suppressor gene, pl44RF requires a
“hit” in each of the trwo alleles and the four onco-
genes require a single specific “hit” in one allele.
Some of the oncogenes require specific mutations
in the structural gene such as in H-RAS"? or
N-RASY%!. Other oncogenes such as SP1/SP3
require a higher steady state expression level of
the wild type gene.

The transfection of oncogenes creates trans-
formed cells that express the same characteristics
as cells from patient-derived tumors. However,
the oncogene transformed cells are not identical
to cells from patient-derived tumors for a number
of reasons: (1) the transfected cells typically carry
an extra normal copy of the gene of interest;

(2) the transfected gene is usually not under the
control of its ordinary promoter sequence; (3) the
sequence by which the changes were made in
the cells is arbitrary except that the infinite life
span cells must be an early change; and (4) the
site of integration of transfected gene(s) is ran-
dom. Despite such considerations, the transfec-
tion of genes has turned out to be a highly
effective way of modeling cancer as demon-
strated by our experiments (Fig. 16.3) and that of
many investigators.

16.9 Malignant Transformation:
The TP53/TP16'"¥** Pathway

As a result of the transfection experiments
described above, it was clear that the MSU-1.1
cells differed from the normal fibroblasts (LG1)
and the MSU-1.0 cells, because, although they
expressed some limited transformed characteris-
tics, they did not form tumors. With two addi-
tional changes: (1) low expression of H-RASV"?
or PDGF-B; and (2) expression of the FES onco-
gene, the cells could form malignant tumors.
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Fig. 16.3 Schematic outline of the main cell strains in
the MSUT1 lineage. LG1 cells are a population of foreskin-
derived human fibroblasts from a newborn. The triangle
just to the right of the LG1 box represents a clonal popula-
tion of LG1 cells expressing the v-MYC oncoprotein as a
result of the transfection of the v-MYC oncogene. The
next triangle to the right, labeled MSU-1.0, represents a
clonal population of LG1-v-MYC cells that spontane-
ously expressed higher levels of the SP1/SP3 protein. The
MSU-1.0 cells express telomerase activity unlike the
parental LG1-v-MYC cells. The next triangle to the right,
labeled, MSUI.1, represents a clonal population of cells
that spontaneously expressed SPRY?2 and have lost expres-
sion of p142%F, The next triangle to the upper right represents

Alternatively, high expression of mutant RAS
was sufficient to cause the MSU-1.1 cells to form
sarcomas. We hypothesized that treatment of
MSU-1.1 cells with a carcinogen at a dose known
to induce mutations would be sufficient to mutate
a proto-oncogene to an oncogene in the MSU-
1.1 cells. MSU-1.1 cells that had mutations
induced by carcinogen treatment can be expected
to express enhanced transformed characteristics;
e.g., focus formation, anchorage independent
growth, etc.

Therefore we treated MSU-1.1 cells with ion-
izing radiation at a mutagenic dose and selected
for focus formation as we had after transfection
of the H-RASY"?> or PDGF-B oncogenes. Foci
were observed in the irradiated cultures at a
high frequency. Only a few foci were observed in
the controls. Cells isolated from some of the

p16 INK4a-/-

J.J. McCormick and V.M. Maher

H-RAS¥12+ v-FES

) Sarcoma

# Sarcoma

TP53 -/-

a clonal population of MSU-1.1 cells that express low
levels of the H-Ras"!? oncoprotein. The H-RAS"? onco-
gene is driven by its endogenous promoter. The next
triangle to the right represents a clonal population of the
MSU-1.1- H-Ras"'? cells that express the v-FES oncopro-
tein. These cells form sarcomas with a short latency. The
triangle to the lower right of the MSU-1.1 cells represents
a clonal population of MSU-1.1 cells that have lost expres-
sion of p16™&4 or express a mutant form of the protein.
The next triangle to the right represents a clonal popula-
tion of MSU-1.1-p16™%4~~ that has lost functional TP53
activity. These cells form sarcomas with a short latency.
Many other cells strains have been derived from this lineage
and are described in the text

induced-foci formed sarcomas in athymic mice
[41]. We carried out similar experiments with
various classic carcinogenic agents: MNU [42],
Benzo(a)pyrene diol epoxide [43], UV radiation
[44], as well as additional experiments with ion-
izing radiation [45]. We found that foci occurred
in a dose-dependent manner with all agents. The
cells isolated from the foci had either a spindle or
cobblestone morphology, form a high frequency
of large anchorage independent colonies, exhibit
enhanced growth in medium with reduced serum,
and form high grade spindle cell sarcomas in
athymic mice with a short latency. Fifty to ninety
per cent of the focus-derived cells formed sarco-
mas in athymic mice.

The tumor-derived cells obtained from the
initial ionizing radiation experiments were karo-
typed. As expected, the two MSU-1.1 marker
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chromosomes were observed in all cell strains
tested. In addition, all strains exhibited chromo-
some breaks and had random chromosome num-
bers. One copy of chromosome 17 lacked the
p-arm in one of the irradiated MSU-1.1 cell strains.
Because the TP53 gene is located on the p-arm of
chromosome 17, it suggests that the other allele
of the TP53 gene might be inactivated or lost.

Western blot analysis for TP53 protein expres-
sion indicates that the radiation-transformed
tumor-derived cell strain lacking one copy of the
p-arm of chromosome 17 did not express the
TP53 protein. This suggests that the loss of TP53
protein is responsible for focus formation in that
strain and its tumorigenicity. We hypothesized
that the TP53-expressing focus-derived cells
might carry two nonfunctional 7P53 genes result-
ing from carcinogen-induced, inactivating point
mutations in both alleles of the gene. If this were
the case, it is difficult to explain why the frequency
of induced-foci was similar to the frequency of
HPRT-induced mutations [42] given that the
parental LG1 cell strain is derived from a male
and therefore only carries a single copy of the
HPRT gene [11].

To resolve this issue, we carried out a yeast
assay [46] that measures the transactivating
ability of the TP53 protein and can distinguish
between cell strains carrying two, one or, no
functional copies of the TP53 gene. We tested 28
focus-derived cell strains resulting from MNU
treatment. Fourteen of the 28 cell strains were
nonfunctional for p53 protein. Ten of these 14
cell strains were tumorigenic suggesting that the
other 4 cell strains still required an additional
change to become tumorigenic. The 14 focus-
derived cell strains, which were wild type for
TP53, did not form tumors indicating that there is
an alternative mechanism by which foci form.

To determine whether MNU treatment induces
point mutations, we sequenced the TP53 gene in
several of the tumor-derived cell strains that were
found to express nonfunctional TP53 protein
using the yeast assay [42]. The TP53 genes in
these cell strains had a mutation at codon 215.
This finding strongly suggests that there was a
mutation at codon 215 in one allele of the TP53
gene in a subpopulation of MSU-1.1 cells. If so,
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a recombination event between the mutant and
wild type TP53 genes would result in 50% of the
cells carrying a 215 codon mutation in both
alleles and 50% of the cells carrying two wild
type TP53 genes. However, we would be unable
to identify the cells carrying two wild type alleles
because they lack a distinctive phenotype. If this
hypothesis is correct, MNU would induce ran-
dom recombination events on the p-arm of chro-
mosome 17. To determine whether this had
occurred, we found 6 informative microsatellite
markers on the p-arm of chromosome 17 of the
MSU-1.1 cells. Using them as probes, we discov-
ered 7 different patterns of recombination (loss of
heterozygosity) on the p-arm. Similar studies on
chromosomes 11 and 18 showed no change in
heterozygosity indicating that the focus assay
was indeed selecting for cells carrying two iden-
tical mutant alleles of the 7P53 gene. A smaller
parallel study conducted with the same pool of
MSU-1.1 cells using ionizing radiation instead of
MNU gave similar results [42]. We found that
transfection and expression of wild type TP53
protein in an ionizing radiation transformed cell
strain (originally lacking expression of any TP53
protein) caused these cells to lose the character-
istics of the transformed phenotype, and most
importantly, the ability to form tumors [47].

The CDKN2A/pl6™* Jocus functions to
regulate the cell cycle and is inactivated in many
types of human tumors including soft tissue
sarcomas [48]. To determine whether pl6™K
protein is expressed in the two patient-derived
human fibrosarcoma cell lines (HT1080, SHAC),
we carried out Western blotting on these cells and
the cells strains of the MSUI1 lineage. The
HT1080 and SHAC cell lines do not express the
pl6™NK%  protein. The carcinogen-transformed
tumor-derived MSU-1.1 cells exhibit a markedly
reduced expression of pl6™* and/or a more
rapidly migrating form of the p16™¥* protein.
The tumor-derived RAS and PDGF-B trans-
formed MSU-1.1 cells express the pl 6™%* protein
at the same molecular weight and in an equivalent
amount to their parental MSU-1.1 cells.

MSU-1.1 cells express pl16™4 protein at the
same level as the MSU-1.0 and LGl cell strains.
Some isolated clonal populations of MSU-1.1
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cells expressed reduced amounts of pl6™&* or
the more rapidly migrating form of the protein.
They did not form tumors [23]. To determine the
role of pl6™%4 in the transformation of MSU-1.1
cells, populations with and without pl6™
expression were treated with ionizing radiation at
mutagenic doses and assayed for focus-forma-
tion. The foci in the p16™¥* negative cells were
larger and more distinct than the foci in the
pl6™K4 positive cells. Most importantly, there
was an eightfold increase in the number of foci in
the p16™&4 negative cells. The frequency of foci
in the nonirradiated p16™¥4 positive and p16™k*
negative cells was the same. This is consistent
with a report [25] that the loss of p16™k4 expres-
sion in human fibroblasts does not affect growth,
but in fibroblasts that do not express p53, the loss
of p16™¥ provides a growth advantage.

All of the carcinogen-transformed tumori-
genic cells derived fromMSU-1.1 cells exhibited
loss of functional TP53 and a marked reduction
or a more rapidly moving form of the pl16™k
protein. To determine the role of pl6™ in
the transformation of MSU-1.1 cells by transfec-
tion of oncogenes, populations with and without
pl6™NK4% expression were transfected by the
H-RAS oncogene and assayed for focus forma-
tion. As above, the foci in the p16™k4 negative
cells were larger and more distinct than the foci
in the pl6™** positive cells. Again, there was
an eightfold increase in the number of foci in
the p16™X4 negative cells and the frequency of
foci in the nontransfected p16™%4 positive and
pl6™K4 negative cells was the same [49].
However, Western blot analysis of tumor-derived
cells from our oncogene transfection experi-
ments showed these cells expressed plo™Ké
equivalent to the parental cells, suggesting that
p16™%4 is not relevant to the malignant transfor-
mation of these cells. We conclude that loss of
p16™¥4 expression helps focus formation, but is
directly involved in malignant transformation
only in the case of cells that have lost functional
TP53. Other mutagenic carcinogens that we used
in parallel studies, i.e., BPDE [43], UV [44] also
inactivate p53 and are known to cause recombi-
nation. The p16™%* protein is known to interact
negatively with CDK4 and CDKG®6 proteins. Thus,
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a reduction in the amount of p16™¥4 and/or the
loss of functional pl16™&# is the equivalent of
amplification of CDK4 and/or CDK6 genes, i.e.,
it accelerates cell cycle progression and cell pro-
liferation [50], which are characteristics of
focus-forming cells.

16.10 Summary of Carcinogen
Transformation Experiments

The results described above indicate that malig-
nant transformation of human fibroblasts requires
specific mutations in the MYC, SP1/SP3, p14*%F,
pl6™K% and TP53 genes. If these specific muta-
tions are spontaneous or carcinogen-induced,
eight “hits” would be required for malignant
transformation. p [44%F, p16™k% and TP53 (tumor
suppressor genes), require a “hit” in each of
the two alleles, and the two oncogenes (MYC and
SPI/SP3) require a single specific “hit” in one
allele to enhance expression of these genes
(Fig. 16.3).

Note that the cells in the initial strain of the
lineage, LG1-vMYC+, did not have a selective
growth advantage or a change in cell morphol-
ogy that we could identify. This situation is
similar to that described by Bozic et al., [51]
who states, “In the case of solid tumors, the
mutation that initiated the process might actu-
ally be the second ‘hit’ in a tumor suppressor
gene, the first hit affects one allele, without
causing a growth change, whereas the second
hit in the opposite allele, leaves the cell without
any functional suppressor . . .” In our studies,
expression of the v-MYC gene did not confer
any phenotype that we could observe, but spon-
taneous over-expression of the genes, e.g., SP1/
SP3 (presumably in a single cell) resulted in a
telomerase positive infinite life span cell popu-
lation (MSU-1.0) that continued to grow when
the LG1-vMYC +cells senesced. All subsequent
changes that were either initiated or spontane-
ous resulted in obvious changes in enhanced
growth under one or more specific conditions
and/or a change in morphology, leading to
populations of cells that were distinct from their
parental population.
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16.11 Effector Genes

As is now understood, each of the oncogenes or
suppressor genes (modified in the process of
carcinogenesis), function through a network of
downstream effector genes. These effector genes
exhibit enhanced or reduced activity, or other
modifications. We have carried out detailed
studies of several important effector genes in
the MSUI lineage. A summary of these studies
follows.

16.12 MET and SP1/SP3

MET is reported to be highly expressed in some
human sarcoma-derived cell lines [52]. We
examined the expression level of MET in car-
cinogen-transformed, tumor-derived, MSU-1.1
cells [53]. We found enhanced expression of the
MET protein in 10/11 of these cell strains and
phosphorylated MET (activated form) in 11/11
of these cell strains. The HGF gene, the ligand
for MET, was expressed in all of the cell strains.
We also found that 4/5 patient-derived, human
fibrosarcoma cell lines had enhanced expression
of MET when compared with normal human
fibroblasts.

MET is a tyrosine kinase, which is embedded
in the cell membrane, and is the receptor for the
extracellular protein, HGF. The binding of HGF
to MET causes phosphorylation of the MET pro-
tein, which sets up a signaling process that causes
cell spreading, migration, and induces blood
vessel sprouting. We reduced the expression of
MET or a combination of MET and HGF to near
normal levels by the use of specific ribozymes.
The cell strains with reduced expression failed to
form tumors in athymic mice, clearly indicating
enhanced MET expression is essential for the
tumorigenicity of these cells [53].

The MET gene carries binding sites in its pro-
moter region for the transcription factor SP1/SP3.
The level of SP1 in cells that over-expressed the
MET protein was determined. We found that the
expression of the SP1 protein and the phosphory-
lated form of MET correlated with each other.
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Further experiments demonstrated a correlation
of the expression levels of SP1 protein and a similar
transcription factor, SP3, i.e., the amount of these
two proteins changed expression levels in the
same proportion in all of the normal and trans-
formed fibroblast strains we studied [17]. We
sequenced the promoter region of SP3 and found
functional SP1/SP3 binding sites. Downregulation
of the SP1/SP3 protein expression levels in nor-
mal and transformed cells, using a specific SP3
ribozyme, also downregulated SP1/SP3 expres-
sion [54]. These transformed cells with down-
regulated SP1/SP3 failed to make tumors. Three
genes (uPAR, ERGF and VEGF), known to have
multiple SP1/SP3 binding sites in their promoters,
exhibited a marked reduction in their protein
levels in transformed cells with reduced SP1/
SP3 [54]. The proteins of these three genes have
been shown to play an important role in carcino-
genesis [55-57]. High expression of SP1/SP3
contributes to tumor formation and correlates
with the loss of expression of p16™K and/or the
loss of functional TP53.

16.13 Urokinase Plasminogen
Activator (uPA)

uPA is a serine protease that is involved in tissue
remodeling and cell migration. In cancers, uPA
has frequently been reported to be over-expressed,
causing tumor invasion and metastasis [55]. uPA
binds to its own receptor, the urokinase plasmi-
nogen activator receptor (u-PAR), focusing pro-
teolytic activity on the external cell membrane of
the cancer cell. We analyzed the cells of the
MSUTI lineage for receptor-bound uPA (53 kDa)
activity [58]. We found that the parental LG1
cells and its two nontumorigenic derivatives,
MSU-1.0 and MSU-1.1, have uPA activity levels
of 3.8-7.1 PU/24h/10% cells. Nontumorigenic
H-RAS and N-RAS MSU-1.1 cell strains expressed
very low levels of their RAS oncoproteins and
have activity levels of 8 and 10 PU/24h/10° cells,
respectively. Tumorigenic derivatives of MSU-1.1
cells (10/10) from either the RAS or p53 path-
way (Fig. 16.3) have significantly higher activity
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levels, 1640 PU/24h/10° cells. This is the only
assay on the tumorigenic variants of the MSU-
1.1 cells in which we found a perfect correlation
with the tumorigenic potential of the cells. Five/
five patient-derived human fibrosarcoma cell
lines have activity levels of 23-134 PU/24h/10°
cells. We also measured the activity levels of
uPA in the cell culture growth medium from all
of the above cell lines/strains. Medium from the
normal and tumorigenic cell lines exhibited
activity levels of 19-226 PU/24h/10° cells.
There was no correlation between the uPA activ-
ity in the cell culture growth medium and the
tumorigenic potential of the cells. A study by
Allgayer et al., [59] demonstrates that when the
K-RAS oncogene was disrupted in a human
colon cancer cell line (HCT116), the expression
of u-PAR was reduced by 50-85% and its ability
to degrade the protein laminin was reduced 80%.
Therefore, the high activity of the RAS onco-
protein in the RAS-transfected MSU-1.1 cells or
changes in the expression of the pathways con-
trolled by RAS, could explain the high receptor
bound uPA activity. However, this does not
explain the high receptor bound uPA activity in
the mutant TP53/TP16™%4 tumorigenic MSU-
1.1 cells.

16.14 RHO GTPases: RAC1
and CDC42

Recently, we examined the role of two RHO
GTPases, RAC1 and CDC42, which act down-
stream of H-RAS in maintaining the transformed
phenotype in the tumor-derived, H-RASY'*-
transformed MSU-1.1 cells [60]. By expression
of dominant negative RACIN'7 and/or CDC42N"
mutants in these transformed cells, we found that
secreted uPA was reduced 60 and 70%, respec-
tively. Simultaneous expression of both dominant
negative genes in the transformed cells resulted
in an additive reduction in uPA.

We also found that RAC1 plays a major role
in the ability of the tumor-derived, H-RASV'>-
transformed MSU-1.1 cells to grow in medium
with reduced serum, and in focus formation.
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CDC42 plays a major role in the ability of these
cells to grow in an anchorage independent
manner. Expression of both RAC1 and CDC42
was required for tumor formation by the H-RASV!?
transformed cells. However, unlike the situation
in NIH3T3 mouse fibroblasts, neither expres-
sion of RAC1V"? or CDC42V"? in MSU-1.1 cells
was sufficient to cause malignant transforma-
tion [61, 62].

16.15 Sprouty 2 (SPRY2)

We carried out a genome-wide study (Affymetrix)
on the expression of m-RNA in the MSU-1.0,
MSU-1.1, and the H-RAS"'">-transformed MSU-
1.1 cells. We found that the MSU-1.1 cells exhib-
ited a modest increase in SPRY2 mRNA and
protein compared with the MSU-1.0 and LGl1
cells [63].In contrast, the tumor-derived H-RASV!2-
transformed MSU-1.1 cells exhibited a very large
increase in SPRY2 mRNA and protein. A similar
increase in the amount of epidermal growth factor
receptor (EGFR) protein was found.

When we stably reduced the expression of
SPRY?2 by the use of a shRNA, the H-RAS"">-
transformed MSU-1.1 cells lost their transformed
characteristics in culture and no longer formed
tumors in athymic mice. There was no change in
expression level of the H-RAS''? oncoprotein.
Additional studies [64] indicated that SPRY2,
H-RAS"'?, ¢-CBL, and CIN85 proteins formed a
complex which results in sustained EGFR levels,
a critical factor in maintaining the transformed
characteristics of the cells.

Recently, Schaaf et al., [65] found that the
silencing of SPRY1 in human embryonal rhab-
domyosarcoma-derived cell lines (carrying a
mutated RAS gene) results in the loss of their
ability to form tumors. This study in conjunction
with our study illustrates the essential role of
RAS oncoproteins in causing higher expression
of SPRY1 and SPRY2 proteins, which in turn
gives mesenchymal cells transformed charac-
teristics including tumor formation. A recent
study [66] indicates that SPRY2 controls c-MET
expression and metastasis in colon cancer cells.



16 Malignant Transformation of Human Skin Fibroblasts by Two Alternative Pathways

16.16 Low Density Lipoprotein
Receptor-Related Protein
(LRP12)

Using differential display [67], we compared the
mRNA of the MSU-1.1 cells with the mRNA of
tumor-derived, chemically transformed MSU-1.1
cells. We discovered a novel gene we called ST7
that showed a sixfold lower expression in the
transformed cell strain [68]. Shortly after we
published this study, the sequence for the LRP3
gene was published [69]. Because LRP3 and ST7
exhibited a very strong similarity, we renamed
ST7, LRP12. We demonstrated that LRP12 is a
transmembrane protein with an extracellular and
a cytoplasmic domain [70]. The latter domain
binds SARA, the SMAD anchor for receptor acti-
vation. It also binds RACKI, the receptor for
activated protein kinase C, and MIBP, Muscle
Integrin Binding Protein. LRP12 is strongly
expressed in normal human fibroblasts including
LG1, but exhibits reduced levels of expression or
is not expressed in 5/5 human patient-derived
fibrosarcoma cell lines and in 6/6 tumor-derived
strains from the MSU1 lineage. Enhanced expres-
sion of LRP12 in carcinogen-transformed tumor-
derived MSU-1.1 cells markedly reduces the
tumor-forming ability of these cells indicating that
LRP12 functions as a tumor suppressor gene [71].

16.17 Fibulin-1D

Using differential display, we compared the mRNA
of the MSU-1.1 cells with the mRNA of tumor-
derived, chemically transformed MSU-1.1 cells.
We discovered that the fibulin-1D gene exhibited
markedly reduced expression in the transformed
cell strains [72]. The fibulin-1D gene codes for an
extracellular matrix protein, which is expressed in
normal human fibroblasts, but not in malignantly
transformed fibroblasts of the MSUT lineage or
in the patient-derived fibrosarcomas. Expression
of Fibulin-1D protein in SHAC cells or tumor-
derived, chemically transformed MSU-1.1 cells
resulted in loss of anchorage independent growth
and an extended latency in tumor formation.
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16.18 Summary

To our knowledge, this analysis is the most
detailed description of the genetic/epigenetic
changes required for malignant transformation of
human skin fibroblasts (Fig. 16.3). The MSU-1.0
cells acquired the infinite life span phenotype by
expression of telomerase. The MSU-1.1 cells
acquired the ability to replicate rapidly in medium
with reduced serum because of their loss of
expression of the pl4*RF protein. Whether the
slightly enhanced expression of SPRY?2 plays a
role in the transformation of the MSU-1.1 cells is
not clear. We conclude that one route to malig-
nant transformation of the MSU-1.1 cells
involves: [1] the expression of oncogenic RAS at
low levels and expression of a SRC-family pro-
tein (v-FES), or (2) high expression of oncogenic
RAS proteins, or (3) expression of PDGF-B,
which gives rise to benign tumors that can become
malignant tumors. A second route to malignant
transformation of the MSU-1.1 cells involves the
loss of the ability to produce wild type pl6™«
protein and transcriptionally active TP53 protein.
The HT1080 human fibrosarcoma-derived cell
line follows the first route. It has a mutant N-RAS
oncogene and a functional TP53 protein [42].
The SHAC human fibrosarcoma-derived cell line
has a nonfunctional TP53 protein [42] and is
reported [20] to have a mutated N-RASH*%! and
over-express c-MYC. Neither of these cell lines
express pl4RF or mutant pl6™X, The sequence
of the various genetic changes described here
reflects the order in which we carried out the
experiments. In our system, like others, the devel-
opment of infinite life span cells must be an early
change. We hypothesize that the other changes
could happen in any sequence. We typically relied
on finding newly acquired transformed charac-
teristics to determine the role of specific genetic
changes.

In the early literature on human fibroblast
transformation, most cell lines are designated as
positive or negative for tumor formation without
specifying the type of tumor that was formed.
More recent literature frequently describes
the tumors in some detail. We had pathologists
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examine slides from all of the tumors generated
in our studies. Currently, there is an open discus-
sion in the pathology literature regarding the legiti-
macy of the many categories of soft tissue sarcomas
and the appropriate criteria for inclusion or exclu-
sion of tumors in these categories. Therefore, we
are reexamining the various MSU-1.1 derived
tumors to determine the pattern of gene expression
in the fibromas and sarcomas.
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Abstract

Reduced Expression in Immortalized Cell (REIC) was cloned by subtractive
hybridization method as a gene whose expression is reduced in many
human immortalized and neoplastic tumor cells. The REIC, when over-
expressed by an adenovirus (Ad-REIC), exhibited a dramatic therapeutic
effect on a wide variety of human cancers through a mechanism triggered
by ER-stress-mediated JNK activation. In addition to this direct effect on
cancer cells, Ad-REIC exerted another cytotoxicity on human cancers, an
indirect host-mediated effect due to overproduction of IL-7 by mis-targeted
normal cells. This “one-bullet two-arms” finding may lead to a powerful
new therapeutic approach to the treatment of human cancers.

17.1 Introduction

Selective elimination of tumor cells is a key
issue in treating human cancers. During malig-
nant conversion and progression, various genetic
changes take place in cells that could be poten-
tial targets for cancer gene therapy. Among the
genes, it is well known that tumor suppressors
like p53, PTEN, and MDA7/IL24, whose loss in
expression or function are a critical step in the
process of carcinogenesis, exert a selective kill-
ing effect on cancer cells when they are over-
expressed [1-3].
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In addition to them, a novel tumor suppressor
gene, REIC/Dkk-3 was originally identified from
our in vitro transformation model of normal
human fibroblasts by subtractive hybridization
technique as a gene whose expression is down-
regulated in human immortalized fibroblast cell
lines [4]. This molecule was subsequently recog-
nized to display remarkably decreased expression
property in a wide range of cancer species [4-9].
Interestingly, a majority of human cancer cells,
but not normal cells, undergo apoptotic cell death
when exposed to adenovirus vector carrying
REIC/Dkk-3 (Ad-REIC) in vitro as well as
in vivo [7-11]. Ad-REIC has also another mecha-
nism of action against human cancer, an indirect
host-mediated effect due to overproduction of
IL-7 by mis-targeted normal cells [12]. Thus,
Ad-REIC shows potent and selective anti-tumor
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function that implies great promise for clinical
application. In this manuscript, we mentioned
about current understanding of the functions and
properties of REIC/Dkk-3 with potential to be a
prominent agent for cancer specific gene therapy.

17.2 Establishment of
Immortalized Human
Cell Lines

Accumulating pieces of evidence indicate that
cellular immortalization is a key step for human
carcinogenesis, so that we first intended to estab-
lish an in vitro transformation model of normal
human fibroblasts, and then to analyze what
genetic and cytological changes are involved in
the transformation process using our model. After
many attempts, we succeeded in establishing
three immortalized human fibroblast cell lines
by treatment with either a chemical carcinogen,
4-nitroquinoline 1-oxide (SUSM-1 and OUMS24F)
or Co-60 gamma ray (KMST-6) [13]. In the
course of these studies we learned that the immor-
talization step is essential for the neoplastic trans-
formation of normal cells. Once normal human
fibroblasts were immortalized, they were easily
transformed into neoplastic ones [14]. Thus, our
in vitro transformation model of normal human
fibroblasts is good tool for studying the immor-
talization and following neoplastic transforma-
tion processes of normal human fibroblasts.

17.3 Properties of REIC/Dkk-3

17.3.1 Identification of REIC/Dkk-3

The finding that when immortalized human cells
were fused with senescent cells, the fused cells
stopped growing indicated that the senescent phe-
notype is dominant, whereas the immortal one is
recessive [15]. This phenomenon suggests that
tumor suppressor genes are dominantly present in
senescent cells and contrary to this the genes are
declined in immortalized cells. Based on this
hypothesis, we focused on studying the genetic
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changes in immortalized fibroblast cell lines
(KMST-6, 358 the PDL), as compared with their
normal senescent counterparts (KMS-6, 48 the
PDL) by the representative difference analysis
system (subtractive hybridization method). As a
result, several cDNA clones whose expression
was downregulated in the immortalized cells were
isolated. One of them was identified and named
REIC (Reduced Expression in Immortalized Cell)
[4]. A search of the DDBIJ database showed that
the amino acid sequence of REIC is identical to
that of Dkk-3 protein, which is a novel member of
the Dickkopfs (Dkks) gene family required for
head induction in amphibian embryos and a potent
Wht inhibitor, so that the present common name
is REIC/Dkk-3. REIC/Dkk-3 was consistently
expressed to a lower degree in three immortalized
human cell lines. In addition, the expression was
markedly lower in several human tumor-derived
cell lines (Hep3B, HuH-6, and HuH-7, hepatocel-
lular carcinoma; HuCCT-1, cholangiocarcinoma;
PC3, DU-145, and LNCaP, prostate cancer; Caki-
1, Caki-2, ACHN, and KPK-1, renal cancer;
NCCIT, testicular germ cell cancer; HeLa, cervi-
cal cancer; SaOS-2, osteosarcoma; A-549, lung
cancer; MCF-7, breast cancer) [4-9]. These obser-
vations support a critical role of REIC/Dkk-3 as a
tumor suppressor gene.

17.3.2 Gene Location and Protein
Structure of REIC/Dkk-3

The chromosomal localization of REIC/Dkk-3
gene is 11pl5 where LOH of several genetic
markers frequently occurs near the REIC/Dkk-3
locus in a variety of human carcinomas [16]. In
addition to the LOH, it is also reported that silence
of gene expression caused by genomic imprinting
occurred on the 11pl5 in many cancer species
with high frequency [17]. Furthermore, hyperm-
ethylation of the REIC/Dkk-3 promoter has been
found in a subset of human tumors [18]. Thus,
LOH, genomic imprinting, and promoter methy-
lation may prominently influence the reduced
expression of REIC/Dkk-3 in cancer cells.

An open reading frame (ORF) of human
REIC/Dkk-3 encodes a protein 350 amino acids
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with an estimated molecular weight of 38,390
and an isoelectric point of 4.3. The protein is a
secretory protein possessing N-terminal signal
peptide (putative amino acids region: 1-21) and
four potential N-glycosylation sites (at amino
acids 96N, 106N, 121N, 204N, respectively).
REIC protein comprises one potential coiled-coil
motif (amino acids 40-84), which is predicted
to involve in protein—protein interaction, and
two Dickkopf cysteine-rich motifs (amino acids
147-195 and 208-284).

17.3.3 Tissue and Subcellular
Distributions of REIC/Dkk-3

REIC/Dkk-3 seems to be differently expressed
depending on tissue types. Among the human
tissues examined, the REIC/Dkk-3 transcript was
highly expressed in the heart and brain, which
contain a large number of postmitotic cells; mod-
erately expressed in the skeletal muscle, colon,
spleen, kidney, liver, small intestine, placenta,
and lung; and barely detectable in the thymus and
peripheral blood leukocytes [4].

In cultured normal human fibroblasts, REIC/
Dkk-3 protein is localized especially in perinu-
clear region (Endoplasmic Reticulum (ER)) and
sparsely distributed in cytoplasmic space as dots
(secretory granules), implying a specific distribu-
tion of the protein in the typical secretory route
through the ER [12].

17.4 Selective Anti-Tumor
Function of REIC/Dkk-3
17.4.1 REIC/Dkk-3 and Apoptosis
REIC/Dkk-3 has a growth suppressive function
in human cancer cells since forced expression of
REIC/Dkk-3 using a plasmid vector inhibited
growth of a human Saos-2 osteosarcoma cell line
[16]. This finding and expression properties of
REIC/Dkk-3 indicate that it may act as a tumor

suppressor gene and could provide a new means
of treatment for human cancers.

To more efficiently express REIC/Dkk-3 gene
and to study the mechanism by which this gene
suppresses growth of tumor cells, a replication
incompetent adenovirus carrying human REIC/
Dkk-3 cDNA (Ad-REIC) was constructed [7].
Initial studies in the context of prostate cancer
cells (PC3, DU-145, and LNCaP lines) demon-
strated that over-expression of REIC/Dkk-3 by
the in vitro infection with Ad-REIC markedly
inhibited cellular proliferation by inducing apop-
tosis. The same apoptotic events occurred in tes-
ticular cancer (NCCIT) and mesothelioma (211H,
H28, H2052, H2452), whereas no apoptosis was
observed in various normal human cells (OUMS-24
fibroblasts and epidermal keratinocytes), indicat-
ing that this effect was specific to cancer cells
[7-12]. Furthermore, we showed tumor-specific
induction of apoptosis by Ad-REIC in vivo.
A single injection of Ad-REIC into tumors
formed by subcutaneous transplantation of human
prostate cancer cells (PC3) into mice resulted in
four out of five mice becoming tumor-free [7].
Thus, the Ad-REIC has dramatic therapeutic
effects on human cancers, while no apoptotic
effects on normal human cells.

17.4.2 Maechanistic Insights into
the Cancer Specific Apoptosis
Induced by REIC/Dkk-3

In depth analyses into the mechanism of REIC/
Dkk-3 action in eliciting cancer specific apoptosis,
we used PC3 prostate cancer cell line, the most
sensitive cell line among examined. The amount
and intracellular localization of B-catenin were not
affected by Ad-REIC infection, excluding the
possibility of involvement of the canonical path-
way of Wnt signaling (unpublished data). Further
studies of the potential mechanism indicated a
functional upregulation of the c-jun N-terminal
kinase (JNK) that could activate pro-apoptotic
molecule Bax (mitochondrial translocation) with a
reduction of anti-apoptotic Bcl-2 protein, irre-
spective of cellular p53 gene status. The mitochon-
drial translocation of Bax protein was also linking
to the release of cytochrome c into the cytoplasm,
and finally leads to apoptotic cell death [7-10].
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However, it is not clear how JNK was activated
by Ad-REIC infection in a cancer specific man-
ner. In this issue, it should be noted that MDA-7/
IL-24, the other secretory tumor suppressor
protein, selectively induces apoptosis in many
different types of human cancer cells. Adenovirus-
mediated over-expression of MDA-7/IL-24 exerts
an activation of JNK pathway through the ER-stress
sensing system [19]. With this clue, we also found
that Ad-REIC actually causes an ER-stress, which
is possibly involved in the JNK activation and
subsequent cancer specific apoptosis like MDA-7/
1L-24 [12, 20].

17.4.3 REIC/Dkk-3 and Metastasis

Tumor metastasis is mediated by multiple genetic
and physiological changes in cancer cells that
frequently occur in a temporal manner during the
process of tumor progression [21]. Key compo-
nents of the metastatic phenotype are tumor cell
migration and invasion. The ability of REIC/
Dkk-3 to affect tumor cell migration and invasion
has been evaluated in the context of direct intra-
tumoral administration of Ad-REIC to the mouse
RM-9 prostate cancer cells using an orthotopic
mouse prostate cancer model. We demonstrated
that the Ad-REIC treatment inhibited prostate
cancer growth and lymph node metastasis, result-
ing in prolonged mice survival in the model. This
therapeutic response was also consistent with the
in vitro suppression of cell migration and inva-
sion following to a reduced activity of matrix
metalloprotease-2 (MMP-2) [22].

17.4.4 REIC/Dkk-3 and Multidrug
Resistance

Multidrug resistance (MDR) is most commonly
occurred in drug-resistant cancer and often asso-
ciated with an over-expression of the MDRI gene
encoding P-glycoprotein [23, 24]. This phenom-
enon is a major problem in the chemotherapy of
progressive cancers, since the protein extrudes
anti-cancer drugs. Hence, the in vitro effects of
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Ad-REIC were also investigated in terms of the
sensitivity of multidrug-resistant MCF7/ADR
cells, a human breast cancer MCF7 subline, to
doxorubicin and of the P-glycoprotein expres-
sion. Infection of Ad-REIC to the MCF7/ADR
cells in culture induced remarkable downregula-
tion of P-glycoprotein expression through the
JNK activation, and sensitized its drug resistance
against doxorubicin. These results imply that
Ad-REIC might be an attractive agent against
drug-resistant cancers in combination with con-
ventional anti-neoplastic agents [25].

17.4.5 Overcoming a Tolerance
to Ad-REIC

The induction of apoptosis in cancer cells by
Ad-REIC is mainly due to ER stress caused by
overproduction of REIC/Dkk-3 in the ER.
However, it has also become evident that some
human cancers are resistant to Ad-REIC-induced
ER-stress. Therefore, it is important to under-
stand the resistant mechanism to overcome the
tolerance to Ad-REIC.

In this issue, we isolated resistant clones
from a human prostate cancer cell line, PC3, that
is sensitive to Ad-REIC and found that over-
expression of BiP/GRP78 (BiP), an ER-residing
chaperone protein, is a major determinant of the
acquired and inherent resistance to Ad-REIC.
Downregulation of BiP using siRNA restored
sensitivity of tumors formed by transplantation
of a resistant clone to therapeutic application of
Ad-REIC in vivo [20]. Thus, BiP is useful for
diagnosis of inherent and acquired resistance of
cancers and also as a target molecule to overcome
resistance to the gene therapeutic Ad-REIC.

Indirect Anti-Tumor Effect
of Ad-REIC

17.4.6

As described above, we showed that a single
injection of Ad-REIC into tumors formed by
transplantation of PC3 cells into mice, resulted
in 4 out of 5 mice becoming tumor-free [7].
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This was more efficient than had been expected
considering that the infection efficiency of an
adenovirus vector cannot be 100% in solid tumors
in vivo. The efficient therapeutic effect, however,
is conceivable when Ad-REIC has an additional
noncell autonomous mechanism for tumor sup-
pression. We also showed that intratumoral
injection of Ad-REIC resulted in suppression of
local metastasis of a prostate cancer cell line in
an orthotopic model [22]. This may be at least in
part due to an indirect effect via Ad-REIC-infected
normal cells in the environment surrounding
cancer cells.

Then, we investigated the effect of Ad-REIC
infection in normal human fibroblasts, which is
insensitive to Ad-REIC-mediated apoptosis.
When cultured normal human fibroblasts were
infected with Ad-REIC, secreted Interleukin-7
(IL-7) level was elevated. After the transplanta-
tion of Ad-REIC-infected NHF with untreated
PC3 cells in vivo, the tumor growth was signifi-
cantly suppressed. This effect was partially
abrogated by the injection of an IL-7 antibody.
Furthermore, the effect was not observed in
an in vitro co-culture system. These results
show that the infection of normal cells by
Ad-REIC activates the immune system through
production of IL-7, while Ad-REIC infection
of cancer cells results in a potent selective cell-
autonomous killing function without immune
suppression [12].

We further examined the mechanisms of the
induction of IL-7 by Ad-REIC in normal human
fibroblasts. Application of REIC/Dkk-3 recom-
binant protein did not show any appreciable
effect on the expression and secretion of IL-7.
IREla, an ER stress sensor protein, was acti-
vated on infection of normal human fibroblasts
with Ad-REIC. Activation of IREla resulted in
the induction of IRF-1 via ASKI1, p38, and
STAT1. Finally, STAT1-mediated up-regulation
of IRF-1 caused the transcriptional activation of
the IL-7 gene. These results indicate that ER
stress exerted by overproduction of REIC/Dkk-3
leads to induction of IL-7, a nonredundant pleio-
tropic regulator for both innate and acquired
immune systems, including the development of
NK cells [12].
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17.5 Conclusion

In our proceedings of REIC/Dkk-3 study, the
molecule has progressed from cloning as a novel
gene, whose expression is reduced in various
immortalized and neoplastic tumor cells [4-9], to
elucidation of selective anti-cancer properties
in vitro (in culture) and in vivo (in animal model)
[7-12]. When REIC/Dkk-3 cDNA was used as
therapeutic adenovirus (Ad-REIC), Ad-REIC has
revealed a number of interesting and unique anti-
cancer properties, including direct cancer-killing
property without any harmful effect to normal
cells [7-11], metastatic inhibition property [22],
suppressive function of multidrug resistance [25],
and immune-modulating activity [12]. These
selective multitargeting anti-cancer functions
of Ad-REIC show a great promise for clinical
application.

17.6 Future Direction

Downregulation of BiP sensitized resistant cancer
cells not only to Ad-REIC as shown in the present
study, but also to many chemotherapeutic agents
[20, 26]. Transfection with siRNA in vivo was
effective in reducing target proteins in the present
experimental settings [20]. However, since it is
unlikely that a similar method can be applied to
human cancers, safer and more effective methods
for the gene delivery are to be developed.
Substances to inhibit BiP have been intensively
screened and some candidate molecules have
been reported [27, 28]. Based on the fact that
normal human fibroblasts were not sensitized to
Ad-REIC by downregulation of BiP [20], combi-
nation of a BiP inhibitor with Ad-REIC probably
leads to a potent and specific therapeutic approach
against inherent or acquired resistant cancers in
the near future.

Adenovirus vector is one of the most widely
used vectors for gene therapies, including those
for cancers. One of the serious problems asso-
ciated with adenovirus vector-based gene thera-
pies is that expression of Coxsackievirus and
Adenovirus Receptor (CAR) [29, 30], a receptor
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for the adenovirus vector, is often reduced among
advanced cancers. Recently, we succeeded in
enhancing expression level of a cargo gene
by structural modification of vector. A newly
designed vector showed 10-100-fold higher
expression than that attained by existing high-
expression vectors (unpublished data). This vector
will certainly improve the therapeutic effect of
Ad-REIC for a wide variety of human cancers.
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