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Preface

Cell fusion is a specialized cellular event which occurs in multicellular organisms in health and dis-
ease. Known as a phenomenon in modern science for over 100 years, cell fusion takes the mandatory
center stage in eutherians for the conception, development and physiology of organogenesis or, in
pathophysiology, during the process of oncogenesis. The ability of two or more cells to unit and
to form a new syncytial cell takes place in metazoans throughout evolution to form muscles, bones
and placentae, and, even to form a tumor. This process requires migration, recognition and adhe-
sion between the cells together with the fusion of their plasma membrane and rearrangement of their
cytoplasmatic and nuclear contents. Membrane fusion arise during many cellular processes, includ-
ing membrane traffic, intracellular vesicle fusion, fertilization, and infection by enveloped viruses.
Fusion allows to exchange biological materials between different membrane compartments. In order
to maintain the functional individuality of each of the intracellular compartments and of the cell itself,
membranes do not fuse easily under normal circumstances. The process is subjected to selective con-
trol and requires the expression of special (glyco-)proteins and carbohydrates and the formation of a
phospholipid interbilayer via an hourglass-shaped structure called a “stalk”.

Sperm-egg fusion (fertilization) is the most prominent example of “natural” occurring membrane
fusion without the deliberate addition of exogenous fusing agents such as viruses or chemicals in
order to create by orchestrated and stepwise processes a zygote. Billions of sperms are deposited at
ejaculation in the female reproductive tract, but only one sperm finds and fertilizes the egg. On their
way, the spermatozoa ignore the thousands of cells they make contact with during their locomotion
to find a single cell, namely the oocyte. Gamete fusion is an extremely important process that must
emerge without error to launch life (B.M. Gadella, Utrecht, The Netherlands; J.P. Evans, Baltimore,
USA).

For basic research, the nematode Caenorhabditis elegans has become an excellent system to study
mechanisms and developmental functions in many cell fusion events at the molecular and cellular
levels (L. Friedlander-Shani, B. Podbilewicz, Haifa, Israel).

There is still a considerable lack of knowledge, which molecules (fusogens/SNARE proteins)
mediate vesicle fusion (B.P. Jena, Detroit, USA), fuse myoblasts to form myotubes in muscles
(A. Simionescu, G.K. Pavlath, Atlanta, USA), macrophages to form osteoclasts in bone
(A.K. McNally, J.M. Anderson, Cleveland, USA) and cytotrophoblasts to form syncytiotrophoplasts
in placentae (B. Huppertz, M. Gauster, Graz, Austria). The chapters written by these well respected
authors will throw some lights on the mystery to reveal genuine fusogens.

Until recently, cells were thought to be intregral and discrete components of tissues, and their
state was determined by cell differentiation. However, under some conditions, stem cells or their
progeny can fuse with cells of other types, mixing cytoplasmic and even genetic material of different
(heterotypic) origins (X. Zhou, J.L. Platt, Ann Arbor, USA). The fusion of heterotypic cells could be
of central importance for development, for repair of tissues (M. Alvarez-Dolado, M. Martínez-Losa,
Valencia, Spain), for the production of fusion vaccines derived from dendritic and tumor cells (W. Lee,
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Durjam, USA) and even for cellular reprogramming (D. Sanges, F. Lluis, M.P. Cosma, Barcelona,
Spain). The chapters written by these outstanding experts will highlight the process of cell fusion in
diverse biological systems. Volume I deals with molecular and cellular aspects of cell–cell fusion as a
biological meaning to establish pluripotency or, in other words, when it takes more to make one.

For human health cell–cell fusion is a crucial and highly regulated event in the genesis and home-
ostasis of both form and function of many tissues. However, cell–cell fusion may also play a critical
role in the development of cancer and progression of the disease. Very recently, Gao P. and Zheng
J. (Virol J. (2010) 7:238) put forward an attractive working hypothesis that high-risk HPV-16 E5-
inducable cell fusion might be a critical initiating event in the early stage of HPV-associated cervical
cancer. In general, establishment of a role of cell fusion in cervical carcinogenesis by the HPV-16 E5
fusogenic protein to form tetraploid cells would open an intellectual window to understand additional
pathogenic modes of actions for emerging virus-associated cancers.

At the cutting edge, Volume II brings into prominence heterogenic fusion processes in oncogenesis.
The editors are very thankful to J.G. Sinkovics (Tampa, USA) that the second volume can start with
a chapter, which reflects more then 50 years of clinical and experimental cancer research within a
polycontextural and intelligent framework of immunology, cancer vaccines – alone or combined with
chemotherapy –, oncolysis and the place of viruses in the “tree of life”, mostly addressing sarcomas
as a clinical entity. He nicely demonstrates that cell fusion and horizontal exchanges of genes are
fundamental attributes and inherent characteristics of the living matter.

Structural studies of viral fusion glycoproteins allows to categorize viral membrane fusogens
into three distinct classes. M. Backovic (Paris, France) and Theodore S. Jardetzky (Stanford, USA)
describe the newly identified group of class III viral fusion proteins, whose members include fusion
proteins form rhabdoviruses, herpesviruses, and baculoviruses. Before embarking on cell fusion in
malignancies, we inserted a chapter written by A. Malassiné, G. Pidoux, P. Gerbaud, J.L. Frendo and
D. Evian-Brion (Paris, France) on the importance of trophoblast fusion in trisomy 21, demonstrating
that cell–cell fusion is increasingly of interest in non cancerous diseases, too.

Myeloma bone disease leads to progressive destruction of the skeleton and is the most severe cause
of morbidity in multiple myeloma. Osteolytic lesions are not characterized by a massive presence of
osteoclasts, whereas malignant plasma cells may occur as large multinucleated cells. The possibility
that myeloma cells fuse and generate polykaryons in vivo is suggested by the in vitro formation of
multinuclear cells that express tartrate-resistant acid phosphatase and produce pits and erosive lacunae
on experimental osteological substrates (F. Silvestris, S. Ciavarella, S. Strippoli, F. Dammacco, Bari,
Italy).

Findings from experimental and clinical cancer research suggest a potentially multifaceted involve-
ment of cell fusion in different stages of tumor progression, including aneuploidy, origin of cancer
stem cells (X. Lu, Y. Kang, Princeton, USA), multidrug resistance (C. Nagler, K.S. Zänker, T.
Dittmar, Witten, Germany) and the acquisition of metastatic abilities (R. Lazova, A. Chakraborty, J.M.
Pawelek, New Haven, USA). These distinguished authors clearly demonstrate that the century-old
hypothesis that cell fusion may contribute to the initiation and progression of cancer has revitalized.

Cells of the monocyte/macrophage lineage are important for tumor cell migration, invasion and
metastases formation. Fusion between macrophages and cancer cells in vitro and in animal models
causes hybrids with increased metastatic potential. Expression of the macrophage antigen CD163 in
rectal and breast cancer is associated with early recurrence and reduced survival time (I. Shabo, J.
Svanvik, Linköping, Sweden).

Membrane vesicles are membrane-covered cell fragments generated by normal and trans-
formed cells. Autophagosomes are the most prominent double-membrane bound vesicles. Fusion of
autophagosomes with lysosomes results in the formation of autolysosomes, where the proteins and
organelles are degraded. This degradation pathway is induced under nutrient deprivation, metabolic
stress or microenvironment conditions to ensure energy balance, clearance of damaged proteins and
adaptation to stress. Disruption of autophagy is involved in diverse human diseases including cancer.
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Tumor-derived vesicles may serve as prognostic markers, they were detected in blood plasma and in
other body fluids. All of them reflect the special potential of tumor cells for survival and for the expan-
sion of the tumor. The vesicles may facilitate the escape of tumor cells from immune surveillance, they
are involved in the establishment of a beneficial environment for newly formed and migrating tumor
cells, influencing angiogenesis and the reorganization of the extracellular matrix (E. Pap, Budapest,
Hungary).

The editors like to extend their gratitude to all authors, who have presented a review of their respec-
tive fields, but have been invited to do so from their unique point of view. All have tried to summarize
informations and to provide critical reviews connoting cell–cell fusion as a fundamental biological
process, upon which future therapies might be built. If these two volumes serve as a scientific reference
from which to plan future research strategies – enlightening cell–cell fusion in health and diseases –,
many of which have not yet been anticipated by the editors and the authors, then the publication of
these two volumes has fulfilled the intended purpose.

For the current two volumes the Editors want to express a special word of thanks to Springer
Publishers (Dordrecht, The Netherlands) and in particular to Tanja van Gaans and Meran Owen who
have worked closely with us to achieve a rapid and comprehensive publishing standard at the state-of-
the-art of cell–cell fusion in health and disease.

Witten, Germany Thomas Dittmar
Autumn 2010 Kurt S. Zänker
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Chapter 1
Introduction

Thomas Dittmar and Kurt S. Zänker

Abstract Although cell fusion is an omnipresent process in life, to date considerably less is still
known about the mechanisms and the molecules being involved in this biological phenomenon in
higher organisms. In Cell Fusion in Health and Disease Volume 1 international leading experts will
present up-to-date overviews about the current knowledge about cell fusion-mediating molecules in
C. elegans and mammalian cells. Further topics of the book will focus on cell fusion in physiologi-
cal processes including fertilization, placentation, skeletal muscle development, and tissue repair and
will sum up the use of artificial cell fusion for cellular reprogramming and cancer vaccine devel-
opment. Thus, Cell Fusion in Health and Disease Volume 1 represents a state-of-the-art work for
researchers, physicians or professionals being interested in the biological phenomenon of cell fusion
in physiological processes and beyond.

When we talk about cell fusion the possibly most descriptive example for this process in higher organ-
isms is the fusion between the oocyte and the sperm, which gives rise to the fertilized egg cell and
the generation of a new life. However, cell fusion does not only play a role in the beginning of life,
but is also a prerequisite in a plethora of processes being involved in growth, development and tissue
repair. In mammals, trophoblastic cells fuse with each other, thereby giving rise to multinucleated
syncytiotrophoblasts, which facilitate and ensure the nutrient exchange between the mother and the
fetus. Likewise, myoblasts fuse to form multinucleated skeletal muscle fibers, whereas cells of the
monocytic origin fuse to osteoclasts being participated in bone resorption (e.g., bone repair after
fracture). Moreover, we know from various studies that bone marrow-derived stem cells as well as
cells of the myelomonocytic lineage restore tissue function, e.g., liver, lung, by cell fusion, which
raised (and still raise) expectations for autologous stem cell-based tissue regeneration strategies. In
addition to these physiologically cell fusion events, artificial cell fusion protocols have been devel-
oped to reprogram stem cells, to generate hybridomas and to generate tumor vaccines. Hybridomas,
derived from myeloma cell/plasma cell fusions, are the source of monoclonal antibodies. What was
once developed for scientific purposes, e.g., Western Blot, immunohistochemistry, is now used in a
plethora of approaches ranging from simple diagnostic tests (pregnancy test, drug tests) to routine
diagnostic applications (determination of inflammatory markers in serum, blood typing, virus detec-
tion in patient samples) to clinical applications (immunosuppression for organ transplantation, use
of humanized monoclonal antibodies in cancer therapy). To date, tumor cell-dendritic cell hybrids
are the most promising tools for tumor vaccination strategies. Due to fusion of professional antigen
presenting dendritic cells with tumor cells hybrid cells evolve being capable to initiate a anti-tumor
specific immune response because of tumor antigen presentation.

T. Dittmar (B)
Institute of Immunology, Witten/Herdecke University, 58448 Witten, Germany
e-mail: thomas.dittmar@uni-wh.de

1T. Dittmar, K.S. Zänker (eds.), Cell Fusion in Health and Disease, Advances in Experimental Medicine
and Biology 713, DOI 10.1007/978-94-007-0763-4_1, C© Springer Science+Business Media B.V. 2011



2 T. Dittmar and K.S. Zänker

In addition to these cell fusion events being crucial to maintain and ensure the body’s homeostasis,
the biological process of cell fusion can also be linked to various (malignant) diseases. Without the
ability to fuse with the plasma membrane viruses would not be able to deliver their genome into
host cells. Thus the identification and characterization of viral membrane fusion proteins and plasma
membrane fusion partners is one promising approach to develop inhibitors, which specifically block
the fusion of a virus with its target cells. Such approaches are currently tested, e.g., for blocking
Hepatitis C virus as well as HIV infection.

The normal view of viral infections assumes that one virus (or more) infects (fuses with) only one
target cell, whereas the virus-mediated cell fusion is neglected in this context (although viruses, e.g.,
Sendai virus, were the first tools for study the process of cell fusion and to characterize hybrid cells).
Recent studies indicate that the virus-mediated cell fusion seems to be a common phenomenon in viral
infections and that such processes might cause cancer due to induction of chromosomal instability.
If so, this would mean that cell fusion (possibly driven by viruses) might also contribute to cancer
stem cells, which have been defined as the seed for tumor growth. Whether such a process would also
explain the phenomenon that tumor cells are highly fusogenic is, however, unknown. Nonetheless,
the fusion of cancer cells with other (normal) cells can give rise to hybrids exhibiting new properties,
such as an increased proliferation rate, an enhanced metastatic capacity, as well as an increased drug
resistance towards chemotherapeutic/cytotoxic compounds. Macrophage antigens have been identified
on tumor cells and both in vivo and in vitro studies revealed that tumor cell/macrophage hybrid cells
possesses an enhanced metastatic capacity. Stem cell/tumor cell fusions have also been observed both
in vivo and in vitro. Because tumor cell/normal cell hybrids might exhibit an increased drug resistance
concomitantly with an enhanced malignity it was suggested that cancer relapses might originate from
fusion events. If so, this indicates that not only tumor initiation, but also metastasis formation and
cancer relapses can be linked to this biological process.

In addition to cell–cell fusion events further fusion related processes have been associated to can-
cer. These include microvesicles and autophagy. Microvesicles are plasma membrane fragments being
shed from almost all cell types including tumor cells following activation or apoptosis. Elevated
amounts of microvesicles are found in the blood of cancer patients and, because microvesicles har-
bor a multitude of biologically active (oncogenic) proteins and RNA species, it is currently assumed
that microvesicles might be a mode of intercellular tumor cell communication. The phenomenon of
autophagy (or autophagocytosis) describes the degradation of a cell’s own components through the
lysosomal machinery. The role of autophagy in cancer is unclear. On the one hand, autophagy can act
as a tumor suppressor by degrading damaged organelles. On the other hand, autophagy can promote
survival of cancer cells under conditions of poor nutrient supply as well as protecting tumor cells
against therapy-induced apoptosis.

This short introduction indicates that cell fusion is not limited to a few physiologically processes,
but is a common biological phenomenon, whereby cell fusion plays a pivotal role both in health and
disease. Because of the complexity of cell fusion the book will be divided into two volumes. The first
volume will summarize cell fusion in health, whereby the second volume will give an overview about
cell fusion process being related to (malignant) disease.

We further realise this book as a platform for a summary of the latest findings on cell fusion-
mediating molecules in mammals. In contrast to C. elegans or D. melanogaster, where cell fusion and
the molecules to be involved in are well-characterised, only a handful of fusogenic proteins (e.g., syn-
cytin, SNAREs, CD200, CD44, CD47 and PTPNS1) have been identified in mammals. However, as
mentioned above for virus membrane fusion proteins, the knowledge about these cell fusion-mediating
proteins is crucial for developing specific cell fusion inhibitors. Studies on viruses indicate that such
approaches are feasible, thereby impairing viral infections. If we conclude that malignant cells could
evolve from cell fusion events than the inhibition of this biological process might be one approach to
prevent cancer formation and/or impair cancer progression, which in turn perquisites the knowledge
about the process itself and the molecules to be involved-in.
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We are thankful that so many internationally recognised experts accepted our invitation to con-
tribute to this exciting book project. We sincerely thank them all for their interest in this important
topic and that they, despite other duties and responsibilities, found the possibility to present excellent
and comprehensive overviews of the most important recent findings in their field of scientific engage-
ment within this topic. We would also like to thank Tanja van Gaans and Meran Owen from Springer
Publishers (Dordrecht, The Netherlands) for their kind assistance and excellent collaboration on this
project, as well as for giving the opportunity to realize this book project.

We hope that this book may encourage new scientific approaches within the field of cell fusion in
health and disease as well as closer interdisciplinary collaborations on this fascinating and important
issue in the future.





Chapter 2
Heterochronic Control of AFF-1-Mediated Cell-to-Cell
Fusion in C. elegans

Lilach Friedlander-Shani and Benjamin Podbilewicz

Abstract In normal development cell fusion is essential for organ formation and sexual reproduction.
The nematode Caenorhabditis elegans has become an excellent system to study the mechanisms and
developmental functions of cell-to-cell fusion. In this review we focus on the heterochronic regulation
of cell fusion. Heterochronic genes control the timing of specific developmental events in C. elegans.
The first microRNAs discovered were found as mutations that affect heterochronic development and
cell–cell fusions. In addition numerous heterochronic transcription factors also control specific cell
fusion events in C. elegans. We describe what is known about the heterochronic regulation of cell
fusion of the epidermal seam cells. The fusogen AFF-1 was previously shown to mediate the fusion
of the lateral epidermal seam cells. Here we provide evidence supporting the model in which LIN-29,
the heterochronic Zinc-finger transcription factor that controls the terminal fusion of the seam cells,
stimulates AFF-1 expression in the seam cells before they fuse. Therefore, the heterochronic gene
LIN-29 controls AFF-1-mediated cell–cell fusion as part of the terminal differentiation program of
the epidermal seam cells.

2.1 Introduction

Throughout development of the nematode Caenorhabditis elegans about one third of the somatic cells
go through cell to cell fusion (for recent reviews see [1–3]).

Cell fusion events occur during both embryonic and postembryonic development in various organs
including the hypodermis, vulva, pharynx and uterus [4–6]. It was shown that the cell fusions in
C. elegans are mediated by two fusogens EFF-1 and AFF-1 [7, 8]. Mutations that cause ectopic
fusion lead to embryonic lethality. In agreement, developmental cell fusion was found to be a tightly
regulated process in C. elegans. In addition to spatial regulation, the developmental timing of cell
fusion events is also critical. Several transcription factors have been found to regulate the precise
developmental stage in which fusions occur [1].

2.2 Heterochronic Genes Regulate the Timing of Developmental Events

Heterochrony is a change in the timing of a specific developmental event relative to other develop-
mental events which are not affected [9, 10]. Heterochrony can cause evolutionary variation since a
change in timing of a certain developmental event can result in speciation [9] (reviewed in [11, 12]).

B. Podbilewicz (B)
Department of Biology, Technion – Israel Institute of Technology, Haifa 32000, Israel
e-mail: podbilew@tx.technion.ac.il

5T. Dittmar, K.S. Zänker (eds.), Cell Fusion in Health and Disease, Advances in Experimental Medicine
and Biology 713, DOI 10.1007/978-94-007-0763-4_2, C© Springer Science+Business Media B.V. 2011
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Fig. 2.1 The heterochronic
pathway. Simplified model
of the heterochronic gene
pathway controlling the
terminal seam cells
differentiation

For example, two nematodes species, Pristionchus pacificus, and C. elegans, display heterochronic
differences between them in several cell lineages such as vulval and gonadal lineages, although the
genetic basis for those differences is not known [13].

Heterochronic mutants that control several developmental events were identified in C. elegans.
Mutations in these heterochronic genes change the time of developmental events while other events in
the organism occur in the normal timing of the wild type. Heterochronic mutations can result in two
types of phenotypes. In the precocious phenotype the developmental event occurs earlier than in wild
type and in the retarded phenotype the event happens in a later stage with respect to the wild type and
in addition the event can be reiterated [10] (for recent reviews see [12, 14, 15]).

The heterochronic genes that were identified by genetic approaches control various developmental
events among them vulva formation, dauer larva formation, aging and terminal differentiation of the
hypodermal seam cells [10, 16–18]. Using epitasis analysis these heterochronic genes were organized
into a model of heterochronic pathway (Fig. 2.1).

2.3 The Heterochronic Gene lin-29 Determines the Final Fate of the Seam Cells

The transcription factor LIN-29 is the most downstream known heterochronic regulator of the seam
cells terminal differentiation [18] (Fig. 2.1). By terminal differentiation the seam cells switch from
larval seam cells program into adult seam cells program [18]. In lin-29 mutants the seam cells exhibit
retarded phenotype; the seam cells fail to terminally differentiate and the larval program is reiterated
[10, 18]. The lin-29 gene encodes a transcription factor that contains five (Cys)2-(His)2 zinc finger
domains [19].

To date the heterochronic pathway is comprised of numerous genes, but here we will describe a
brief summary of the pathway. lin-4 and let-7, the first two members discovered in the microRNA
(miRNA) family, were identified as members of the heterochronic gene pathway [20, 21]. During the
mid-L1 stage lin-4 is expressed and downregulates the LIN-14 nuclear protein, which specifies the L1
fate [10, 20, 22]. When lin-4 is mutated, the lineage pattern of the L1 stage is reiterated [23]. In lin-14
loss of function mutants the L2 pattern occurs precociously in the L1 stage [10]. lin-4 also represses
LIN-28 permitting transition to L3 stage fate [24]. LIN-46 and let-7 paralogs mir-84, mir-48 and mir-
241 downregulate HBL-1 to control the L2 to L3 transition [25]. In addition DAF-12 while bound
to its ligand, also downregulates HBL-1 to control this transition by directly activating let-7 miRNA
family members [26]. Later during development LIN-41 and HBL-1 repress LIN-29 expression thus,
specifying late larval fate. Next, let-7 downregulates LIN-41 and HBL-1 allowing LIN-29 expression
that direct the seam cells terminal differentiation at L4 to adult transition [27–29].

In addition to the seam cells terminal differentiation, lin-29 is also required in other tissues. lin-29
is necessary in the egg laying system for specification of the utse, regulation of genes expression in the
vulval cells at the L4 stage and differentiation of the vulval cells [30]. Furthermore lin-29 is required
in a subset of the lateral seam cells for proper vulva morphogenesis and egg laying [31]. Thus, by
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acting in several components of the egg laying system, lin-29 may coordinate the vulval-uterine-seam
cell connection.

Additionally lin-29 is required for the linker cell death in C. elegans male that occur during or just
after the L4/adult transition. Since let-7 also controls the linker cell death, it is likely that the linker
cell death is regulated by the heterochronic pathway [32].

2.4 LIN-29 Controls the Terminal Differentiation of the Epidermal Seam Cells

The lateral hypodermal seam cells form two rows of cells one on each side along the body of the
worm. The seam cells are hypodermal cells that synthesize and secrete the cuticle [33]. During each
of the 3 larval stages (L1–L3), around the time of the molts, the seam cells divide in a stem cell manner
producing one daughter cell that retains a seam cell fate and a second cell that either will fuse to the
hypodermal hyp7 syncytium or will have other fate [34].

During the larva to adult molt, which is the transition from L4 to adult, the seam cells undergo
terminal differentiation. The seam cells stop cell divisions, fuse with each other forming a longitudi-
nal syncytium on each side of the worm (Figs. 2.2 and 2.3a), synthesize adult cuticle which includes
secretion of the adult “alae” and stop the molting cycle [18]. The alae are a set of raised cuticular
stripes that are positioned along the body of the worm above the seam cells. In addition to this mor-
phological difference, the larval and the adult cuticle are also distinguished in their collagen gene
expression [35]. lin-29 is required for all the events of the terminal differentiation of the seam cells
(Fig. 2.1).

Since lin-29 is a transcription factor it can act by regulating either directly or indirectly the tran-
scription of genes that are required for the terminal differentiation, therefore regulating genes involved
in cell cycle exit, cell fusion, switching to the adult cuticle and in the molting cycle. It was found that
lin-29 regulates the transcription of specific collagen genes (col-17 and col-19) at the L4-adult molt
[36]. lin-29 represses col-17 and activates col-7 and col-19 transcription at this stage [36]. It was pre-
viously shown that LIN-29 protein binds in vitro to col-19 and col-17 promoter sequences [19]. In
the case of col-19 this binding of LIN-29 is to the regulatory sequence which is necessary for in vivo
adult-specific activation of the collagen gene col-19. These results suggest a direct role of lin-29 in
regulating collagen genes which are required for seam cells terminal differentiation. Additional possi-
ble targets of LIN-29 are nhr-23 and nhr-25 that encode conserved nuclear hormone receptors which
are essential for larval molting. nhr-23 and nhr-25 were shown to be downstream effectors of let-7
and mir-84. A possible model is that LIN-29 represses nhr-23 and nhr-25 after the forth molt and by
that cause exit from the molting cycle [37]. LIN-29 is the best candidate for regulating the seam cells
fusion in the L4 to adult switch.

Now two important questions can be asked: how do the seam cells fuse during the terminal
differentiation? And – what is the regulation mechanism of the seam cells fusion?

Fig. 2.2 The seam cells terminal fusion. In the L4 stage the lateral hypodermal seam cells form two rows (left and
right) each containing 16 cells. During the transition from L4 to adult, the seam cells fuse with each other forming a
longitudinal syncytium on each side of the worm. The seam cells fusion is part of their terminal differentiation process



8 L. Friedlander-Shani and B. Podbilewicz

Fig. 2.3 LIN-29 controls AFF-1- mediated fusion of the seam cells. (a,b) Immunofluorescence of worms stained
with MH27 antibody which recognizes an antigen in the adherens junctions of epithelial cells [4, 46, 47]. (c,d)
Transgenic worms expressing aff-1p::GFP construct. (a) In wild type worms at late L4 stage, the seam cells fused
forming a syncytium that is marked by two parallel lines of adherens junctions. (b) Young adult lin-29(n546) worm in
which the seam cells failed to fuse. Arrow indicates unfused adherens junction. (c) aff-1promoter::GFP construct was
expressed (arrowhead) in wild type worms in the seam cells at late L4 stage. (d) Late L4 lin-29(n546) mutant in which
there was no aff-1promoter::GFP expression in the seam cells while aff-1promoter::GFP expression was retained in
other tissues like the utse (not shown). In (a), (c) anterior is to right, in (b), (d) to the left. Scale bar represents 25 μm

2.5 AFF-1 Protein Mediates the Terminal Fusion of the Hypodermal
Seam Cells

In order to study cell fusion in C. elegans forward genetic screens were performed searching for fusion
failure phenotypes. Two genes were identified as encoding proteins that induce cell fusion events in
C. elegans. One of these proteins, AFF-1 was found to be the protein necessary for the fusion of the
seam cells during their terminal differentiation [8].

In addition to the seam cell fusion aff-1 (anchor cell fusion failure-1) is also required for the fusion
of the anchor cell (AC) to the utse syncytium [8]. The AC coordinates the connection between the
uterus and the vulva. The AC induces vulval precursor cells to receive vulval fates thereby inducing
vulva formation [38, 39]. Next, the AC induces surrounding uterine cells to become π cells that pro-
duce the uterine cells (utse, uv1) which connect to the vulva [40, 41]. The final stage in the formation
of the connection between the uterus and vulva involves the removal of the AC by cell fusion in order
to enable passing of eggs through the egg-laying organ. First, eight π cells progeny fuse to form the
utse syncytium, and then the AC fuses to this utse syncytium. The AC-utse syncytium is an H-shaped
cell that in its middle region has a thin cytoplasmic process which is located between the vulva and the
uterus and serves as the nematode’s hymen. While the first egg exits the uterus this hymen is broken
generating a connection between the uterine and vulval lumens [41].
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Additional fusions events to which aff-1 is required are the fusion of the vulval rings vulA and
vulD that occur in the L4 stage [8]. AFF-1 ectopic expression is sufficient to induce cell fusion in
cells that do not normally fuse in C. elegans. Moreover, AFF-1 was shown to fuse heterologous tissue
culture cells. These observations indicate that AFF-1 serves as a bona fide fusogen [8].

aff-1 is required for only a part of the fusion events in C. elegans. The first fusogen identified in
C. elegans was EFF-1 (epithelial fusion failure 1). EFF-1 is essential for most of epidermal, vulval
and pharyngeal cell fusion events [7, 42]. As AFF-1, EFF-1 fuses cells that normally do not fuse
in vivo and also causes fusion of heterologous tissue culture cells, therefore, EFF-1 is an actual
fusogen [42, 43]. Further research has shown that EFF-1 needs to be expressed in both fusing cells in
C. elegans and in heterologous cells for cell fusion to occur. Thus, EFF-1 functions in a homotypic
fusion mechanism [43].

Recently it was shown that in addition to its role in epithelial cells, EFF-1 also has a role in
controlling dendrites structure in C. elegans by inducing dendrites retraction and autofusion [44].

eff-1 and aff-1 genes encode type I transmembrane proteins that share only moderate sequence
homology but exhibit significant similarity in their presumptive structure. EFF-1 and AFF-1 proteins
show conservation in the number of cysteines and partial conservation of prolines residue number in
the extracellular region. In addition the proteins contain a possible TGF-β-type-I-Receptor domain
[8]. aff-1 and eff-1 represent the first two members of developmental eukaryotic fusogens. Together,
eff-1 and aff-1 account for most cell fusions in C. elegans but not for all. For example, both sperm-egg
fusion and π cell daughters fusion forming the utse are carried out in each of eff-1 mutant and aff-1
mutant and also in eff-1 aff-1 double mutant [8]. These observations suggest that there are additional
fusogens in C. elegans.

What is the regulation mechanism of the seam cells fusion? As mention above, in lin-29 loss of
function mutant worms the seam cells fail to undergo their terminal fusion (Fig. 2.3b). Thus, in order
to answer the above question we recently examined the possibility that lin-29 is regulating aff-1 in
the seam cells. We found that while in wild type worms aff-1promoter::GFP is expressed in the
seam cells starting from the L4 stage, in lin-29(n546) loss of function mutant worms there is partial
or no aff-1p::GFP expression in the seam cells during this stage (Fig. 2.3c, d) [45]. These results
suggest that lin-29 positively regulates aff-1 expression in the seam cells during the L4 to young adult
transition by transcriptional regulation. Thus, aff-1 may be an effector of the heterochronic pathway
(Friedlander-Shani and Podbilewicz, unpublished results).
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Chapter 3
Role of SNAREs in Membrane Fusion

Bhanu P. Jena

Abstract Fusion between opposing cellular membranes is essential for numerous cellular activities
such as protein maturation, neurotransmission, hormone secretion, and enzyme release. The universal
molecular mechanism of membrane fusion involves Ca2+, and the assembly of a specialized set of
proteins present in the opposing membrane bilayers. For example in cell secretion, target membrane
proteins at the cell plasma membrane SNAP-25 and syntaxin termed t-SNAREs, and secretory vesicle-
associated protein VAMP or v-SNARE, are part of the conserved protein complex involved in fusion of
opposing membranes. In the presence of Ca2+, t-SNAREs and v-SNARE in opposing bilayers interact
and self-assemble in a ring conformation, to form conducting channels. Such self-assembly of t-/v-
SNARE ring occurs only when the respective SNAREs are in association with membrane. The size of
the SNARE ring complex is dependent on the curvature of the opposing bilayers. Electron density map
and 3-D topography of the SNARE ring complex, suggests the formation of a leak-proof channel mea-
suring 25 Å in ring thickness, and 42 Å in height. The mechanism of membrane-directed SNARE ring
complex assembly, and the mathematical prediction of SNARE ring size, has been determined. X-ray
diffraction measurements and simulation studies have further advanced that membrane-associated t-
SNAREs and v-SNARE overcome repulsive forces to bring the opposing membranes close to within a
distance of approximately 2.8 Å. Calcium is then able to bridge the closely apposed bilayers, leading to
the release of water from hydrated Ca2+ ions as well as the loosely coordinated water at phospholipid
head groups, leading to membrane destabilization and fusion.

3.1 Introduction

Membrane fusion is essential for numerous cellular activities, including hormone secretion, enzyme
release, and neurotransmission. In live cells, membrane fusion is mediated via a specialized set of
proteins present in opposing bilayers. In the past 2 decades, much progress has been made in our
understanding of membrane fusion in cells, beginning with the discovery of an N-ethylmaleimide-
sensitive factor (NSF) [1] and SNARE proteins [2–4], and the determination of their participation in
membrane fusion [5–11]. VAMP and syntaxin are both integral membrane proteins, with the solu-
ble SNAP-25 associating with syntaxin. Therefore the understanding of SNARE-induced membrane
fusion requires determining the atomic arrangement and interactions between membrane-associated
v- and t-SNARE proteins. Ideally, the atomic coordinates of membrane-associated SNARE complex
using x-ray crystallography would help to elucidate the chemistry of SNARE-induced membrane
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fusion in cells. So far such structural details at the atomic level of membrane-associated t-/v-
SNARE complex has not been possible, primarily due to solubility problems of membrane-associated
SNAREs, compounded with the fact that v-SNARE and t-SNAREs need to reside in opposing mem-
branes when they meet, to assemble in a physiologically relevant SNARE complex. The remaining
option, the use of nuclear magnetic resonance spectroscopy (NMR) has also been of little help, since
the size of t-/v-SNARE ring complex is beyond the optimal limit for NMR studies. Regardless, high-
resolution AFM force spectroscopy, and EM electron density map and 3-D topography of the SNARE
ring complex has enabled an understanding of the structure and assembly, and also the disassembly
of membrane-associated t-/v-SNARE complexes in physiological buffer solution [5–10, 12].

The structure and arrangement of SNAREs associated with lipid bilayers were first determined
using AFM [5], almost a decade ago. Electrophysiological measurements of membrane conduc-
tance and capacitance, enabled the determination of fusion of v-SNARE-reconstituted liposomes
with t-SNARE-reconstituted membrane. Results from these studies demonstrated that t-SNAREs and
v-SNARE when present in opposing membrane interact and assemble in a circular array, and in pres-
ence of calcium, form conducting channels [5]. The interaction of t-/v-SNARE proteins to form such
conducting channels is strictly dependent on the presence of t-SNAREs and v-SNARE in oppos-
ing membranes. Simple addition of purified recombinant v-SNARE to a t-SNARE-reconstituted lipid
membrane, fails to form the SNARE ring complex, and is without influence on the electrical properties
of the membrane [5]. However when v-SNARE vesicles are added to t-SNARE reconstituted mem-
brane, SNAREs assemble in a ring conformation, and in the presence of calcium, establish continuity
between the opposing membrane. The establishment of continuity between the opposing t-SNARE
and v-SNARE reconstituted bilayers, is reflected in the increase in membrane capacitance and con-
ductance. These results confirm that t- and v-SNAREs are required to reside in opposing membrane,
similar to their presence in cells, to allow appropriate t-/v-SNARE interactions leading to membrane
fusion [5, 7]. Studies using SNARE-reconstituted liposomes and bilayers [9] further demonstrate a
low fusion rate (τ=16 min) between t- and v-SNARE-reconstituted liposomes in the absence of Ca2+.
Exposure of t-/v-SNARE liposomes to Ca2+ drives vesicle fusion on a near physiological relevant
time-scale (τ ∼10 s), demonstrating Ca2+ and SNAREs in combination to be the universal fusion
machinery in cells [9]. Native and synthetic vesicles exhibit a significant negative surface charge
primarily due to the polar phosphate head groups, generating a repulsive force that prevent the aggre-
gation and fusion of opposing vesicles. In cells, SNAREs provide direction and specificity, bring
opposing bilayers closer to within a distance of 2–3 Å [9], enabling Ca2+ bridging and membrane
fusion. The bound Ca2+ then leads to the expulsion of water between the bilayers at the bridging site,
leading to lipid mixing and membrane fusion. Hence SNAREs, besides bringing opposing bilayers
closer, dictate the site and size of the fusion area during cell secretion. The size of the t-/v-SNARE
complex is dictated by the curvature of the opposing membranes [7], hence smaller the vesicle, the
smaller the channel formed.

A unique set of chemical and physical properties of the Ca2+ ion make it ideal for participating in
the membrane fusion reaction. Calcium ion exists in its hydrated state within cells. The properties of
hydrated calcium have been extensively studied using x-ray diffraction, neutron scattering, in com-
bination with molecular dynamics simulations [13–16]. The molecular dynamic simulations include
three-body corrections compared with ab initio quantum mechanics/molecular mechanics molecu-
lar dynamics simulations. First principle molecular dynamics has also been used to investigate the
structural, vibrational, and energetic properties of [Ca(H2O)n]2+ clusters, and the hydration shell of
the calcium ion [13]. These studies demonstrate that hydrated calcium [Ca(H2O)n]2+ has more than
one shell around the Ca2+, with the first hydration shell having six water molecules in an octahe-
dral arrangement [13]. In studies using light scattering and X-ray diffraction of SNARE-reconstituted
liposomes, it has been demonstrated that fusion proceeds only when Ca2+ ions are available between
the t- and v-SNARE-apposed proteoliposomes [8, 9]. Mixing of t- and v-SNARE proteoliposomes in
the absence of Ca2+ leads to a diffuse and asymmetric diffractogram in X-ray diffraction studies, a
typical characteristic of short range ordering in a liquid system [15]. In contrast, when t-SNARE and
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v-SNARE proteoliposomes in the presence of Ca2+ are mixed, it leads to a more structured diffrac-
togram, with approximately a 12% increase in X-ray scattering intensity, suggesting an increase in the
number of contacts between opposing bilayers, established presumably through calcium-phosphate
bridges, as previously suggested [8, 9, 16]. The ordering effect of Ca2+ on inter-bilayer contacts
observed in X-ray studies [9] is in good agreement with light, AFM, and spectroscopic studies, sug-
gesting close apposition of PO-lipid head groups in the presence of Ca2+, followed by formation of
Ca2+-PO bridges between the adjacent bilayers [8, 9, 17]. X-ray diffraction studies show that the
effect of Ca2+ on bilayers orientation and inter-bilayer contacts is most prominent in the area of 3 Å,
with additional appearance of a new peak at position 2.8 Å, both of which are within the ionic radius
of Ca2+ [9]. These studies further suggest that the ionic radius of Ca2+ may make it an ideal player
in the membrane fusion reaction. Hydrated calcium [Ca(H2O)n]2+ however, with a hydration shell
having six water molecules and measuring ∼6 Å would be excluded from the t-/v-SNARE apposed
inter-bilayer space, hence calcium has to be present in the buffer solution when t-SNARE vesicles and
v-SNARE vesicles meet. Indeed, studies demonstrate that if t- and v-SNARE vesicles are allowed to
mix in a calcium-free buffer, there is no fusion following post addition of calcium [8]. How does cal-
cium work? Calcium bridging of apposing bilayers may lead to the release of water from the hydrated
Ca2+ ion, leading to bilayer destabilization and membrane fusion. Additionally, the binding of cal-
cium to the phosphate head groups of the apposing bilayers may also displace the loosely coordinated
water at the PO-lipid head groups, resulting in further dehydration, leading to destabilization of the
lipid bilayer and membrane fusion. Recent studies in the laboratory [18], using molecular dynamics
simulations in the isobaric-isothermal ensemble to determine whether Ca2+ was capable of bridging
opposing phospholipid head groups in the early stages of the membrane fusion process, demonstrate
indeed this to be the case. Furthermore, the distance between the oxygen atoms of the opposing PO-
lipid head groups bridged by calcium was in agreement with the 2.8 Å distance previously determined
using X-ray diffraction measurements. The hypothesis that there is loss of coordinated water both
from the hydrated calcium ion and oxygen of the phospholipid head groups in opposing bilayers,
following calcium bridging, is further demonstrated from the study.

In presence of ATP, the highly stable, membrane-directed, and self-assembled t-/v-SNARE com-
plex, can be disassembled by a soluble ATPase, the N-ethylmaleimide-sensitive factor (NSF). Careful
examination of the partially disassembled t-/v-SNARE bundles within the complex using AFM,
demonstrates a left-handed super coiling of SNAREs. These results demonstrate that t-/v-SNARE
disassembly requires the right-handed uncoiling of each SNARE bundle within the ring complex,
demonstrating NSF to behave as a right-handed molecular motor [6]. Furthermore, recent studies in
the laboratory [19] using circular dichroism (CD) spectroscopy, we report for the first time that both
t-SNAREs and v-SNARE and their complexes in buffered suspension, exhibit defined peaks at CD
signals of 208 and 222 nm wavelengths, consistent with a higher degree of helical secondary struc-
ture. Surprisingly, when incorporated in lipid membrane, both SNAREs and their complexes exhibit
reduced folding. NSF, in presence of ATP, disassembles the SNARE complex as reflected from the
CD signals demonstrating elimination of a-helices within the structure. These results further demon-
strate that NSF-ATP is sufficient for the disassembly of the t-/v-SNARE complex. These studies have
provided a molecular understanding of SNARE-induced membrane fusion in cells. Findings from the
studies outlined above are described in this chapter.

3.2 Materials and Methods

3.2.1 Preparation of Lipid Bilayer

Lipid bilayers were prepared using brain phosphatidylethanolamine (PE) and phosphatidylcholine
(PC), and dioleoylphosphatidylcholine (DOPC), and dioleylphosphatidylserine (DOPS), obtained
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from Avanti Lipids, Alabaster, AL. A suspension of PE:PC in a ratio of 7:3, and at a concentration of
10 mg/ml was prepared. 100 μl of the lipid suspension was dried under nitrogen gas and resuspended
in 50 μl of decane. To prepare membranes reconstituted with VAMP, 625 ng/ml VAMP-2 protein
stock was added to the lipid suspension and brushed onto a 200 μm hole in the bilayer preparation
cup until a stable bilayer with a capacitance between 100 and 250 pF was formed.

3.2.2 Lipid Membrane on Mica Surface

To prepare lipid membrane on mica for AFM studies, freshly cleaved mica disks were placed in a fluid
chamber. One hundred eighty microliters of bilayer bath solution containing 140 mM NaCl, 10 mM
HEPES, and 1 mM CaCl2 was placed at the center of the cleaved mica disk. Twenty μl of PC:PS
vesicles were added to the above bath solution. The mixture was then allowed to incubate for 60 min
at RT, prior to washing (X10), using 100 μl of bath solution/wash. The lipid membrane on mica was
then imaged before and following the addition of SNARE proteins and or v-SNARE reconstituted
vesicles. Ten microliters of t-SNAREs (10 μg/ml stock) and or v-SNAREs (5 μg/ml stock), was
added to the lipid membrane. Similarly, 10 μl of v-SNARE reconstituted vesicles was added to either
the lipid membrane alone or lipid membrane containing t-SNAREs.

3.2.3 Atomic Force Microscopy

Atomic Force Microscopy was performed on mica and on lipid membrane. Lipid membrane alone or
in the presence of SNAREs and or v-SNARE reconstituted vesicles on mica, were imaged using the
Nanoscope IIIa, an AFM from Digital Instruments, Santa Barbara, CA. Images were obtained both
in the “contact” and “tapping” mode in fluid. However, all images presented in this manuscript were
obtained in the “tapping” mode in fluid, using silicon nitride tips with a spring constant of 0.38 N.m–1,
and an imaging force of <200 pN. Images were obtained at line frequencies of 2 Hz, with 512 lines per
image, and constant image gains. Topographical dimensions of SNARE complexes and lipid vesicles
were analyzed using the software nanoscopeIIIa4.43r8 supplied by Digital Instruments.

3.2.4 EPC9 Electrophysiological Lipid Bilayer Setup

Electrical measurements of the artificial lipid membrane were performed using a bilayer setup [20–
22]. Current verses time traces were recorded using pulse software, an EPC9 amplifier and probe
from HEKA (Lambrecht, Germany). Briefly, membranes were formed while holding at 0 mV. Once
a bilayer was formed and demonstrated to be in the capacitance limits for a stable bilayer membrane
according to the hole diameter, the voltage was switched to –60 mV. A baseline current was established
before the addition of proteins or vesicles.

3.2.5 Preparation of Lipid Vesicles and SNARE Protein Reconstitutions

Purified recombinant SNAREs were reconstituted into lipid vesicles using mild sonication. Three
hundred microliters of PC:PS, 100 μl ergosterol and 15 μl of nystatin (Sigma Chemical Company,
St. Louis, MO.) were dried under nitrogen gas. The lipids were resuspended in 543 μl of 140 mM
NaCl, 10 mM HEPES, and 1 mM CaCl2. The suspension was vortexed for 5 min, sonicated for 30 s
and aliquoted into 100 μl samples (AVs). Twenty five μl of syntaxin 1A-1 and SNAP-25 (t-SNAREs)



3 Role of SNAREs in Membrane Fusion 17

at a concentration of 25 μg/ml was added to 100 μl of AVs. The t-SNARE vesicles were frozen and
thawed 3 times and sonicated for 5 s before use. Bilayer bath solutions contained 140 mM NaCl and
10 mM HEPES. KCl at a concentration of 300 mM was used as a control for testing vesicle fusion.

3.2.6 Circular Dichroism Spectroscopy

Overall secondary structural content of SNAREs and their complexes, both in suspension and
membrane-associated, were determined by CD spectroscopy using an Olis DSM 17 spectrometer.
Data were acquired at 25◦C with a 0.01 cm path length quartz cuvette (Helma). Spectra were col-
lected over a wavelength range of 185–260 nm using a 1-nm step spacing. In each experiment, 30
scans were averaged per sample for enhanced signal to noise, and data were acquired on duplicate
independent samples to ensure reproducibility. SNAREs and their complexes, both in suspension and
membrane-associated, were analyzed for the following samples: v-SNARE, t-SNAREs, v-SNARE +
t-SNAREs, v-SNARE + t-SNAREs + N-ethylmaleimide sensitive factor (NSF) and v-SNARE +
t-SNAREs + NSF + 2.5 mM ATP. All samples had final protein concentrations of 10 μM in 5 mM
sodium phosphate buffer at pH 7.5 and were baseline subtracted to eliminate buffer (or liposome in
buffer) signal. Data were analyzed using the GLOBALWORKS software (Olis), which incorporates a
smoothing function and fit using the CONTINLL algorithm [19].

3.2.7 Wide-Angle X-Ray Diffraction

Ten microliter of a 10 mM lipid vesicle suspension was placed at the center of an X-ray polycarbonate
film mounted on an aluminum sample holder and placed in a Rigaku RU2000 rotating anode X-ray
diffractometer equipped with automatic data collection unit (DATASCAN) and processing software
(JADE). Similarly, X-ray diffraction studies were also performed using t- and v-SNARE reconstituted
liposomes, both in the presence and absence of Ca2+. Samples were scanned with a rotating anode,
using the nickel-filtered Cu Kα line (λ=1.5418 Å) operating at 40 kV and 150 mA. Diffraction pat-
terns were recorded digitally with scan rate of 3◦/min. using a scintillation counter detector. The
scattered X-ray intensities were evaluated as a function of scattering angle 2θ and converted into Å
units, using the formula d (Å)=λ/2sinθ.

3.3 Discussion

3.3.1 V-SNARE and t-SNAREs Need to Reside in Opposing Membrane to
Appropriately Interact and Establish Continuity Between Those Membranes

Purified recombinant t- and v-SNARE proteins, when applied to a lipid membrane, form globular
complexes (Fig. 3.1a–d) ranging in size from 30 to 100 nm in diameter and 3 to 15 nm in height when
examined using AFM. Section analysis of t-SNARE complexes (Fig. 3.1d) in lipid membrane, prior
to (Fig. 3.1b), and following addition of v-SNARE (Fig. 3.1c), demonstrate changes only in the size
of the complex. A 5% increase in diameter and 40% increase in height were seen following addition
of v-SNARE to the t-SNARE complexes in the lipid membrane. Concomittant studies of conductance
changes in the bilayer following reconstitution of SNAREs into phospholipid membranes supported
the AFM observations. Addition of t-SNAREs to v-SNARE reconstituted lipid membranes did not
alter membrane current (Fig. 3.1e). Similarly, when t-SNAREs were added to the lipid membrane
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Fig. 3.1 AFM micrographs and force plots of mica and lipid surface and of SNAREs on lipid membrane. AFM
performed on freshly cleaved mica (a, left), and on lipid membrane formed on the same mica surface (a, right), demon-
strating differences in the force vs. distant curves. Note the curvilinear shape exhibited in the force vs. distant curves
of the lipid surface in contrast to mica. Three dimensional AFM micrographs of neuronal t-SNAREs deposited on the
lipid membrane (b), and following the addition of v-SNARE (c). Section analysis of the SNARE complex in (b) and
(c) is depicted in (d). Note the smaller curve belonging to the t-SNARE complex in (b), is markedly enlarged follow-
ing addition of v-SNARE. Artificial bilayer lipid membranes are nonconducting either in the presence or absence of
SNAREs (e, f). Current verses time traces of bilayer membranes containing proteins involved in docking and fusion of
synaptic vesicles while the membranes are held at –60 mV (current/reference voltage). (e) When t-SNAREs are added
to the planar lipid bilayer containing the synaptic vesicle protein, VAMP-2, no occurrence of current spike for fusion
event at the bilayer membrane is observed (n=7). (f) Similarly, no current spike is observed when t-SNAREs (syntaxin
1A-1 and SNAP25) are added to the cis side of a bilayer chamber following with VAMP-2. Increasing the concentration
of t-SNAREs and VAMP-2 protein [5]

prior to addition of v-SNARE, no change in the baseline current of the bilayer membrane was demon-
strated (Fig. 3.1f). In contrast, when t-SNAREs and v-SNARE in opposing bilayers were exposed to
each other, they interact and arrange in circular pattern, forming channel-like structures (Fig. 3.2a–d).
These channels are conducting, since some vesicles are seen to have discharged their contents and are
therefore flattened (Fig. 3.2b), measuring only 10–15 nm in height as compared to the 40–60 nm size
of filled vesicles (Fig. 3.2a). Since the t-/v-SNARE complex lies between the opposing bilayers, the
discharged vesicles clearly reveal t-/v-SNAREs forming a rosette pattern with a dimple or channel-
like opening at the center (Fig. 3.2b–d). On the contrary, unfused v-SNARE vesicles associated with
the t-SNARE reconstituted lipid membrane, exhibit only the vesicle profile (Fig. 3.2a). These studies
demonstrate that the t-/v-SNARE arrangement is in a circular array, having a channel-like opening at
the center of the complex.

In order to determine if the channel-like structures were capable of establishing continuity between
the opposing bilayers, changes in current across the bilayer were examined. T-SNARE vesicles con-
taining the antifungal agent nystatin, and the cholesterol homologue ergosterol, where added to the
cis side of the bilayer chamber containing v-SNARE in the bilayer membrane. Nystatin, in the pres-
ence of ergosterol, forms a cation-conducting channel in lipid membranes [20–23]. When vesicles
containing nystatin and ergosterol incorporate into an ergosterol-free membrane, a current spike
can be observed since the nystatin channel collapses as ergosterol diffuses into the lipid membrane
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Fig. 3.2 Pore-like structures are formed when t-SNAREs and v-SNARE in opposing bilayers interact.
(a) Unfused v-SNARE vesicles on t-SNARE reconstituted lipid membrane. (b) Dislodgement and/or fusion of
v-SNARE-reconstituted vesicles with a t-SNARE-reconstituted lipid membrane, exhibit formation of channel-
like structures due to the interaction of v- and t-SNAREs in a circular array. The size of these channels
range between 50 and 150 nm (b–d). Several 3D AFM amplitude images of SNAREs arranged in a circu-
lar array (c) and some at higher resolution (d), illustrating a channel-like structure at the center is depicted.
Scale bar is 100 nm. Recombinant t-SNAREs and v-SNARE in opposing bilayers drive membrane fusion.
(e) When t-SNARE vesicles were exposed to v-SNARE reconstituted bilayers, vesicles fused. Vesicles con-
taining nystatin/ergosterol and t-SNAREs were added to the cis side of the bilayer chamber. Fusion of
t-SNARE containing vesicles with the membrane observed as current spikes that collapse as the nystatin spreads into
the bilayer membrane. To determine membrane stability, the transmembrane gradient of KCl was increased, allowing
gradient driven fusion of nystatin-associated vesicles [5]

[20–22]. As a positive control, a KCl gradient was established to test the ability of vesicles to fuse at
the lipid membrane (410 mM cis: 150 mM trans). The KCl gradient provided a driving force for vesi-
cle incorporation that was independent of the presence of SNARE proteins [21]. When t-SNARE
vesicles were exposed to v-SNARE reconstituted bilayers, vesicles fused (Fig. 3.2e). Fusions of
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t-SNARE containing vesicles with the membrane were observed as current spikes. To verify if the
channel-like structures were continuous across the membrane, capacitance and conductance mea-
surements of the membrane were carried out (Fig. 3.3a). Phospholipid vesicles that come in contact
with the bilayer membrane do not readily fuse with the membrane. When v-SNARE-reconstituted
phospholipid vesicles were added to the cis compartment of the bilayer chamber, a small increase in
capacitance and a simultaneous increase in conductance was observed with little or no further increase
over a 5 min period. The increase and no further change in conductance or capacitance is consistent
with vesicles making contact with the membrane but not fusing (Fig. 3.3b). These vesicles were fuso-
genic because of a salt (KCl) gradient across the bilayer membrane, inducing fusion of vesicles with
the lipid membrane. When t-SNARE vesicles containing nystatin and ergosterol are added to the cis
side of the bilayer chamber, an initial increase in capacitance and conductance occurred followed by
a stepwise increase in both membrane capacitance and conductance (Fig. 3.3c) along with several
fusion events, observed as current spikes in separate recordings (Fig. 3.2e). The stepwise increase in
capacitance demonstrates that the docked t-SNARE vesicles are continuous with the bilayer mem-
brane. The simultaneous increase in membrane conductance is a reflection of the vesicle-associated
nystatin channels that are conducting through SNARE-induced channels formed, allowing conduc-
tance of ions from cis to the trans compartment of the bilayer membrane. SNARE induced fusion
occurrs at an average rate of four t-SNARE vesicle incorporations every 5 min into the v-SNARE
reconstituted bilayer without osmotic pressure, compared to 6 vesicles using a KCl gradient (n=7).
These studies demonstrate that when opposing bilayers meet, SNAREs arrange in a ring pattern results
in the formation of a conducting channel [5].

3.3.2 Membrane Curvature Dictate the Size of the SNARE Ring Complex

SNARE-ring complexes ranging in size from approximately 15 to 300 nm in diameter are formed
when t-SNARE-reconstituted and v-SNARE-reconstituted lipid vesicles meet. Since vesicle curvature
would dictate the contact area between opposing vesicles, this broad spectrum of SNARE complexes
observed, may be due to the interaction between SNARE-reconstituted vesicles of different size. To
test this hypothesis, t-SNARE- and v-SNARE-reconstituted liposomes (proteoliposomes) of distinct
diameters were used [7]. Lipid vesicles of different sizes used in the study were isolated using pub-
lished extrusion method [9]. The size of each vesicle population was further assessed using the AFM
(Fig. 3.4). AFM section analysis demonstrates the presence of small 40–50 nm-in diameter vesicles
isolated using a 50 nm extruder filter (Fig. 3.4a, b). Similarly, representative samples of large vesicles
measuring 150–200 and 800–1,000 nm were obtained using different size filters in the extruder. Such
large vesicles are shown in the AFM micrograph (Fig. 3.4c, d). Analysis of vesicle size using photon
correlation spectroscopy, further confirmed the uniformity in the size of vesicles within each vesicle
population. The morphology and size of the SNARE complex formed by the interaction of t-SNARE-
and v-SNARE-reconstituted vesicles of different diameter were examined using the AFM (Fig. 3.5).
In each case, the t-SNARE and v-SNARE proteins in opposing proteoliposomes, interact and self-
assemble in a circular pattern, forming channel-like structures. The interaction and arrangement of
SNAREs in a characteristic ring pattern were observed for all populations of proteoliposomes exam-
ined (Fig. 3.5a–d). However, the size of the SNARE complex was determined to be dictated by the
diameter of the proteoliposomes used (Fig. 3.5) [7]. When small (∼50 nm) t-SNARE- and v-SNARE-
reconstituted vesicles were allowed to interact, SNARE-ring complexes of ∼20 nm in diameter were
generated (Fig. 3.5a, b) [7]. With increase in the diameter of proteoliposomes, larger t-/v-SNARE
complexes were formed (Fig. 3.5c, d). A strong linear relationship between size of the SNARE com-
plex and vesicle diameter is demonstrated from these studies (Fig. 3.6) [7]. The experimental data fit
well with the high correlation coefficient, R2=0.9725 between vesicle diameter and SNARE-complex
size (Fig. 3.6).
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Fig. 3.3 Opposing bilayers containing t- and v-SNAREs respectively, interact in a circular array to form con-
ducting pores. (a) Schematic diagram of the bilayer-electrophysiology setup. (b) Lipid vesicle containing nystatin
channels (in red) and both vesicles and membrane bilayer without SNAREs, demonstrate no significant changes in
capacitance and conductance. Initial increase in conductance and capacitance are due to vesicle-membrane attachment.
To demonstrate membrane stability (both bilayer membrane and vesicles), the transmembrane gradient of KCl was
increased to allow gradient driven fusion and a concomitance increase of conductance and capacitance. (c) When t-
SNARE vesicles were added to a v-SNARE membrane support, the SNAREs in opposing bilayers arranged in a ring
pattern, forming pores (as seen in the AFM micrograph on the extreme right) and there were seen stepwise increases in
capacitance and conductance (–60 mV holding potential). Docking and fusion of the vesicle at the bilayer membrane,
opens vesicle-associated nystatin channels and SNARE-induced pore formation, allowing conductance of ions from cis
to the trans side of the bilayer membrane. Then further addition of KCl to induce gradient driven fusion, resulted in
little or no further increase in conductance and capacitance, demonstrating docked vesicles have already fused [5]



22 B.P. Jena

Fig. 3.4 AFM micrograph of t-SNARE and v-SNARE reconstituted liposomes of different sizes. Note the
∼40–50 nm vesicles (a, b), the ∼150 nm (c) and ∼800 nm vesicle (d) [7]

3.3.3 Disassembly of the SNARE Complex

Studies demonstrate that the soluble N-ethylmaleimide-sensitive factor (NSF) an ATPase, disassem-
bles the t-/v-SNARE complex in presence of ATP [10]. This study was also the first conformation
by direct physical observation, that NSF-ATP alone can lead to SNARE complex disassembly. In this
study, using purified recombinant NSF, and t- and v-SNARE-reconstituted liposomes, the disassembly
of the t-/v-SNARE complex was examined. Lipid vesicles ranging in size from 0.2–2 μm, were recon-
stituted with either t-SNAREs or v-SNARE. Kinetics of association and dissociation of t-SNARE- and
v-SNARE-reconstituted liposomes in solution, in the presence or absence of NSF, ATP, and AMP-PNP
(the non-hydrolyzable ATP analogue), were monitored by right angle light scattering (Fig. 3.7a, b).
Addition of NSF and ATP to the t/v-SNARE-vesicle mixture led to a rapid and significant increase in
intensity of light scattering (Fig. 3.7a, b), suggesting rapid disassembly of the SNARE complex and
dissociation of vesicles. Dissociation of t-/v-SNARE vesicles occurs on a logarithmic scale that can
be expressed by first order equation, with rate constant k=1.1 s–1 (Fig. 3.7b). To determine whether
NSF-induced dissociation of t- and v-SNARE vesicles is energy driven, experiments were performed
in the presence and absence of ATP and AMP-PNP. No significant change with NSF alone, or in
presence of NSF-AMP-PNP, was observed (Fig. 3.7c). These results demonstrate that t-/v-SNARE
disassembly is an enzymatic and energy-driven process.

To further confirm the ability of NSF-ATP in the disassembly of the t-/v-SNARE complex,
immunochemical studies were performed. It has been demonstrated that v-SNARE and t-SNAREs
form an SDS-resistant complex [24]. NSF binds to SNAREs and forms a stable complex when locked
in the ATP-bound state (ATP-NSF). Thus, in the presence of ATP+EDTA, VAMP antibody has been
demonstrated to be able to immunoprecipitate this stable NSF-SNARE complex [24]. Therefore, in
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Fig. 3.5 Representative AFM micrograph of t-/v-SNARE complexes formed when small (a, b) or large (c, d)
t-SNARE and v-SNARE reconstituted vesicles interact with each other. Note the formation of different size SNARE
complexes, which are arranged in a ring pattern. Bar=20 nm. AFM section analysis (d) shows the size of a large SNARE
complex [7]

the present study, when t- and v-SNARE vesicles were mixed in the presence or absence of ATP,
NSF, NSF+ATP, or NSF+AMP-PNP, and resolved using SDS-PAGE followed by immunoblots using
syntaxin-1 specific antibody, t-/v-SNARE disassembly was found to be complete only in the presence
of NSF-ATP (Fig. 3.7d, e). To further confirm these findings (Fig. 3.7), direct observation of the t-/v-
SNARE complex disassembly was assessed using AFM. When purified recombinant t-SNAREs and
v-SNARE in opposing bilayers interact and self-assemble to form supramolecular ring complexes,
they disassembled when exposed to recombinant NSF and ATP, as observed at nm resolution using
AFM (Fig. 3.8). Since SNARE ring complex requires v-SNARE and t-SNAREs to be membrane-
associated, suggested that NSF may require the t-/v-SNARE complex to be arranged in a specific
configuration or pattern, for it to bind and disassemble the complex in presence of ATP. To test this
hypothesis, t-SNAREs followed by v-SNARE, NSF and ATP were added to a lipid membrane, and
continuously imaged in buffer by AFM (Fig. 3.9). Results from this study demonstrate that both
SNARE complexes either in presence or absence of membrane disassemble [10]. Furthermore, close
examination of the NSF-ATP-induced disassembled SNARE complex by AFM, demonstrates NSF to
function as a right-handed molecular motor [6].
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Fig. 3.6 SNARE complex is
directly proportional to
vesicle diameter. Schematic
diagram depicting the
interaction of t-SNARE and
v-SNARE reconstituted
vesicles. At the extreme right,
is a single t-/v-SNARE
complex imaged by AFM (a).
AFM images of vesicles
before and after their removal
by the AFM cantilever tip,
exposing the t-/v-SNARE
complex (b). Interacting
t-SNARE- and
v-SNARE-vesicles imaged by
AFM at low (<200 pN) and
high forces (300–500 pN).
Note, at low imaging forces,
only the vesicle profile is
imaged (left c). However at
higher forces, the soft vesicle
is flattened, allowing the
SNARE complex to be
imaged (right c). Plot of
vesicle diameter vs. size of
the SNARE complex. Note
the high correlation
coefficient (R2=0.9725)
between vesicle diameter and
the size of the SNARE
complex (d) [7]
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Fig. 3.7 NSF-ATP induced dissociation of t-SNARE and v-SNARE associated liposomes. (a) Real-time light scat-
tering profiles of interacting t-SNARE and v-SNARE vesicles in solution in the presence and absence of NSF (depicted
by arrow). In presence of ATP, NSF rapidly disassembles the SNARE complex and dissociates SNARE-vesicles repre-
sented as a rapid increase in light scattering. No change in light scattering is observed when ATP is replaced with the
non-hydrolyzable analog AMP-PNP. (b) Kinetics of NSF-induced dissociation. The graph depicts first-order kinetics
of vesicles dissociation elicited by NSF-ATP. (c) NSF requires ATP to dissociate vesicles. NSF in the presence of ATP
dissociates vesicles (p<0.05, n=4, Student’s t-test). However, NSF alone or NSF in the presence of AMP-PNP had no
effect on the light scattering properties of SNARE-associated vesicle (p>0.05, n=4, Student’s t-test). (d) When t- and
v-SNARE vesicles are mixed in the presence or absence of ATP, NSF, NSF+ATP, or NSF+AMP-PNP, and resolved
by SDS-PAGE followed by immunoblots using syntaxin-1 specific antibody, t-/v-SNARE disassembly was found to be
complete only in the presence of NSF-ATP (e). Densitometric scan of the bands reveals significant changes in SNARE
complex and syntaxin-1 reactivity only when NSF and ATP were included in reaction mixture (p<0.05, n=3; and
p<0.01, n=3, Student’s t-test) [10]
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Fig. 3.8 AFM micrographs of NSF-ATP induced disassembly of the t-/v-SNARE ring complex. Representative
AFM micrograph of t-/v-SNARE complexes formed when large (top panel a) or small (bottom panel a) t-/v-SNARE
ring complexes are formed due to the interaction of large and small v-SNARE reconstituted vesicles interact with a
t-SNARE reconstituted lipid membrane. Bar = 250 nm. (b) Disassembly of large t-/v-SNARE complex. Bar = 250 nm.
(c) High resolution of a t-/v-SNARE ring complex, and a disassembled one (d) [10]

3.3.4 CD Spectroscopy Confirm the Requirement of Membrane for Appropriate
t-/v-SNARE Complex Assembly, and that NSF-ATP Alone Can Mediated
SNARE Disassembly

The overall secondary structural content of full-length neuronal v-SNARE and t-SNAREs, and
the t-/v-SNARE complex, both in suspension and membrane-associated, were determined by CD
spectroscopy using an Olis DSM 17 spectrometer [19]. Circular dichroism spectroscopy reveals that v-
SNARE in buffered suspension (Fig. 3.10ai), when incorporated into liposomes (Fig. 3.10bi), exhibit
reduced folding (Table 3.1). This loss of secondary structure following incorporation of full-length
v-SNARE in membrane may be a result of self-association of the hydrophobic regions of the protein
in absence of membrane. When incorporated into liposomes, v-SNARE may freely unfold without
the artifactual induction of secondary structure, as reflective of the lack in CD signals at 208 and
222 nm, distinct for a-helical content. The t-SNAREs (Fig. 3.10aii, bii), shows clearly defined peaks
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Fig. 3.9 AFM micrographs
of NSF-ATP induced
disassembly of the
t-/v-SNARE complex
formed when v-SNARE is
added to a t-SNARE
reconstituted lipid
membrane. The left panel
a–d shows at low resolution,
the sequential AFM
micrographs of one of ten
representative experiments,
where v-SNARE is added to a
t-SNARE reconstituted lipid
membrane, followed by NSF
and then ATP. Note the
dramatic disassembly of the
SNARE complexes in d. The
right panel shows at higher
resolution, the disassembly of
one of such SNARE
complexes [10]

at both these wavelengths, consistent with a higher degree of helical secondary structures formed
both in buffered suspension and in membrane, at ca. 66 and 20%, respectively (Table 3.1). Again,
the membrane-associated SNARE exhibits less helical content than when in suspension. Similarly,
there appears to be a dramatic difference in the CD signal observed in t-/v-SNARE complexes
in suspension, and those complexes that are formed when membrane-associated SNAREs interact
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Fig. 3.10 Circular dichroism data reflecting structural changes to SNAREs, both in suspension and in associ-
ation with membrane. Structural changes, following the assembly and disassembly of the t-/v-SNARE complex is
further shown. (a) CD spectra of purified full-length SNARE proteins in suspension and (b) in membrane-associated;
their assembly and (NSF–ATP)-induced disassembly is demonstrated. (i) v-SNARE; (ii) t-SNAREs; (iii) t-/v-SNARE
complex; (iv) t-/v-SNARE + NSF and (v) t-/v-SNARE + NSF + 2.5 mM ATP, is shown. CD spectra were recorded at
25◦C in 5 mM sodium phosphate buffer (pH 7.5), at a protein concentration of 10 mM. In each experiment, 30 scans
were averaged per sample for enhanced signal to noise, and data were acquired on duplicate independent samples to
ensure reproducibility [19]

(Fig. 3.10aiii, biii). Interestingly, there is no increase of secondary structure upon complex for-
mation. Rather, the CD spectra of the complexes are identical to a combination of individual spectra.
Moreover, membrane associated t-/v-SNAREs are less folded than the purified SNARE complex.
This data supports previous AFM results that lipid is required for proper arrangement of the SNARE
proteins in membrane fusion. Addition of NSF to the t-/v-SNARE complex results in an increase
in the unordered fraction (Fig. 3.10aiv, biv and Table 3.1), which may be attributed to an overall
disordered secondary structure of the NSF, and not necessarily unfolding of the t-/v-SNARE complex.
In contrast, activation of NSF by the addition of ATP almost completely abolishes all α-helical content
within the multi-protein complex (Fig. 3.10av, bv). This direct observation of the helical unfolding
of the SNARE complex using CD spectroscopy under physiologically relevant conditions (i.e. in
membrane-associated SNAREs), confirms earlier AFM reports on NSF–ATP-induced t-/v-SNARE
complex disassembly [10]. In further agreement with previously reported studies using the AFM, the
consequence of ATP addition to the t-/v-SNARE–NSF complex is disassembly, regardless of whether

Table 3.1 Secondary structural fit parameters of SNARE complex formation and dissociation [19]

Suspension (100 × fa) Membrane-associated (100 × f)

Proteinb α β O U Fitc α β O U Fit
v-SNARE 4 36 18 43 0.19 0 30 32 38 0.21
t-SNAREs 66 34 0 0 0.02 20 15 21 44 0.84
v-/t-SNAREs 48 52 0 0 0.02 20 19 56 5 0.38
v-/t-SNAREs+NSF 20 25 0 55 0.07 18 6 8 68 0.2
v-/t-SNAREs+NSF+ATP 3 39 18 40 0.22 1 27 34 38 0.23

aAbbreviations used: f, fraction of residues is a given conformational class; α, α-helix; β, β-sheet; O, other (sum
of turns, distorted helix, distorted sheet); U, unordered.
bProtein constructs: v-SNARE (VAMP2); t-SNAREs (SNAP-25 + syntaxin 1A); NSF, N-ethylmaleimide Sensitive
Factor. ATP, adenosine triphosphate.
cFit: goodness of fit parameter expressed as Normalized Spectral Fit Standard Deviation (nm).
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the t-/v-SNARE+NSF complex is membrane-associated or in buffered suspension. In earlier AFM
studies, 0.16–0.2 mg/ml of SNARE proteins were used, as opposed to the 800–1,000 mg/ml protein
concentration required for the current CD studies. To determine if t-SNARE and v- SNARE interact
differently at higher protein concentrations, both membrane-associated and in-suspension v- and
t-SNARE complexes used in CD studies, were imaged using the AFM. In confirmation to previously
reported AFM studies, results from the CD study demonstrated the formation of t-/v-SNARE ring
complexes, only when t-SNARE-liposomes are exposed to v-SNARE-liposomes. Hence, higher
SNARE protein concentrations are without influence on the membrane-directed self-assembly of the
SNARE complex [19]. In summary, the CD results demonstrate that v-SNARE in suspension, when
incorporated into liposomes, exhibits reduced folding. Similarly, t-SNAREs which exhibit clearly
defined peaks at CD signals of 208 and 222 nm wavelengths, consistent with a higher degree of helical
secondary structure in both the soluble and liposome-associated forms, exhibit reduced folding when
membrane associated. ATP-induced activation of NSF bound to the t-/v-SNARE complex, results
in disassembly of the SNARE complex, eliminating all α-helices within the structure. In addition,
these studies are a further confirmation of earlier reports [10] that NSF–ATP is sufficient for the
disassembly of the t-/v-SNARE complex.

3.3.5 SNAREs Bring Opposing Bilayers Closer, Enabling Calcium Bridging
and Membrane Fusion

Diffraction patterns of non-reconstituted vesicles and t- and v-SNARE-reconstituted vesicles in the
absence and presence of 5 mM Ca2+ are shown for comparison in Fig. 3.11. To our knowledge, these
are the first recorded wide-angle diffractograms of unilamellar (single bilayer) vesicles in the 2–4 Å
diffraction range. They have broad pattern spanning 2θ ranges approximately 23–48◦ or d values of
3.9–1.9 Å with sharp drop off intensity on either sides of the range. Relatively, broad feature of diffrac-
togram indicate multitude of contacts between atoms of one vesicle as well between different vesicles
during collision. However, two broad peaks are visible on the diffractogram, the stronger one at 3.1 Å
and a weaker one at 1.9 Å. They indicate that the greatest number of contacts between them have
these two distances. Addition of Ca2+ or incorporation of SNAREs at the vesicles membrane or both,
influence both peaks within the 2.1–3.3 Å intensity range (Fig. 3.11). However, the influence of Ca2+,
SNAREs or both is more visible on peak positioned at 3.1 Å in form of an increased Imax of arbitrary
units and 2θ. This increase of Imax at the 3.1 Å can be explained in terms of increased vesicle pairing
and/or a decrease in distance between apposed vesicles. Incorporation of t- and v-SNARE proteins at
the vesicle membrane allows for tight vesicle-vesicle interaction, demonstrated again as an Imax shifts

Fig. 3.11 Wide-angle X-ray
diffraction patterns on
interacting lipid vesicles.
Representative diffraction
profiles from one of four
separate experiments using
plain and t- and
v-SNARE-reconstituted lipid
vesicles, both in the presence
or absence of 5 mM Ca2+ is
shown. Note the shift in the
major peak to the right, when
t-SNARE and
v-SNARE-reconstituted
vesicles interact [9]
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to 30.5◦ or 2.9 Å from 3.1 Å. Ca2+ and SNAREs work in manner that induces a much higher increase
of peak intensity with appearance of shoulders on both sides of the peak at 2.8 and 3.4 Å (Fig. 3.11).
This indicates an increase in number of vesicle contact points at a constant distance between them.
Vesicles containing either t- or v-SNAREs have little effect on the X-ray scattering patterns. Only as
discussed above, when t-SNARE and v-SNARE reconstituted-vesicles were brought together, we did
detect change in the X-ray diffraction patterns. Since exposure of t-SNARE vesicle and v-SNARE
vesicle mixture to Ca2+ results in maximum increase in a.u. and 2θ using X-ray diffraction, the effect
of Ca2+ on fusion and aggregation of t-/v-SNARE vesicles were examined using light scattering, light
microscopy, AFM, fluorescent dequenching and electrical measurements of fusion [9].

In recent studies [12], using high-resolution electron microscopy, the electron density maps and
3-D topography of the membrane-directed SNARE ring complex was determined at nm resolution
(Fig. 3.12). Similar to the t-/v-SNARE ring complex formed when 50 nm v-SNARE liposomes meet

Fig. 3.12 The possible establishment of a leak-proof SNARE ring complex channel is demonstrated. (a) Size of
the t-/v-SNARE ring complex is directly proportional to the size of the SNARE-associated vesicle (c). Different sizes of
v-SNARE-associated vesicles, when interact with t-SNARE-associated membrane (©), demonstrate the SNARE ring
size to be directly proportional to the vesicle size. When a 50 nm in diameter v-SNARE-reconstituted vesicle interacts
with a t-SNARE-reconstituted membrane, an 11 nm in diameter t-/v-SNARE ring complex is formed. Similarly, the
present study demonstrates that when a 50 nm in diameter v-SNARE-reconstituted vesicle, interacts with a 50 nm in
diameter t-SNARE-reconstituted vesicle, a 8 nm in diameter t-/v-SNARE ring complex is established (�). Analogous
to the 11 nm in diameter t-/v-SNARE ring complexes formed when 50 nm v-SNARE vesicles meet a t-SNARE-
reconstituted planer membrane (b), approximately 11 nm in diameter t-/v-SNARE ring complexes are formed when
50 nm in diameter synaptic vesicles meets a t-SNARE-reconstituted planer membrane (c, d) [12]



3 Role of SNAREs in Membrane Fusion 31

a t-SNARE-reconstituted planer membrane, SNARE rings are also formed when 50 nm in diame-
ter isolated synaptic vesicles meet a t-SNARE-reconstituted planer lipid membrane. Furthermore, the
mathematical prediction of the SNARE ring complex size with reasonable accuracy, and the possi-
ble mechanism of membrane-directed t-/v-SNARE ring complex assembly, was determined from the
study. Using both lipososome-reconstituted recombinant t-/v-SNARE proteins, and native v-SNARE
present in isolated synaptic vesicle membrane, the membrane-directed molecular assembly of the
neuronal SNARE complex was determined for the first time and its size mathematically predicted.
These results provide a new molecular understanding of the universal machinery and mechanism of
membrane fusion in cells, having fundamental implications in human health and disease. The above
mention studies and their findings provide a molecular understanding of SNARE-induced membrane
fusion in cells.
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Chapter 4
Molecular and Cellular Mechanisms of Mammalian
Cell Fusion

Xiaofeng Zhou and Jeffrey L. Platt

Abstract The fusion of one cell with another occurs in development, injury and disease. Despite the
diversity of fusion events, five steps in sequence appear common. These steps include programming
fusion-competent status, chemotaxis, membrane adhesion, membrane fusion, and post-fusion reset-
ting. Recent advances in the field start to reveal the molecules involved in each step. This review
focuses on some key molecules and cellular events of cell fusion in mammals. Increasing evidence
demonstrates that membrane lipid rafts, adhesion proteins and actin rearrangement are critical in the
final step of membrane fusion. Here we propose a new model for the formation and expansion of
membrane fusion pores based on recent observations on myotube formation. In this model, mem-
brane lipid rafts first recruit adhesion molecules and align with opposing membranes, with the help of
a cortical actin “wall” as a rigid supportive platform. Second, the membrane adhesion proteins inter-
act with each other and trigger actin rearrangement, which leads to rapid dispersion of lipid rafts and
flow of a highly fluidic phospholipid bilayer into the site. Finally, the opposing phospholipid bilayers
are then pushed into direct contact leading to the formation of fusion pores by the force generated
through actin polymerization. The actin polymerization generated force also drives the expansion of
the fusion pores. However, several key questions about the process of cell fusion still remain to be
explored. The understanding of the mechanisms of cell fusion may provide new opportunities in cor-
recting development disorders or regenerating damaged tissues by inhibiting or promoting molecular
events associated with fusion.

4.1 Introduction

Many anatomic structures and processes of mammalian development depend on fusion of one cell
with another. Although fusion of cells was first recognized from anatomic features [1], anatomy
alone provides poor measure of the relative contribution of cell–cell fusion to the anatomic structure,
development and physiology of tissues. Cell fusion can be underestimated if nuclei of multinucleated
cells are fused or shed, or overestimated if mitosis proceeds without cytokinesis [2]. Accordingly,
the impact of cell fusion on structure and function of tissues may be best evaluated by examining the
expression or function of molecules that regulate the process. This chapter will review some molecules
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thought to be important for cell fusion in mammals. We focus not only on the molecules involved in
fusion of one cell with another, but also the molecules that prepare cells for fusion or make fusion
more or less likely.

The types of cell fusion best understood in mammals include the fusion of sperm and egg [3], fusion
of cytotrophoblast cells to form syncytiotrophoblast [4], fusion of myoblasts to form myotubes [5],
and fusion of macrophages to form multi-nucleated giant cells [6]. Recently, fusion of bone marrow
derived stem cells with parenchymal cells in the course of tissue repair has also been appreciated as a
mechanism of regeneration and apparent adult stem cell plasticity [2, 7, 8].

Certain processes or steps occurring in sequence appear common to cell fusion in disparate sys-
tems. The first step involves “programming” of cells to make them competent for fusion. The second
step involves movement of fusion-competent cells toward each other by releasing or responding to
attractants. In the third step, recognition and attachment of the cells bring plasma membranes into
apposition. The fourth step involves mixing of lipids in apposing membranes leading to formation
and expansion of fusion pores. The fifth step involves physiologic adaptation of the multinucle-
ated cells either to undergo or to prevent (in the case of sperm-egg fusion) further rounds of
fusion.

Although the mechanisms of the steps above are not fully understood, each of the fusion steps
appears tightly regulated at the molecular level. Gene knockout, RNA interference, overexpression of
wild-type or dominant negative protein forms, and antibody neutralization have been used to identify
molecules important for cell fusion. Some molecules seem to be specific for certain cell types, while
others are important in many fusion systems. Table 4.1 lists some molecules involved in various steps
of cell fusion.

In the sections that follow, we discuss the molecules thought to govern cell fusion. Since some
molecules are involved in multiple steps they are mentioned repeatedly. In the section of fusion

Table 4.1 A partial list of molecules involved in each step of cell–cell fusion in mammals

Priming Chemotaxis Adhesion Fusion Post-fusion

Cytokines: Chemoatractants: Ig domain proteins: Actin network: Myoferlin
IL-4 HGF Nephrin Actin Bcl-2
IFN-γ SDF1 Cdo Myosin c-Flip
RANKL IL-4 Neogenin Arp2/3
M-CSF CXCR4 NCAM SCAR/WAVE
DAP12 MOR23 Izumo WASP

Phosphatidylserine MCP-1 CD47 Rac1
Calcium Progesterone SIRP-α Cdc42
Caspase 8
Caspase 9

Integrins: Dock1

Calpain:
α7β1

Cadherins:
Brag2

m-calpain
αvβ3

N-cadherin
Trio

Calpain 3
V-Atp6v0d2

M-cadherin
Nap1

Glis3
Actin regulators:

E-cadherin
Lipid rafts:

WAVE2
WASP
ROCK-I

Cadherin-11
Cholesterol

MR

Tetraspanins:
Sphingolipids

MMP-9

CD9
Syncytin-1CD81
Syncytin-2CD63

Integrin β1
GPI-anchored proteins
ADAM
DC-STAMP
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pore formation and expansion (Section 4.5.3), we propose a new model of the events leading to cell
membrane fusion based on recent observations.

4.2 Programming Cellular Competence for Fusion

Most cells do not fuse spontaneously. The lipid bilayers of cell membranes maintain the integrity of
individual cells unless they change in ways that overcome barriers to fusion. The process by which
cells acquire the ability to fuse is called “priming” and the primed cell is called a “competent cell”.
The priming process might include (i) expression of fusion machinery, such as adhesion molecules;
(ii) alteration of cell membrane lipid composition, for instance translocation of inner-leaflet lipids;
and (iii) loss of inhibitory state, including degradation of extracellular matrix allowing cell migration
and cell–cell adhesion. Various molecules program fusion-competent status in different cell fusion
systems.

4.2.1 Cytokines

Cytokines can make monocytes and macrophages competent for fusion [9]. Cytokines are small
secreted proteins that act on specific cell membrane receptors initiating signaling pathways to alter
gene transcription.

Interleukin (IL)-4, IL-13, IL-3, IL-17A, and interferon (IFN)-γ induce monocytes and
macrophages to form multinucleated giant cells [10–15]. For examples, McInnes and Rennick [14]
found that culturing mouse monocytes/macrophages with IL-4 induces the formation of multinucle-
ated giant cells, and Chensue et al. [18] demonstrated that anti-IL-4 antibodies inhibit or reduce the
formation of multinucleated giant cells. Weinberg et al. [16] generated multinucleated giant cells after
culture of macrophages with IFN-γ, while anti-IFN-γ antibodies block the fusion [16–18].

How IL-4 induces macrophage fusion-competent status has been elucidated in part. Stimulation
of IL-4 receptor α chain (IL4Rα) by IL-4 or IL-13 initiates phosphorylation and activation of the
transcription factor STAT6. STAT6-knockout macrophages do not form multinucleated giant cells in
the presence of IL-4 in vitro [19, 20]. The IL-4/STAT6 axis turns on the expression of E-cadherin,
dendritic cell-specific transmembrane protein (DC-STAMP) and matrix metalloproteinase 9 (MMP-
9) [20–23]. MMP-9 can digest structural components of the extracellular matrix and cellular surface
facilitating cell migration and adhesion [22]. E-cadherin mediates cell adhesion to bring membranes
of cells into close proximity, while DC-STAMP acts by an unknown mechanism to promote cell
membrane fusion [24, 25]. IL-4 also upregulates the mannose receptor [26], which may promote
fusion of macrophages [6, 27, 28]. IL-4 only causes macrophages competent for fusion but not other
cell types, indicating that the presence of macrophage-specific proteins must be essential for IL-4 to
prime macrophages.

Although both osteoclasts (multinucleated bone resorbing cells) and multinucleated giant cells
originate from a common progenitor, formation of osteoclasts requires different cytokines than for-
mation of multi-nucleated giant cells. Stimulation of receptor activator for nuclear factor κB ligand
(RANKL) and macrophage colony stimulating factor (M-CSF) induces the commitment of osteo-
clast differentiation and fusion-competence of macrophages [29, 30]. RANKL stimulates the TRAF6/
NF-κB and c-Fos pathways, which induce the expression of nuclear factor of activated T cells,
cytoplasmic 1 (NFATc1) [31]. NFATc1 is a master transcription factor that not only regulates
osteoclast-specifying genes, but also upregulates the genes that promote cell fusion, such as DC-
STAMP and the d2 isoform of vacuolar ATPase V0 domain (Atp6v0d2) [32–34]. Osteoblasts and their
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precursors appear to be the main regulators of osteoclast formation. Osteoblasts express M-CSF and
RANKL to promote osteoclastogenesis, as well as osteoprotegerin that inhibits osteoclastogenesis.
Thus osteoblasts control the balance between bone construction and absorption [35, 36].

4.2.2 DNAX Activating Protein 12

DNAX activating protein 12 (DAP12) programs fusion-competence for cells that become osteoclasts
and multinucleated giant cells [37–40]. DAP12 is a signaling adaptor that associates with a number
of cell surface receptors including the triggering receptor expressed in myeloid cells 2 (TREM-2)
[41]. Binding of an unknown ligand to TREM-2 triggers the phosphorylation of DAP12, which in
turn forms docking sites for the protein tyrosine kinase Syk and the p85 subunit of phosphoinositide
(PI) 3-kinase [40]. DAP12/Syk complex increases the expression of DC-STAMP, MMP-9 and E-
cadherin, all essential for the formation of multinucleated giant cells in an IL-4 independent manner
[37]. In addition, binding of M-CSF to its receptor, c-Fms, also activates DAP12/Syk axis [42]. In
osteoclast precursor cells, DAP12/Syk activates phospholipase Cγ (PLCγ) to regulate the expression
of the master transcription factor NFATc1 [31].

4.2.3 Phosphatidylserine

Modification of the distribution of lipids in the inner and outer leaflets of plasma membranes is a
key event in preparing plasma membranes in formation of myotubes [43], syncytiotrophoblast [44],
fertilization of eggs [45] and multinucleated giant cell formation [46]. Phosphatidylserine, a nega-
tively charged amine-containing phospholipid normally of the inner-leaflet (the cytosolic side) of cell
membranes, translocates to the outer-leaflet before cell fusion. Interestingly, redistribution of phos-
phatidylserine also occurs in early apoptosis [47]. Whether plasma membrane fusion and the early
apoptosis share a common molecular mechanism is debated [48, 49].

Exposing phosphatidylserine at the outer surface of the lipid bilayer is believed to be essential
for sperm “capacitation” [50], that is a membrane destabilization process in sperm that allows bind-
ing and penetrating the zona pellucida (outer coating of the egg). Capacitation takes place in the
female reproductive tract and can be mimicked in vitro. Plasma membrane architecture changes
through phosphatidylserine and phosphatidylethanolamine efflux in capacitation have profound impli-
cations for fertilization [50]. Surface exposure of phosphatidylserine and phosphatidylethanolamine
is limited to the plasma membrane of the apical head (the anterior acrosomal region) of sperm
[51]. Phosphatidylserine and phosphatidylethanolamine appear to attract cholesterol from the post-
acrosomal region to the apical acrosomal region [52]. Next, complexes of cholesterol and filipin are
depleted in an albumin-dependant manner and this depletion increases membrane fluidity which in
turn may facilitate membrane fusion. The increase in sperm membrane fluidity after phosphatidylser-
ine and phosphatidylethanolamine exposure can be detected by fluorescence labeled membrane lipids
in boar sperm [53]. Lowered levels of cholesterol may also promote lipid raft dynamics, weaken the
binding of surface proteins, and alter steady-state intracellular ion concentrations [50].

Bicarbonate triggers phosphatidylserine exposure and reorganization of plasma membrane of
sperm [53]. A rapid increase in scrambling of boar sperm membrane lipids was observed within
100 s of exposure to bicarbonate in vitro. Bicarbonate first stimulates sAC, a major adenylyl cyclase
isoform in spermatozoa, increasing cyclic AMP [54, 55]. A sudden increase in bicarbonate concentra-
tion may be experienced by sperm in the female reproductive tract, as bicarbonate concentration in the
epididymis, where mature sperm are stored, is much lower [56]. The bicarbonate-induced membrane
change is inhibited by H89, a protein kinase A inhibitor, suggesting that cAMP-dependent protein
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kinase A signaling controls phosphatidylserine exposure [55]. Redistribution of phosphatidylserine in
sperm is not associated with apoptosis as measured by DNA degeneration or mitochondrial function.
Furthermore, the process of phosphatidylserine efflux is caspase-independent as it is not affected by
caspase inhibitors [57].

Transposition of phosphatidylserine to the surface in macrophages is also an early step in mult-
inucleated giant cell formation [46, 58]. When the outer-leaflet phosphatidylserine is masked by
annexin V or phosphatidylserine-containing liposomes, IL-4 induced macrophage fusion is blocked
[46]. What controls the exposure of phosphatidylserine in macrophages is not known, but the P2X7
purinoceptor has been implicated since activation of P2X7 receptors exposes phosphatidylserine on
the cell surface [9, 59]. Cell surface phosphatidylserine may be recognized by the scavenger recep-
tor CD36 that is present at sites of contact between macrophages [46]. Monoclonal antibodies against
CD36 suppress fusion of phosphatidylserine-containing liposomes and macrophages [46]. How CD36
recognizes phosphatidylserine is not yet known.

Exposure of phosphatidylserine on myoblasts facilitates myotube formation and development
of skeletal muscle [60]. In cultured C2C12 and H9C2 myoblasts, transient expression of phos-
phatidylserine at sites of cell–cell contact is detected prior to the fusion of individual myoblasts into
multinucleated myotubes [61]. Myotube formation in vitro is inhibited by annexin V. The transposition
of phosphatidylserine in myoblasts differs from the mechanism associated with apoptosis, because
the multi-caspase inhibitor zVAD(OMe)-fmk, which prevents apoptosis, does not prevent myotube
formation [61].

Efflux of phosphatidylserine also occurs during differentiation of the choriocarcinoma cell line
BeWo and formation of villous cytotrophoblast [62, 63]. Antibodies against phosphatidylserine pre-
vent fusion of BeWo cells and inhibit differentiation of isolated first trimester villous cytotrophoblasts
[44, 64]. Protein kinase A may induce transposition of phosphatidylserine, since the protein kinase
A inhibitor H89 prevents forskolin stimulated BeWo cell fusion [49]. ATP-dependent phospholipid
floppases, most of which are members of the ABC transporters, are also critical for phosphatidylser-
ine efflux [65]. The floppase inhibitor vanadate strongly suppresses phosphatidylserine exposure
and fusion of BeWo cells. Whether caspase 8 can trigger phosphatidylserine exposure is unclear
[48, 49].

4.2.4 Calcium

After capacitated mammalian sperm encounter the zona pellucida of an egg, the acrosome reaction
primes sperm for fusion. The acrosome reaction is triggered by influx of Ca2+ [66]. The acrosome
is a secretory vesicle containing zona-digesting enzymes in the anterior portion of the sperm head.
During the acrosome reaction, the outer acrosomal membrane fuses with the sperm plasma membrane
in multiple locations generating many openings, through which acrosomal contents are released [67].
The hybrid membrane of plasma and outer acrosome at the sperm head is worn down during penetra-
tion of the zona pellucida, and thus the inner region of the acrosomal membrane is exposed and fused
with sperm plasma membrane at the equator. The conjunction of the inner acrosomal membrane to
the plasma membrane facilitates relocation of the sperm-egg fusion proteins, such as PH-20, Izumo
and FLOT2, into the plasma membrane [68–71].

Contact between sperm and zona pellucida induces Ca2+ influx in sperm [66]. The glycoprotein
ZP3 in the zona pellucida stimulates the depolarization of sperm membrane potential, causing Ca2+

influx and the acrosome reaction [72, 73]. ZP3 stimulation requires heterotrimeric G protein [74, 75]
and phospholipase Cd4 [76, 77]. How ZP3 regulates the G protein and Cd4 is still not clear.

After initial stimulation, Ca2+ flux into the acrosome is sustained by canonical transient receptor
potential channels which activate the PI3 kinase pathway [66]. Protein kinase Akt (also known as
protein kinase B) and the atypical protein kinase C, PKC, act downstream of PI3K [78]. Recent studies
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have linked Akt and PKC with the activation of soluble N-ethylmaleimide-sensitive factor attachment
protein receptors (SNAREs) [79], which are essential for the fusion between the outer acrosomal
membrane and sperm plasma membrane [80, 81].

4.2.5 Proteases

Two families of proteases, the initiator caspases and calpains, have been implicated in priming cells
for fusion. Caspases are usually associated with apoptosis, but increasing evidence suggests that they
also promote cell differentiation [82]. Activation of caspase 8 may trigger differentiation of cytotro-
phoblasts and priming for fusion [48, 49, 83]. Activated Caspase 8 cleaves the sub-membranous
cytoskeletal protein α-fodrin [84]. The degradation of the fodrin network may affect membrane
curvature and thus facilitate fusion [85]. Active caspase 8 has been implied in externalization of phos-
phatidylserine [86, 87]. However, only 0.24% villous cytotrophoblasts contain activated caspase 8 and
inhibition of caspase 8 activity only marginally inhibits BeWo cell fusion [49, 84]. Nor has the fate of
caspase 8 active cytotrophoblasts been determined.

Caspase 9, the initiator caspase in the mitochondrial death pathway, and caspase 3 regulate
myoblast differentiation and fusion [88, 89]. Reduction of caspase 9 activity, using either a shRNA
or the caspase inhibitor Bcl-xL, prevents caspase 3 activation and inhibits myoblast fusion [88].
Inhibition of caspase 3 causes a dramatic decrease in myotube and myofiber formation [89]. Caspase
3 acts on mammalian sterile twenty-like kinase 1 (MST1), which activates downstream mem-
bers of the MAPK cascade, such as MKK6 and p38γ, that effectively promote skeletal muscle
differentiation [89].

Calpains, Ca2+-activated intracellular cysteine proteases, facilitate myoblast fusion among other
physiological processes [90]. The calpain family includes two ubiquitously expressed members
(μ- and m-calpain) and several calpain homologs, including a muscle specific calpain, calpain 3.
While μ-calpain does not seem important in myogenesis [91, 92], m-calpain is essential for the fusion
of myoblasts to myotubes [93]. Knockdown of calpain-2, the catalytic subunit of m-calpain, by its
RNA interference (RNAi) in the skeletal myoblast cell line C2C12, strongly inhibits their fusion to
myotubes. Cells with deficiency of calpain-2 also exhibit abnormal actin cytoskeleton and impaired
cell migration and adhesion [93].

Contrary to the pro-fusion effect of m-calpain, calpain 3 seems to prevent excessive fusion in
myotubes. Myotubes with more nuclei are generated by myoblasts deficient in calpain 3 than those
generated from wild type myoblasts, reflecting increased numbers of fusion events [94, 95]. This
phenotype is associated with abnormal accumulation of two calpain 3 substrates, β-catenin and
M-cadherin, on the myotube membrane [95]. Since the levels of M-cadherin determine the frequency
of fusion events in vitro [96], calpain 3 may control the scale of myoblast fusion by limiting the levels
of membrane associated M-cadherin.

4.2.6 Glis3

Glis3 is a Krüppel-like zinc finger transcription factor homologous to Drosophila protein Lame Duck
(Lmd) [97]. Lmd is essential for the specification and differentiation of fusion-competent myoblasts
[98–101]. Lmd regulates the expression of myocyte enhancer factor 2 (mef2) and Drosophila myoblast
specific marker Stick-and-stone (Sns) [99]. However, Glis3 does not seem indispensible for mam-
malian myogenesis, as Glis3 mutant mice have normal muscle formation, but die shortly after birth
from neonatal diabetes [102, 103]. Since Glis1 to 3 proteins share a highly conserved five-C2H2-type
zinc finger domain with members of the Gli and Zic subfamilies, functional redundancy among these
proteins may compensate for the loss of Glis3.
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4.3 Chemoattractant–Receptor Interactions and Cell Migration

Cells made competent for fusion next migrate towards the cells with which they will fuse. Sperm,
myoblasts, macrophages and progenitor cells find their fusion partners through chemoattract cues.
For example, mononuclear myoblasts respond to chemoattratants by migrating toward each other
or toward a nascent myotube. In many cases, chemokines and their receptors are used to guide
the migration of fusion-committed cells and migration depends on rearrangement of the actin
cytoskeleton.

4.3.1 Secretion and Function of Chemoattractants During Myogenesis

Secreted molecules, including growth factors and chemokines, are central to the fusion of myoblasts
to myotubes in development of normal size myofibers and in regeneration of damaged muscle. Such
molecules include hepatocyte growth factor/scatter factor [104, 105], IL-4 [15, 106], fibroblast growth
factor-2 and 4 [107–109], insulin-like growth factor 1 and 2 [107, 110], platelet-derived growth factor
[109], transforming growth factor beta-1 [109], vascular endothelial growth factor [111], leukemia
inhibitory factor [109], alpha-chemokine stromal-derived factor 1 (SDF-1) [112], tumor necrosis fac-
tor alpha [113, 114], epidermal growth factor [115], thrombospondin-1 [116], regulated on activation
normal T cell expressed and secreted (RANTES) [105], fibronectin [117] and laminins [115, 118].

4.3.1.1 Hepatocyte Growth Factor

Hepatocyte growth factor recruits satellite cells (myogenic stem cells) for muscle regeneration [119].
Hepatocyte growth factor is released from injured muscle and the quiescent satellite cells express the
hepatocyte growth factor receptor Met. Binding hepatocyte growth factor to Met causes the receptor
autophosphorylation which further activates the phosphatidylinositol 3- kinase (PI3K) and Ras-ERK
mitogen-activated protein kinase cascade [120]. How interaction of hepatocyte growth factor with Met
initiates actin cytoskeleton rearrangement for chemotactic migration is unknown.

4.3.1.2 SDF-1/CXCR4 Axis

The chemokine SDF-1 (also known as CXCL12) and its receptor CXCR4 regulate migration of
myoblasts and other progenitor cells [112]. CXCR4 or SDF-1 deficiency impaires limb myogenesis
[121]. In response to interaction with its agonist, SDF-1, CXCR4 forms complexes with CD164 [122].
Enhancing or reducing CD164 levels in C2C12 myoblasts promotes or inhibits migration of myoblasts
respectively [123]. CXCR4 deficiency also impairs myelopoiesis, cardiogenesis, angiogenesis, neu-
rogenesis and germ cell migration and development, presumably due to the impaired recruitment of
progenitor cells [124].

The SDF-1/CXCR4 axis in hematopoietic stem cells is of special interest, because hematopoietic
stem cells can regenerate several non-hematopoietic tissues by cell fusion [7, 8]. Normally, interac-
tion of SDF-1 and CXCR4 retains hematopoietic stem cells in bone marrow [125]. However, under
conditions of injury such as myocardial infarction, stroke, muscle ischemia, acute renal failure, toxic
liver damage or total body irradiation, SDF-1 is expressed in situ [126–131] and released to recruit
cells of hematopoietic lineage to fuse with the injured cells [132, 133]. Consistent with this concept,
conditions of inflammation causes hematopoietic stem cells to fuse with intestinal epithelial cells,
cardiomyocytes, skeletal muscle, hepatocytes, and Purkinje neurons [134–136].

4.3.1.3 IL-4

Newly formed myotubes secret IL-4 to recruit myoblasts for fusion [15]. Human myoblasts migrate
toward IL-4 gradients in chemotaxis assays [106]. IL-4 receptor deficient (IL4Rα–/–) myoblasts
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fuse infrequently with myotubes, while IL4Rα–/– myotubes that can secrete IL-4 recruit wild-type
myoblasts as normal [15]. The induction or activation of pro-migratory components, such as urokinase
plasminogen activator (u-PA), its receptor (u-PAR), β3 and β1 integrin subunits, by IL-4 treatment
in vitro may facilitate the migration of myoblasts [106]. In addition, IL-4 may promote fusion
by increasing expression of the mannose receptor in myoblasts [28]. Myoblasts lacking mannose
receptor fail to migrate along a gradient of conditioned medium collected from cultures of nascent
myotube.

The secretion of IL-4 from nascent myotubes appears to be regulated by nuclear factor of activated
T cells, cytoplasmic 2 (NFATc2), because NFATc2 deficient myoblasts do not produce IL-4 [15, 137].
Interestingly, growth hormone is also essential for myoblast and myotube fusion in a way that depends
on NFATc2, but not on IL-4 [138].

4.3.2 Mouse Odorant Receptor 23

Odorant receptors are G protein-coupled receptors usually expressed in the olfactory epithelium to
detect smell. Interestingly, mouse odorant receptor 23 (MOR23) is also found in male germ cells
and skeletal muscle regulating migration of sperm and mouse myoblasts [139, 140]. Both sperm and
myoblasts migrate toward a cognate ligand of MOR23 in vitro, and overexpression of MOR23 acceler-
ates the migration [139, 140]. Knockdown MOR23 by siRNA significantly reduces migration toward
myotubes [139]. The natural MOR23 ligand is not yet identified.

4.3.3 Monocyte Chemoattractant Protein-1

Monocyte chemoattractant protein-1 (MCP-1), also known as Chemokine (C–C motif) ligand 2
(Ccl2), belongs to the family of CC-type chemokines and is critical for the recruitment and acti-
vation of monocytes during acute inflammation [141]. MCP-1 is secreted by many types of cells
and serves as an agonist for CCR2, found mainly on cells involved in immune responses. MCP-1
may promote macrophage fusion by stimulating production of MMP-9, which degrades extracellu-
lar matrix [23]. The importance of MCP-1 for the migration of macrophage may not be as much as
previously thought, because in MCP-1 null mice, macrophages are recruited to sites of implanted
material as normal, but fail to form multinucleated foreign body giant cells [142]. When cultured with
IL-4, MCP-1-null macrophages exhibit reduced fusion and the fused cells contain fewer nuclei [143].
Deficiency of MCP-1 in osteoclast precursor cells results in decreased expression of DC-STAMP, a
cell surface protein critical for cell fusion [144]. DC-STAMP is a putative seven-transmembrane pro-
tein with a structure similar to chemokine receptors, but interaction between DC-STAMP and MCP-1
has not been proven [25, 144].

4.3.4 Progesterone

Progesterone is a C-21 steroid produced in the ovaries, the adrenal glands, and the placenta. A concen-
tration gradient of progesterone stimulates sperm to approach the egg. Small amounts of progesterone
are found in the cumulus matrix surrounding mammalian oocytes and may induce the oscillation of
the concentration of Ca2+ in sperm [145, 146]. The Ca2+ concentration oscillation cycles alternate and
synchronize the sperm flagellar beat mode [145]. Teves et al. [148] identified a number of signaling
pathways involved in sperm chemotaxis towards progesterone. Progesterone and its carrier protein
corticosteroid-binding globulin first activate the tmAC-cAMP-PKA pathway and then trigger protein
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tyrosine phosphorylation at equatorial band and flagellum, and calcium mobilization through IP3R
and SOC channels. The sGC-cGMP-PKG cascade is activated last [147, 148]. At pharmacological
concentrations, progesterone quickly causes influx of Ca2+ in sperm and leads acrosome reaction
[149]. At the low baseline concentration of progesterone in the cumulus matrix of the egg,
progesterone probably acts as chemoattractant rather than a trigger of acrosome reaction.

4.3.5 Integrins

Integrins are type I transmembrane αβ heterodimers that mediate cell–cell or cell- extracellular matri-
ces adhesion. Integrins promote cell migration, membrane fusion and other biological processes
[150].

Integrin heterodimer α7β1 supports the migration of myoblasts. Satellite cells (myoblasts) migrate
on the surface of basal lamina toward injured muscle sites [151]. The major component of muscle
basal lamina is laminin. Both α6β1 and α7β1 integrins are the receptors for laminin [152, 153]; how-
ever, depletion of α6 does not decrease cell motility [154]. Antibodies against α7 or β1 integrins
impair migration of myoblasts in vitro [154]. Deletion of the α7 gene causes muscular dystrophy
[155], while conditional knock out of β1 integrin results in under-development of myofibers [156].
Overexpression of α7 integrin in human 293 cells, which have little motility on laminin-1 surfaces,
increases their motility 8–10 fold [157]. The expression of both α7 and β1 integrins requires Acheron,
a RNA binding protein required for myoblast differentiation [158]. In the presence of growth factors,
myoblasts remain undifferentiated and express low levels of Acheron in myoblasts, but in the absence
of growth factors, Acheron accumulates [159].

Integrins connect to and regulate the actin cytoskeleton by tethering structural and signaling pro-
teins [160]. Integrin cytoplasmic domain-associated protein-1 (ICAP-1) binds the cytoplasmic tail of
β1 integrin subunit and the actin cytoskeletal regulator ROCK-I kinase [161]. ICAP-1 and ROCK-I
have been co-immune-precipitated together in C2C12 myoblasts and changes in the levels of ICAP-1
or ROCK-I change myoblasts’ motility [161].

Migration and adhesion of osteoclast precursors depends on integrin αvβ3 [162–164]. Interaction
between integrin αvβ3 and extracellular matrix proteins activates tyrosine kinases Src and Pyk2
triggered phosphorylation cascades [164, 165]. Phosphorylation of the Y402 site in Pyk2 stimu-
lates osteoclast precursors to migrate toward M-CSF [164]. RANKL stimulates the expression of
the atypical RhoGTPase Wrich1 which binds the cytoplasmic domain of integrin β3 and inhibits the
phosphorylation of Pyk2 and paxillin [166]. Thus Wrich1 stops the migration of osteoclast precursors
and allows their fusion with each other by suppressing integrin β3 signaling [166, 167].

4.3.6 The d2 Isoform of Vacuolar ATPase V0 Domain

The d2 isoform of vacuolar ATPase V0 domain (V-Atp6v0d2), a subunit of vacuolar ATPase, promotes
fusion of osteoclast precursor cells [34]. Atp6v0d2 is highly expressed during osteoclast differ-
entiation, and is stimulated by RANKL through the transcription factor NFATc1 [32]. Atp6v0d2
deficiency causes decreased fusion of osteoclast precursors leading to increased bone mass [34].
The cellular localization and function of Atp6v0d2 have not been elucidated. Atp6v0d2 has been
recently found to bind adhesion-regulating molecule 1 (Adrm1) [168]. Adrm1 is a proteasome sub-
unit that functions as an ubiquitin receptor in cytoplasm [169]. Knockdown of Adrm1 impairs
preosteoclast migration and fusion, but does not affect adhesion of preosteoclasts to substratum
[168], suggesting that Atp6v0d2/Adrm1 complexes encourage cell migration that facilitates osteoclast
formation.
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4.3.7 Actin Cytoskeleton Regulators

Cell migration requires rearrangement of actin cytoskeleton to achieve cell protrusion (lamellipo-
dia and filopodia), adhesion (lamella and stress fibers) and shape change (cortex) [170]. Treating
C2C12 myoblasts with latrunculin B or cytochalasin D, which inhibit actin polymerization, impairs
actin-based behaviors, such as lamellipodia and filopodia formation and cell migration [171]. The
regulation of cytoskeleton during cell membrane fusion will be further discussed in Section 4.5.1.

WAVE2 is a subunit of the SCAR/WAVE actin-nucleating complex. Inhibition of WAVE2 in C2C12
myoblast cells by expression of a dominant-negative protein dramatically decreases lamellipodia for-
mation and cell motility [172]. Although the SCAR/WAVE complex is known as a downstream target
of Rac signal, deficiency of Rac does not change migration of myoblasts or macrophages [173–175],
suggesting that the SCAR/WAVE complex may be activated by a yet unknown factor, rather than
Rac, to promote cell migration. In parallel, activation of N-WASP, a direct target of both Cdc42
and PI(4,5)P2, induces actin polymerization [176]. Dominant-negative N-WASP inhibits lamellipodia
formation and cell motility [172].

Whether RhoA directly regulates myoblast migration has not yet been examined, but a down-
stream effector of RhoA, ROCK-I, has been found to be important for myoblast migration. ROCK-
I translocates to the plasma membrane by binding the ICAP-1/β1 integrin complex and stimulates
formation of stress fibers and focal adhesions [161]. ICAP-1 knockdown or inhibition of ROCK-I
activity reduces focal adhesion density and cell motility [161].

4.3.8 Mannose Receptor

The mannose receptor has been long implicated in formation of multinucleated giant cells [27] and
osteoclasts [177]. More recently, the mannose receptor was found to facilitate the recruitment of
myoblasts during myogenesis [28]. The mannose receptor is a type 1 transmembrane protein that binds
a variety of soluble and cell surface glycoproteins that have mannose, fucose, N-acetylglucosamine,
and glucose residues [178]. The mannose receptor may trigger innate immunity to microorganisms
expressing oligosaccharides with terminal mannose residues and may clear serum glycoprotein with
terminal mannose substitutions.

During its induction of giant cell formation, IL-4 heightens the expression of the mannose receptor
[26] and competitive inhibitors of the mannose receptor block fusion of macrophages [27]. However,
macrophages from mannose receptor knockout mice can form normal giant cells after culture with
IL-4 [6]. Thus, the mannose receptor is not essential for fusion. Nevertheless, myoblasts from mannose
receptor knockout mice migrate more slowly and with less direction toward a gradient of myofiber
conditioned medium. How exactly the mannose receptor promotes cell fusion is yet uncertain but
the receptor has been proposed to facilitate cell motility via clearance of collagen in extra-cellular
matrix [28].

4.3.9 Matrix Metalloproteinases

Matrix metalloproteinases (MMPs) may be important for migration of macrophages [22, 179, 180]
and are essential for cell membrane fusion [23]. Matrix metalloproteinases are zinc-dependent
endopeptidases with a large range of substrates, including extracellular matrix, growth factors,
chemokines, and cell-surface proteins. MMP-9 is highly expressed during the formation of foreign
body giant cells [23]. Deficiency of MMP-9 blocks membrane fusion and greatly reduces formation
of foreign body giant cells. MMP-9 may degrade extra-cellular matrix, promoting interaction with
cell membranes or may activate signal molecules necessary for cell fusion [23].
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4.4 Membrane Recognition and Adhesion

Cell fusion requires cell contact. A range of adhesion proteins mediates recognition and adhesion
of apposed cell membranes. Those proteins belong to the immunoglobulin super family, cadherins,
tetraspanins, integrins or GPI-anchored proteins.

4.4.1 Immunoglobulin Super Family

A number of immunoglobulin (Ig) super family proteins participate in the fusion of mammalian cells.
These proteins include Nephrin, Izumo, Cluster of Differentiation (CD) 47 and signal regulatory pro-
tein α (SIRPα). Proteins of the Ig super family contain domains of ~70–110 amino acids which
form a sandwich-like structure consisting of two sheets of anti-parallel beta strands and a highly
conserved disulfide bond [181]. Ig super family members can interact with many membrane surface
proteins including homotypic and heterotypic members of the Ig superfamily, integrins and cadherins
[182]. The number of Ig domains of the interacting proteins may determine the distance between the
opposing membranes.

4.4.1.1 Orthologs of Drosophila Ig Super Family Proteins

The Ig proteins involved in myoblast adhesion and eventually in fusion were revealed by genetic
studies in Drosophila [5]. Myoblast recognition and adhesion in Drosophila requires four Ig super
family proteins, of which Kirre (also known as Dumbfounded) and Roughest are specifically localized
on membrane surface of muscle founder cells (FC), while Sticks and Stones (Sns) and Hibris are
specifically expressed in fusion competent myoblasts (FCM) [5]. These Ig super family proteins tether
cells and trigger actin polymerization and reorganization.

Nephrin is a mammalian ortholog for Drosophila Sns. Like Sns, Nephrin promotes fusion of
myoblasts with nascent myotubes [183]. Nephrin is expressed during mouse skeletal muscle devel-
opment and in diseased or injured adult muscle. Myoblasts isolated from nephrin knockout mice
can initiate fusion to form nascent myotubes, but fusion of additional myoblasts is impaired. Hence,
myotubes in nephrin knockout mice are much smaller than those in wild-type mice. Mouse myoblasts
lacking nephrin fuse poorly to human myotubes in vitro, while nephrin null and human hybrid nascent
myotubes successfully recruit and fuse with human myoblasts. These results suggest that Nephrin is
essential for myoblasts to fuse with nascent myotubes, playing a conserved role as that of Drosophila
Sns in secondary myoblast fusion [183].

Neph1, Neph2 and Neph3 are mammalian orthologs of Kirre/Roughest. Neph1 deficient mice do
have normal muscle development [184], perhaps indicating the compensation of Neph2 and Neph3.
Murine Nephrin interacts with itself, Neph1 or Neph2 in a specialized cell–cell adhesion complex in
the kidney [185]. The interaction of Nephrin-Neph1 induces actin polymerization at plasma membrane
junctions [185].

4.4.1.2 Other Mammalian Ig Proteins Involved in Myoblast Fusion

Some mammalian Ig super family members whose Drosophila counterparts do not seem to be
involved in cell fusion also promote myoblast fusion [186]. Cdo is a cell surface receptor with Ig
and FnIII repeats that binds in cis to the ectodomain of N-cadherin in myoblast [187]. The intra-
cellular region of Cdo is associated with Cdc42 and p38α/β MAP kinase through scaffold proteins
[188]. Binding of Cdo to N-cadherin activates Cdc42 and p38α/β which stimulates MyoD-dependent,
muscle-specific gene expression [189]. Although primary Cdo–/– myoblasts express low levels of
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MyoD targeting genes and reduce the fusion of myoblasts to myotubes in vitro [190], Cdo null
mice display only a mild delay in skeletal muscle development [191]. Thus, other pathways might
compensate to affect MyoD-dependent myoblast differentiation in vivo.

Neogenin is a member of the Ig super family with Ig and FnIII repeats that may be important
for myoblast fusion. Neogenin and its ligand, Netrin, are expressed in developing muscle [192].
Interaction of neogenin with netrin activates focal adhesion kinase (FAK) in cultured myoblasts
[193]. Myoblasts depleted of neogenin or FAK fuse poorly with myotubes [192, 194]. Thus, the
netrin-neogenin-FAK signaling facilitates myoblast fusion and muscle development.

Neural cell adhesion molecule (NCAM), another Ig super family protein, promotes myogenesis
by mediating homophilic interactions between myoblasts and myotubes [186]. The GPI-anchored
125-kDa NCAM isoform contains a muscle-specific domain in the extracellular region [195]. This
isoform associates with lipid rafts through its GPI-anchor [196]. Overexpression of 125-kDa NCAM
in C2 myoblast cells [197] or in skeleton muscle [198] enhances myotube formation. However, neither
NCAM-null mice nor their myoblasts display obvious defects in muscle development or in myoblast
fusion [199]. Thus, NCAM may promote fusion by enhancing cell–cell adhesion, but other proteins
may compensate for absence of NCAM.

4.4.1.3 Izumo

Izumo is a sperm Ig super family protein that is involved in sperm-egg fusion. Antibodies blocking
Izumo inhibit sperm-egg fusion in vitro [200]. Male Izumo null mice develop normally but are sterile
[68]. Izumo deficient sperm penetrate the egg zona pellucida but fail to fuse with egg membranes.
Overexpression of Izumo in a male Izumo null mouse rescues fertility. Thus Izumo is truly essential
for mammalian sperm-egg fusion [68].

Despite the absolute requirement of Izumo in gamete fusion, neither the binding partners nor
molecular actions of Izumo are known. After the acrosome reaction, Izumo relocates from the anterior
head to a new region opposite to the anterior acrosome, including part of the postacrosomal region
[70, 201]. Izumo relocates via actin cytoskeleton and lipid rafts which are enriched with cholesterol
and gangliosides [70, 71]. Tssk6, a member of the testis-specific serine kinase family of proteins
expressed in postmeiotic male germ cells, is required for actin polymerization and translocation of
Izumo in sperm [71].

4.4.1.4 CD47/SIRP-α Interaction

CD47 and signal regulatory protein α (SIRP-α) are members of the Ig super family, and their inter-
actions are required for formation of multinucleated giant cells and osteoclasts [202, 203]. CD47
has a single V-type Ig-like extracellular domain. It is a ligand for SIRP-α (also known as macrophage
fusion receptor or SHPS-1), which contains three Ig-like domains and is transiently expressed at a high
level as macrophage fusion begins [204]. Anti-CD47 antibodies block CD47-SIRP-α interaction, and
macrophage-macrophage fusion as well [203]. The number of osteoclasts in CD47 null mice is sig-
nificantly reduced. Macrophages isolated from CD47–/– mice form fewer osteoclasts under the stim-
ulation of M-CSF and RANKL [202]. Interaction between SIRP-α and CD47 recruits and activates
SHP-1 and SHP-2, which are src homology-2 (SH2)-domain-containing tyrosine phosphatases [205].
Activated SHP-1 and SHP-2 inhibit macrophage phagocytosis [206] and migration [207], promote
macrophage adhesion, fusion and formation of giant cells and osteoclasts [202, 203]. Interestingly,
CD47 also interacts with integrins to stimulate chemotaxis and migration [208]. Therefore CD47
may promote either macrophage migration or fusion depending on the protein to which it
binds.
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4.4.2 Cadherins

Cadherins mediate cell adhesion through calcium-dependent, homophilic binding of extracellu-
lar cadherin repeats [209]. Intracellular domains of cadherins bind catenins which tether to the
actin cytoskeleton. Several cadherins have been implicated in cellular fusion. E-cadherin facili-
tates fusion of macrophages. N-cadherin facilitates fusion of gametes and fusion between myoblasts
and myotubes. M-cadherin also participates in myoblast fusion. Cadehrin-11 facilitates fusion of
cytotrophoblasts.

4.4.2.1 N-Cadherin

N-cadherin is expressed in many tissues including the embryonic developing skeletal muscle and adult
regenerative myofibers [210] and spermatozoa [211]. Anti N-cadherin antibodies inhibit sperm-oocyte
fusion [212]. N-cadherin-deficient mice do not survive long enough for analysis of skeletal muscle
development, but primary myoblasts isolated from these mice differentiate and fuse normally [213,
214]. N-cadherin-deficient myoblasts express M-cadherin and cadherin 11, which may compensate
for the absence of N-cadherin. N-cadherin binds the Ig super family protein Cdo in cis, activating
Cdc42 and p38 MAP kinase which in turn regulate the expression of specific genes. N-cadherin also
inhibits myoblast migration by activating FAK or α5β1 integrins [215].

4.4.2.2 M-Cadherin

M-cadherin is implicated in fusion of myoblasts, perhaps by facilitating adhesion and activating Rac1,
a key regulator of the actin cytoskeleton. M-cadherin co-immunoprecipitates with Trio, a guanine
nucleotide exchange factor for Rac1. In C2C12 myoblasts, M-cadherin-mediated adhesion activates
Rac1 through binding with Trio [216]. M-cadherin is enriched in lipid rafts in myoblasts and translo-
cated at sites of cell contact prior to fusion [217]. Expression of M-cadherin is regulated by MyoD and
other myogenic factors [218]. Inhibition of M-cadherin functions by blocking peptides, neutralizing
antibodies or RNAi reduces myotube growth in vitro [219, 220]. In contrast, M-cadherin deficient
mice develop skeletal muscle and regenerate damaged muscle normally, and primary myoblasts
derived from null mice can form myotubes normally in vitro [221].

4.4.2.3 E-Cadherin and Cadherin-11

E-cadherin enables macrophages to form osteoclasts or multinucleated giant cells [20, 21, 222].
E-cadherins and catenins form functional complexes at the sites of cell contact [21]. Through
homotypic interactions, these complexes join neighboring macrophages. Transcription factor STAT6
induces expression of E-cadherin in response to IL-4 stimulation [20]. STAT6 deficient macrophages
do not fuse to form giant cells [20]. However, deficiency of E-cadherin has much milder defects
in multinucleated giant cell formation than deficiency of STAT6 [21], which is consistent with
the observations that STAT6 has much broader functions than E-cadherin, including turning on
fusion-necessary proteins DC-STAMP and MMP-9 [22, 23].

The expression of cadherin-11 in cytotrophoblasts is opposite from that of E-cadherin. E-cadherin
facilitates clustering of cytotrophoblasts, but expression of E-cadherin decreases during subsequent
fusion. On the other hand, cadherin-11 increases during cytotrophoblast fusion [223, 224]. Inhibition
of cadherin-11 in primary cytotrophoblasts allows continuous expression of E-cadherin and prevents
formation of syncytiocytotrophoblast [225]. Overexpression of cadherin-11 in a mononucleated tro-
phoblastic cell line JEG-3 leads to formation of multinucleated syncytium, suggesting that cadherin-11
enhances trophoblast fusion [225].
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4.4.3 Tetraspanins

Tetraspanins are a family of membrane proteins with four transmembrane domains, intracellular
N- and C-termini and two extracellular loops, one short and one longer. Tetraspanins can interact
with each other or with other cell surface molecules such as Ig super family proteins, integrins and
membrane-anchored growth factors [226]. The tetraspanins CD9 and CD81 are important for the
fusion between sperm and egg, myoblast and myotube, and among macrophages. Despite their impor-
tance in cell–cell fusion, the precise mechanism by which CD9 and CD81 mediate membrane fusion
is not known.

CD9 and CD81 are required for fusion of egg and sperm [227]. The fertility of CD9 deficient female
mice is severely decreased [228–230], and mice deficient both of CD9 and CD81 are sterile [231].
Eggs from CD9 deficient mice can be rescued by injection of wild-type cd9 mRNA. Micro-injection of
cd81 mRNA, partially restores the ability of CD9 null eggs to fuse with sperm, indicating that CD9 and
CD81 are partially redundant [232]. However, if the SFD (173–175) sequence in the large extracellular
loop of CD9 is mutated to AAA, the mutated rescue does not occur [233]. CD9 localizes to, and may
control, the curvature of the microvilli, since CD9 deficiency increases microvillus diameter [234].
The curvature of lipid bilayers facilitates formation of a fusion-stalk [85].

Opposite to their roles in sperm-egg fusion, CD9 and CD81 inhibit formation of multinucleated
giant cells [235, 236]. During inflammation, CD9 deficient mice have more multinucleated foreign
body giant cells than wild type mice and mice deficient of both CD9 and CD81 have even more [235].
In contrast, another tetraspanin, CD63, promotes macrophage fusion, because anti-CD63 antibodies
strongly inhibit multinucleated giant cell formation [236]. Different from its role in multinucle-
ated giant cell formation, CD9 appears to promote the RANKL-stimulated osteoclastogenesis [237].
RANKL enhances CD9 expression in RAW264.7 macrophages. The cell surface CD9 proteins are
then enriched in lipid rafts. Neutralization of CD9 or disruption of lipid rafts strongly inhibits the
formation of osteoclasts [237].

CD9 and CD81 may also help myoblasts fuse with nascent myotubes [238]. Inhibition of CD9 and
CD81 suppresses myotube growth and overexpression of CD9 causes a four- to eight-fold increase in
syncitia formed by human myoblast-derived sarcoma cells. CD9 is associated with β1 integrin in the
plasma membrane and the expression of CD9 depends on β1 integrin in C2C12 myoblasts [156].

4.4.4 Integrins

Besides facilitating cell migration, integrins mediate cell adhesion and fusion. In mice with condi-
tional deficiency of β1 integrin, muscle fibers are shorter than normal and unfused cells accumulate
[156]. β1 integrin associates with tetraspanin CD9 and controls its expression in myoblasts [156].
Since CD9 mediates fusion between myoblast and myotube [238], β1 integrin probably contributes
to cell membrane fusion by organizing proteins, such as CD9, to encourage fusion. The heterodimer
of β1 integrin appears to be α3 integrin, because the integrin α3 subunit colocalizes with actin, the
integrin β1 subunit and ADAM12 [239]. Manipulating the levels of α3 integrin significantly changes
the frequency of myoblast fusion [239].

The integrin β1 subunit may also facilitate fusion of macrophages [240]. Anti β1 integrin antibodies
block macrophage fusion induced by mycobacteria lipids but do not affect cell aggregation. However,
in IL-4 induced multinucleated giant cell formation, β1 and β2 integrins do not mediate cell–cell
adhesion, but rather facilitate adhesion to culture dishes [241].

4.4.5 Glycosyl-Phosphatidylinositol (GPI)-Anchored proteins

GPI-anchored proteins on the egg plasma membrane have been implicated in fusion with sperm
and are essential for fertilization. GPI-anchored proteins are often associated with lipid rafts
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which are critical for fusion during myogenesis [217]. Removing GPI-anchored proteins with
phosphatidylinositol-specific phospholipase C reduces sperm-egg fusion by 90% [242]. Female mice
with an oocyte-specific knockout of PIG-A, which participates in first steps of GPI synthesis, are
infertile because Pig-a null eggs are unable to fuse with sperm [243]. However, the specific egg
GPI-anchored protein(s) involved and their role(s) during sperm-egg fusion are not known. The loss
of GPI-anchored proteins may disturb the organization and function of lipid rafts on egg plasma
membrane, impairing interactions with sperm.

4.4.6 A Disintegrin And Metalloproteinase (ADAM)

Members of the ADAM family of proteins contribute to cell fusion. ADAM members are defined by a
common modular ectodomain with cell adhesion and cell fusion motifs (disintegrin and cysteine-rich
domains), and a Zn-protease domain capped by a large prodomain [244]. The protease domain in most
ADAM proteins is not catalytically functional, but rather facilitates adhesion and/or fusion proteins.
Early works using specific monoclonal antibodies suggested many ADAMs participate in cell fusion:
ADAMs 1, 2 and 3 in sperm-oocyte fusion, ADAM 9 in macrophage giant cell formation, ADAM 12 in
myoblast, macrophage and trophoblast fusion, and ADAM 8 in osteoclast formation [244]. However,
mice deficient of various members of the ADAM family exhibit only mild phenotypes and none is
indispensible for cellular fusion [3, 245]. These mild phenotypes may be the result of functional
redundancy among the ADAMs, since many ADAMs have similar adhesion-mediating disintegrin
and cysteine-rich domains.

4.4.7 Dendritic Cell-Specific Transmembrane Protein (DC-STAMP)

DC-STAMP is a putative seven-transmembrane protein essential for the formation of osteoclasts and
multinucleated giant cells. DC-STAMP is highly expressed during the formation of osteoclasts [25,
246]. Expression can be stimulated by RANKL, IL-4, DAP12, or MCP1 [24, 37, 144]. Inhibition of
DC-STAMP by RNAi or by antibodies prevents the formation of osteoclasts, while overexpression of
DC-STAMP enhances RANKL-induced osteoclastogenesis [246]. Both osteoclast and foreign body
giant cell formation are completely absent in DC-STAMP deficient mice [25]. Wild-type and DC-
STAMP deficient osteoclast precursors can undergo heterotypic fusion in the presence of M-CSF
and RANKL, suggesting that DC-STAMP might interact with a yet unknown molecule in neighbor
cells [25].

The distribution of DC-STAMP is critical for osteoclast formation [247]. Macrophage RAW 264.7
cells express DC-STAMP even without RANKL treatment [247, 248]. However, RANKL induces the
internalization of membrane DC-STAMP in some of the RAW 264.7 cells, and thus generates two
cell populations: a population with low levels of membrane DC-STAMP due to the internalization of
DC-STAMP, and a population with high levels of membrane DC-STAMP without experiencing inter-
nalization [247]. Cells with low membrane DC-STAMP levels express high levels of cd9, cd47, Trap,
Oc-stamp and Dc-stamp itself, facilitating cell fusion. These macrophages can fuse with each other
or with cells carrying high levels of DC-STAMP on their membranes. In contrast, the macrophages
with high membrane DC-STAMP levels do not fuse with each other. Thus, RANKL may stimulate the
binding between DC-STAMP and an unknown ligand, causing internalization of surface DC-STAMP,
in turn inducing expression of genes facilitating fusion [247].

A RANKL upregulated gene that encodes a protein with DC-STAMP-like C-terminal was recently
identified, and termed as osteoclast stimulatory transmembrane protein (OC-STAMP) [249]. OC-
STAMP has six transmembrane helices and inhibition of OC-STAMP prevents multinucleated
osteoclast formation. Overexpression of OC-STAMP promotes fusion. Whether OC-STAMP interacts
with other molecules during cell fusion is not yet known.
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4.5 Fusion Pore Formation and Expansion

How cell membranes fuse is still not clear. Most models are based on the events enabling fusion of
viruses with cells. In these models, the curvature of opposing membranes brings the outer leaflets
into close contact, and then mixes lipids to form a hemifusion intermediate. Tension in the extending
diaphragm promotes fusion of the inner leaflets and the formation of a fusion pore [2, 250, 251]. After
formation of the initial pore, expansion of the fusion pore must occur to allow mixing of cellular
content [252].

The plasma membranes of neighboring cells usually do not fuse spontaneously because the fusion
process requires energy [252]. It is thus assumed that some fusion-specific proteins, i.e. “fusogens”,
mediate the plasma membrane fusion. Fusogens lower the energy barrier by directly rearranging the
lipid bilayer and lead to cell membrane fusion [252, 253]. Several criteria have been suggested in
identifying true fusogens, such as they can mediate fusion of cells that normally do not fuse in situ,
in heterologous cells or in biochemically constructed liposomes [251]. A few viral fusogens and two
C. elegans fusogens (EFF-1 and AFF-1) have been identified [250]. As the discovery of mammalian
fusogen has been difficult to prove, we will propose an alternative model of cell membrane fusion,
in which lipids, adhesion proteins and actin filaments are coordinated to accomplish cell membrane
fusion.

4.5.1 Actin Cytoskeleton

While refashioning of the actin cytoskeleton is a critical event in cell migration and cell fusion, how
it does so remains unclear. Some potential functions of the actin cytoskeleton in fusion have been
suggested by obsrevations in Drosophila, mammalian myogenesis, and virus mediated cell fusion. In
contrast, C. elegans does not seem to require fully functional actin cytoskeleton for cell fusion, as
mutants with defects in actin network develop normal cell fusion [254–256].

Recent observations on actin dynamic in rat L6 myoblasts suggest that a transient cortical actin
“wall” structure may provide a rigid “supportive platform” for alignment between myoblasts [257].
In differentiating myoblasts, non-muscle myosin motor activity organizes cortical actin filaments
into thick bundles parallel to the plasma membrane. This “wall-like” structure establishes the bipo-
lar shape of myoblasts [257, 258]. Knockdown of non-muscle myosin not only impairs formation
of the actin wall, but also distorts the shape of the plasma membrane and impairs fusion [257].
Interestingly, the actin wall is assembled only on one side of a myoblast. The plasma membrane
with an actin wall usually aligns with a membrane without an actin wall in a neighboring myoblast
(Fig. 4.1a).

As cell fusion proceeds, the actin wall disassembles to form actin-free gaps populated by membrane
bound vesicles of unknown origin. In some cases, fusion pore structures are observed at the actin-free
gaps. Similarly, during the fusion of virus and cell, the cortical actin filaments are also disassembled
before fusion pore formation and pore expansion [259–261].

Actin polymerization may generate the force needed for forming and expanding fusion pores as
revealed in Drosophila [262–264]. During myogenesis in Drosophila, the interactions of the Ig super
family proteins in funder cells and in fusion competent myoblasts activate two actin-nucleating com-
plexes, SCAR and WASP [5]. Both complexes regulate the Arp2/3 complex which initiates new actin
filament branches from an existing filament. Polymerizing actin filaments generate forces to push
against plasma membranes [265, 266]. Fusion pores do not form in the cells deficient in Arp3 [262].
While both SCAR and WASP regulate the Arp2/3 complex, SCAR is required for the formation of
fusion pore and WASP for expansion of the pore [263, 264]. Thus the same actin polymerization-based
force drives pore formation or expansion, depending on spatial and temporal factors. SCAR-regulated
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polymerization might push the plasma membrane vertically curving the opposing membranes and
facilitating fusion pore formation. In contrast, WASP may orient horizontally the force gener-
ated by actin polymerization, pushing the fused membranes laterally and expanding fusion pores
(Fig. 4.1c and d).

Actin polymerization may also promote the expansion of fusion pore in mammalian cells, for
example, HIV-1 mediated cell–cell fusion requires Arp2/3-dependent actin polymerization [267].
Inhibition of Arp2/3 regulators, such as Rac and Abl, arrests HIV-1 mediated cell fusion at the hemi-
fusion step, suggesting that Abl-regulated actin polymerization is important for fusion pore expansion
during viral fusogen mediated cell–cell fusion [267].

The regulation of actin cytoskeleton for cell fusion is best demonstrated during myogenesis in
Drosophila [5]. The signals transduced by small GTPase Rac1 play a key role in rearranging actin
networks during myoblast fusion. Cell–cell contacts activate guanine nucleotide exchange factors
(GEFs) that activate Rac1. Rac1 in turn stimulates the SCAR actin-nucleating complex which brings
together Arp2/3 complex with an actin monomer on the side of a filament to nucleate a branch. In addi-
tion, a Rac1-independent actin-nucleating factor WASP also regulates F-actin polymerization through
Arp2/3 [5].

Rac1 is also critical for myoblast fusion during primary myogenesis in mammals [173]. Mice lack-
ing Rac1 have short, thin muscle fibers and myoblast fusion is blocked. Absence of fusion may reflect
a deficit in the recruitment of actin fibers, vinculin and Arp2/3 to myoblast contact sites. However,
migration of myogenic precursor cells appears normal as Rac1 deficient mice have normal numbers
of these cells at the sites where myogenesis should occur [173]. In mammals, there are two GEFs
that activate Rac1, Trio and Dock1 (also called Dock180). Mice lacking Dock1 exhibit a dramatic
decrease in skeletal muscle tissue due to the deficiency in myoblast fusion [268]. The Dock1 initi-
ated actin filament rearrangements also function in macrophages, as mice lacking Dock1 do not form
multinucleated giant cells [269]. Trio is another Rac1GEF needed for cell fusion. Trio-deficient mice
appear normal until E14.5, but then myogenesis fails because myoblasts do not fuse with nascent
myofibers during secondary myogenesis [270]. Trio resides in a complex with M-cadherin and Rac1
in myoblasts undergoing fusion, suggesting that M-cadherin may also activate Rac1 through Trio
during myoblast fusion [216]. As in Drosophila, the SCAR complex downstream of the Rac1 signal
is essential for mouse myogenesis. Knock-down Nap1, a conserved member of the SCAR complex,
mimics the phenotypes of Rac1 or Dock1 deficiency [171].

Brag2 is a GEF which activates the GTPase ARF6 in mammals. Activation of ARF6 translo-
cates Rac1 to sites of cell fusion in Drosophila [271]. Mice deficient in Brag2 exhibit impaired
myoblast fusion [269]. A few cells deficient in Brag2 do fuse, forming “stubby” syncytia in which
elongation fails and nuclei are centrally clustered. This elongation failure is not seen in Dock1 defi-
ciency [269]. The stubby morphology may be caused by the lack of physical association between
paxillin and β1 integrin. This association helps the translocation of paxillin to focal adhesion sites
[269, 272].

Besides Rac1, the small GTPase Cdc42 is another important regulator of actin cytoskeleton.
Interestingly, Cdc42 is required for myoblast fusion in mice, but not in flies [173]. Myoblasts in
Cdc42 deficient mice do not fuse and do not accumulate F-actin, vinvulin and Ena-Vasp at sites of cell
contact. Cdc42 and Rac1 appear to function in a non-redundant manner during the fusion process, as
Cdc42 mutant cells have normal recruitment of Arp2/3 complex [173].

The regulation of Cdc42 activity during myoblast fusion is not fully understood. The Ig super
family protein Cdo binds N-cadherin in cis. Together they recruit and activate Cdc42 as well as its
downstream p38α/β MAP kinase through scaffold proteins [187, 188]. The activated p38α/β in turn
induces MyoD-dependent, muscle-specific gene expression [189]. However, the formation of filopo-
dia in C2C12 myoblasts plated on N-cadherin substrate depends on Cdc42 and Cdo, but not p38α/β
activity [186]. Filopodia has been suggested to be important for cell–cell contact and subsequent
membrane fusion [273].
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4.5.2 Lipid Rafts

In plasma membranes, cholesterol and sphingolipids form dynamic nanoscale assemblies called lipid
rafts [274]. Lipid rafts act as membrane organization centers for protein sorting, membrane trafficking,
signal transduction, actin network rearrangements and changing membrane fluidity. Disruption of
lipid rafts by removing cholesterol from plasma membrane prevents the formation of multinucleated
myotubes and osteoclasts, even though cell–cell adhesion still remains [217, 237].

The requirement for lipid rafts in membrane fusion would seem to contradict early reports that
myoblast fusion occurs within cholesterol-free sites where membrane fluidity is increased [275, 276].
However, careful observations on the dynamics of lipid rafts at the sites of myoblast fusion have
resolved this apparent discrepancy [217]. Lipid rafts carrying adhesion proteins, such as M-cadherin,
cluster at the leading edge of lamellipodia and facilitate the adhesion of adjacent myoblasts. After
adhesion, lipid rafts disperse rapidly, allowing cholesterol- and adhesion molecule-free domains to
fill the site where the apposing membranes fuse (Fig. 4.1a and b). Thus lipid raft clustering and rapid
dispersion are the key events in myoblast fusion [217].

Fusion of other cell types may also require clustering and dispersion of the lipid rafts. Scrambling
of phosphatidylserine facilitates the redistribution and extraction of cholesterol from plasma mem-
brane, as demonstrated during sperm capacitation [51, 52]. GPI-anchored proteins, which mainly
associate with lipid rafts, have been implicated in sperm-egg fusion [242, 243]. Tetraspanin CD9,
localized in lipid rafts, is implicated in RANKL-stimulated osteoclastogenesis [237]. Inhibiting CD9
or disrupting lipid rafts significantly reduces the formation of osteoclasts.

4.5.3 A Novel Model of Plasma Membrane Fusion

We here describe our own model to explain fusion of cell membranes based on observations of adhe-
sion proteins, actin cytoskeleton and lipid rafts during cell fusion, especially in mammalian myoblast
fusion. The model is portrayed as a series of events summarized in Fig. 4.1. We postulate that ini-
tially, adhesion molecules are enriched in lipid rafts on cell surfaces forming rigid structures in fusion
competent cells. The highly organized, myosin-dependent cortical actin walls assist the alignment
and adhesion of apposing membranes. Many adhesion proteins associate with and regulate the actin
network. Next, the interaction of adhesion molecules initiates signaling pathways regulating local dis-
sembling of actin walls and actin cytoskeleton rearrangement. Next, the lipid rafts disperse rapidly,
allowing highly fluidic components of the phospholipid bilayer to flow into the site. Arp2/3-dependent
actin polymerization generates force pushing plasma membrane outward to generate curvature that
eventually leads to direct contact between opposing membranes. Next, the lipids on outer leaflets of
opposing membranes mix, and the mixture of inner leaflet lipids causes formation of a fusion pore.
Actin polymerization then pushes the fused membrane laterally, expanding the fusion pore.

This lipid raft and actin coordinated model of plasma membrane fusion does not rely on fusogens.
The model does depend on adhesion molecules to bring opposing membranes into close proxim-
ity. However, the nature of these adhesion molecules is not restricted. Hence many combinations of
adhesion proteins can promote fusion. Because many adhesion proteins can function redundantly,
deficiency or inhibition of one protein may not impair fusion. The model further predicts that fusion
depends on positioning of adhesion proteins in lipid rafts. These events are complex and a single pro-
tein may not be sufficient to “coordinate” the process, hence few if any proteins will meet the criteria
of being a true fusogen, that is being able to mediate fusion of cells that normally do not fuse in situ,
and fusion between heterologous cells or between biochemically constructed liposomes [251].

The fusogens identified so far are mostly viral glycoproteins. Viral fusogens appear to be able to
coordinate cell adhesion, actin polymerization and the clustering/dispersion cycling of lipid rafts. For
example, the mature form of HIV Env contains an attachment subunit, gp120, and a fusion subunit,
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Fig. 4.1 A model of events causing fusion of cell membranes. (a) Lipid rafts recruit adhesion proteins such as
IgSF proteins and cadherins at the sites of cell–cell alignment. Many of the adhesion proteins are associated with actin
network. The highly organized and myosin-dependent cortical actin wall in one cell facilitates membrane alignment
and adhesion. (b) Interaction of adhesion molecules brings lipid rafts to the sites of cell contact and causes the local
dissembling of actin walls and actin cytoskeleton rearrangement. (c) The lipid rafts quickly disperse laterally, allowing
the highly fluidic standard phospholipid bilayer to fill in the site. Arp2/3-dependent actin polymerization creates force,
pushing the lipid bilayer outward to form a membrane curvature that eventually leads to direct contact between the
opposing membranes. (d) Fusion pore formed after the mix of lipid bilayers. Actin filaments push membrane laterally
expanding the fusion pore

gp41. Binding of gp120 to its receptor CD4 and a coreceptor located in lipid rafts of the host mem-
brane [277], stimulates a dramatic conformational change of gp41. This conformational change leads
to the formation of rigid coiled-coil structures and exposes amphipathic fusion peptides that later
insert into the host membrane functioning as adhesion molecules. Folding back of the helical coil into
a hairpin structure and dispersion of lipid rafts brings opposing membranes together and allows fusion
to proceed [277, 278]. Binding of Env to receptors in target cells also activates Rac, which initiates
Arp2/3-dependent actin polymerization [267]. Inhibition of Rac, or Abl, a downstream target of Rac,
arrests fusion at the hemifusion step, suggesting that the Env-promoted actin polymerization generates
the force needed for fusion pore expansion [267, 279].

Two bona fide fusogens, AFF-1 and EFF-1, are found in C. elegans [280, 281]. In contrast with the
single-membrane localization of viral fusogens, AFF-1 and EFF-1 must be expressed in both fusing
membranes. How AFF-1 and EFF-1 promote fusion is still poorly understood. Since cell fusion in
C. elegans does not require rearrangement of actin cytoskeleton [254–256], these fusogens may
function in a simpler way than viral fusogens.

4.5.4 Syncytin-1 and -2

Syncytin-1 and -2 are encoded by human endogenous retrovirus elements HER-W and HER-FRD
respectively. They mediate placental fusion and are considered bona fide fusogens [282, 283].
Syncytins are structurally similar to HIV Env fusogen. Cytotrophoblasts cultured with antisense
syscytin-1 exhibit little fusion [284]. Expression of syncytin-1 in other cell types can also generate
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multinucleated cells, indicating sycytin-1 is sufficient to mediate cell fusion [282, 285]. Like viral
fusogens, syncytin-1 binds to receptors, in this case to ASCT1 or ASCT2, before inducing mem-
brane fusion [285, 286]. Expression of syncytin-2 can also induce cell fusion [283]. The receptor for
syncytin-2 is not yet identified.

4.6 Post-fusion Resetting and Cell Survival

After fusion, cells modify their cellular components either to prevent further fusion events or to be
ready for another round of fusion [5]. As an example of the former, sperm-egg fusion triggers Ca2+

oscillations that induce exocytosis of the cortical granule contents of the egg, causing the zona pel-
lucida to become refractory to binding and penetration of sperm [287]. As an example of the latter,
formation of multinucleated cells and syncytiotrophoblast depend on repeated fusion events. In the
absence of a continuous fusion with cytotrophoblasts, the syncytiotrophoblast dies necrotically within
a few days [288].

4.6.1 Myoferlin

One of the post-fusion resetting challenges is to sequester surplus plasma membrane to main-
tain optimum surface tension without losing cell surface proteins important for another round of
fusion. Myoferlin may accomplish this task. Myoferlin promotes endocytic recycling and thus
revives the fusion competence of plasma membrane [289, 290]. Myoferlin is a member of the
ferlin family of proteins. It has six C2 domains and is homologous to dysferlin. Myoferlin is
highly expressed in myoblasts undergoing fusion [291] and is upregulated in response to myofiber
damage in a NFAT-dependent manner [292]. Myoferlin null mice have small myofibers and
reduced muscle mass, and myoferlin deficient myoblasts form myotubes inefficiently in vitro
[291]. Myoferlin directly interacts with the eps15 homology domain protein EHD2 which is
implicated in endocytic recycling of membrane proteins [290]. Myoferlin-null myoblasts do not
recycle insulin-like growth factor 1 (IGF1) receptors to the cell surface after its internalization and
these receptors accumulate into endosomes/lysosomes [289]. Therefore, myoferlin-null myofibers
do not respond well to IGF1-treatment. Whether other fusion-promoting proteins on cell surfaces
are also recycled in a myoferlin/EHD2-dependent manner is an important question still to be
accessed.

4.6.2 Bcl-2 and c-Flip

Initiator caspases 8 and 9 have been implicated to regulate the differentiation of cytotrophoblasts and
myoblasts, respectively [48, 88]. It is thus important to diminish the activities of these initiator cas-
pases to avoid the risk of going through the whole apoptotic cascade post cell fusion. Anti-apoptotic
proteins Bcl-2 (B-cell lymphoma 2) and C-Flip have been suggested to down-regulate caspase activi-
ties in humans [48]. Bcl-2 prevents the oligomerisation and activation of caspases and thus antagonizes
apoptosis [293]. Bcl-2 is expressed in the syncytiotrophoblast throughout gestation, and in differen-
tiating Jeg-3 choriocarcinoma cells [294]. C-Flip directly regulates the activity of caspase 8 [295].
Fixed tissue sections taken from early and late stages of pregnancy demonstrated that C-Flip are
present in caspase-8 positive cells, suggesting that C-Flip may protect trophoblast cells from cell death
[296].
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4.7 Conclusions

Fusion of one cell with another generates a “multi-nucleated” cell. Although multi-nucleated cells
might be easily identified by light microscopy, microscopic techniques inevitably underestimate the
contribution of cell fusion to the development and structure of tissues. Failure of microscopy reflects
in part the possibility that many multi-nucleated cells, such as multi-nucleated giant cells, hepatocytes
and muscle cells, die or are shed after recovery from injury. Failure of microscopy might also reflect
the possibility that in some cases nuclei might also fuse or be shed [2]. And, the frequency of nuclear
fusion and shedding is quite difficult to estimate by static morphologic or genetic analysis [297].

The contribution of cell fusion to the architecture and physiology of tissues is better identified by
depletion or inhibition of molecules thought to be involved in the cellular processes that generate
fusion. Targeting molecules by inhibitors, antibodies, RNA interference, mutation or gene deletions,
etc., the sole function of which is fusion, might provide an incisive picture of how often and in what
ways fusion contributes to the structure and function of tissues. In this communication we provide a
list and cursory description of some of the molecules thought to contribute to cell fusion.

This list and the putative function of these molecules in cell fusion must be taken as provision-
ary. Most of the molecules we discuss have functions besides the promoting of cell fusion. Some of
these “other” functions may be necessary for life, some may be necessary for all together different
processes (e.g. prevention of apoptosis) that incidentally support cell fusion. Some of these molecules
support multiple steps in cell fusion and some provide functions that can be replaced. For example, M-
cadherin supports many processes of morphogenesis and is associated with lipid rafts and accumulates
at the sites of cell contact [217]. In addition to mediating cell–cell adhesion, M-cadherin also activates
Rac1, the key regulator of actin polymerization [216]. Inhibition of M-cadherin functions by block-
ing peptides, neutralizing antibodies or RNAi reduces myotube growth in vitro [219, 220]. However,
mice without Cdh15 gene, which encodes M-cadherin, develop normal skeletal muscle [221]. Other
cadherins, such as N-cadherin and cadherin11 may compensate the loss of M-cadherin [221].

The complexity of cell fusion makes it difficult to identify molecules promoting fusion through
gain-of-function experiments. If cell fusion is essential for normal development, natural fusogens,
akin to viral fusogens, have thus far eluded detection [250]. Of course the difficulty of finding natural
fusogens could mean that “master fusogenic proteins” do not exist in physiology and that the viral
proteins are unique.

Among the molecules implicated in cellular fusion, many are specific for one cell type, especially
those engaged in early steps of fusion. Many of these cell type-specific molecules are also involved
in cell differentiation that is prior to cell fusion. In contrast, pore formation and expansion mainly
reflect the functions of molecules such as lipids, actin, adhesion proteins and their regulators, that are
common among the plasma membrane fusion events in many cell types. Understanding what regulates
the later steps in cell fusion is thus particularly challenging.

We propose a new model for the later events in cell fusion. Our model is based on recent advances
in the field concerning involvement of lipid rafts, adhesion proteins and actin rearrangement in cell
fusion (Section 4.5.3 and Fig. 4.1). This model does not rely on fusogens. The cell membrane fusion
model includes four steps: (i) recruitment of adhesion molecules onto lipid rafts and alignment of
opposing membranes; (ii) membrane adhesion and actin rearrangement; (iii) quick lateral dispersion
of lipid rafts and formation of membrane curvatures; and (iv) fusion pore formation and expansion
driven by actin polymerization.

Our model may help to address key questions of cell fusion. Do all kinds of fusion require the
same function and dispersion of lipid rafts? Experiments such as depletion of lipid raft component
cholesterol from cell membrane in various cell types may provide a straightforward answer to this
question. Must adhesion proteins involved in cell fusion reside in lipid rafts? Several adhesion pro-
teins, such as CD9, M-cadherin, N-cadherin and NCAM, accumulate at membrane fusion sites in a
lipid raft-dependent manner [217, 237]. However, other adhesion proteins thought to contribute to
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cell fusion have not yet been tested. Proteome analysis of lipid raft-associated proteins might iden-
tify novel fusion-promoting proteins. What controls the rapid lateral dispersion of lipid rafts? Since
many adhesion proteins associate with and regulate the actin network, membrane adhesion proteins
might regulate the actin-myosin network and thus control the movement of lipid rafts. How does actin
rearrangement facilitate fusion pore formation and expansion? In Drosophila, actin polymerization
provides the force needed for the formation of fusion pore and the expansion of the pore [262–264].
The mechanical procedure of doing so is still poorly understood.

Fusion between progenitor cells and somatic cells has been implied in regeneration of skeletal
muscle, liver, intestine, cardiomyocytes and brain [134–136, 298, 299]. How cell fusion contributes
to regeneration is still unclear because the frequency of fusion might be low [8]. Nevertheless, inflam-
mation and injury dramatically increases this frequency [134–136], but the impact of this increase is
not clear. The chemokine SDF-1 is present at high levels at the site of damaged tissues [126–131].
Perhaps cells expressing SDF-1 receptors, CXCR4, may be recruited and there may fuse with endan-
gered cells [132, 133]. Further understanding the molecular mechanisms of recruiting and fusing stem
cells and progenitor cells with somatic cells will eventually shed light on how fusion participates in
tissue responses and whether it is to be encouraged or suppressed for therapeutic applications.
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Chapter 5
Membrane Fusions During Mammalian Fertilization

Bart M. Gadella and Janice P. Evans

Abstract Successful completion of fertilization in mammals requires three different types of mem-
brane fusion events. Firstly, the sperm cell will need to secrete its acrosome contents (acrosome
exocytosis; also known as the acrosome reaction); this allows the sperm to penetrate the extracel-
lular matrix of the oocyte (zona pellucida) and to reach the oocyte plasma membrane, the site of
fertilization. Next the sperm cell will bind and fuse with the oocyte plasma membrane (also known as
the oolemma), which is a different type of fusion in which two different cells fuse together. Finally,
the fertilized oocyte needs to prevent polyspermic fertilization, or fertilization by more than one
sperm. To this end, the oocyte secretes the contents of cortical granules by exocytotic fusions of
these vesicles with the oocyte plasma membrane over the entire oocyte cell surface (also known as
the cortical reaction or cortical granule exocytosis). The secreted cortical contents modify the zona
pellucida, converting it to a state that is unreceptive to sperm, constituting a block to polyspermy.
In addition, there is a block at the level of the oolemma (also known as the membrane block to
polyspermy).

5.1 Introduction

Fertilization of the oocyte involves three membrane fusion events [1] namely, (1) a preparative series
of secretion membrane fusions at the apical sperm surface known as acrosome exocytosis [2]. The
membrane fusions are induced when the sperm cell binds to specific zona binding proteins at the
sperm surface [3–7]. The acrosome exocytosis is a multipoint membrane fusion event between the
sperm plasma membrane and the outer acrosomal membrane (see Fig. 5.1 [8, 9]) and the exposed
acrosomal content is required for sperm to penetrate the zona pellucida [10–12]. This so-called zona
drilling effectively takes place because the sperm at this stage also has acquired hyperactivated motil-
ity [13]. (2) After zona penetration the sperm enters the perivitelline space where it can bind and fuse
with the oocyte plasma membrane [14, 15]. This is the actual fertilization fusion in which the con-
tents of the sperm are delivered into the oocyte cytoplasm. The plasma membrane of the equatorial
segment (see Fig. 5.1) is the site where proteins are located that orchestrate sperm-oocyte binding and
fusion [16]. (3) In order to prevent polyspermy the oocyte has to activate defense systems to block
redundant sperm-oocyte fusion [17]. To this end the first fertilizing sperm delivers activation factors
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Fig. 5.1 The proposed sequence of events around the three fusions involved in monospermic fertilization. Sperm
that have entered the oviduct will shed off decapacitation factors that were adhered peripherally to the sperm surface.
During this process the acrosome is docked to the sperm plasma membrane and at the docked area the formation of
high affinity zona binding complexes are formed [9, 35]. The control (control) versus capacitated (capacitated) sperm
show the very close apposition of the sperm plasma membrane with the outer acrosomal membrane a feature emerging
at the apical tip of the sperm head (astrix). It is not clear whether the resulting sperm which can associate with the
extracellular matrix of the expanded cumulus mass surrounding the unfertilized oocyte induces some early steps of
acrosomal fusion (proposed by 27) or that acrosome intact sperm are penetrating through the cumulus by the use
of hyperactivated motility in combination with surface proteins [116]. Oviductal secreted proteins are also reported
to be important for cumulus and zona pellucida properties [29]. 1. The recognition of the zona pellucida (primary
zona binding to ZP1/ZP3/ZP4) and subsequent inititation of the acrosome reaction (or of the acute secretory phase
of it) which is induced by the zona pellucida. The unique multipointfusion of one organelle with the sperm surface
generates mixed vesicles at the apical side of the sperm head. 2. The acrosome reaction causes local modifications of
zona proteins and the hyperactivated sperm can penetrate this structure due to secondary zona binding (to ZP2 and ZP3).
The surface of the penetrating sperm will be further remodeled and this probably serves to enable the fertilization fusion
[30]. Note that the equatorial segment of the sperm head (indicated with arrows) has remained resistant to exocytotic
fusion. The plasma membrane and the outer acrosomal membrane have become continuous at this point. This needs to
be protected from the acrosome reaction as it specifically contains the machinery to fertilize the oocyte. 3. After the
fertilization fusion the cortical reaction (induced by soluble sperm factors now diffusing into the oocyte cortex) causes
an overall coating of the oolemma as well as the hardening of the zona pellucida by chemically altering zona proteins.
The cleavage of ZP2 and ZP3 appears to be particularly instrumental for the release of sperm from the zona pullicida
and to elicit an efficient block to polyspermy [23]. At the time of ovulation the MII phase oocytes have their cortical
granules stored just under the oocytes plasma membrane. The fertilization fusion is followed up by a massive series
of single point exocytotic fusions of the cortical granules (indicated with asterix). The distance bar indicates 50 nm.
Panels with transmission electron microscopy micrographs are modified from [9, 113], the line drawing is modified
from [7]

into the oocyte cytoplasm. The signaling cascade activated by these factors induce fusions of secretory
granules that tightly located under the oocyte plasma membrane (known as cortical granules) [18, 19].
After the secretion of the cortical content into the perivitelline space, this will lead to modifications of
the zona pellucida structure [20–23]. In some species, this has been characterized as “zona hardening”
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defined as resistence to proteolytic digestion resulting in a zona pellucida that cannot be penetrated
by acrosome-reacted sperm, and also cannot be recognized by acrosome-intact sperm [24–26].

Therefore, successful fertilization of an oocyte depends on three independent and quite differently
organized membrane fusion events. The current understanding of membrane fusion and fertilization
will be overviewed in this chapter.

5.2 Surface Remodeling of Gametes Prior to Zona Binding

5.2.1 The Cumulus-Oocyte Complex in the Oviduct

In mammals fertilization takes place in the oviduct near the ampulla region. The oocyte enters this site
after ovulation and is surrounded by a thick (7 μm) extracellular matrix called the zona pellucida [27]
and by a multi-cellular layer of cumulus mass (cells and extracellular matrix material, see Fig. 5.1).
The oviduct probably modifies these extracellular structures to some extent [25, 28, 29].

5.2.2 Sperm Cell Surface Remodeling

Before the sperm cells enter the oviduct they have already passed a lengthy trajectory of transport and
coinciding post-testicular modifications [30]. Sperm cells that are released in the testis from the Sertoli
cells into the lumen of seminiferous tubules have shut down transcription and translation processes
as well as membrane recycling (no endocytosis or exocytosis [31]). With respect to sperm-zona bind-
ing it is of special interest the identified transmembrane proteins with affinity for the zona pellucida
originate from sperm forming precursor cells in the testis [32–35]. However, more recent approaches
revealed that additional proteins are attached to the sperm surface (especially the epididymis, where
sperm cells further mature and acquire motility) that serve to bind the zona pellucida [35–40]. After
the ejaculation of sperm a specific coat of proteins containing decapacitation factors serve to stabi-
lize sperm [41–45]. This is required to allow maximum sperm survival during their lengthy transport
through the female genital tract (cervix, uterus) and to reach the oviduct intact. At this site sperm
release their protective coat and become capacitated (i.e. capable to fertilize because they can rec-
ognize the zona pellucida). Therefore, the sperm regain fertilization capacity they originally had in
the cauda epididymis (prior to ejaculation) and can induce the acrosome reaction after eventual zona
pellucida binding. This capacitation process is guided in the oviduct by sperm-oviduct epithelial inter-
actions (for review see [13]). After a certain period the sperm is released from the oviduct epithelial
cell and has hyperactivated motility characteristics and demonstrates efficient zona binding behaviour.

During in vitro fertilization the capacitation of ejaculated sperm is mimicked by washing sperm
through discontinuous density gradients (to remove decapacitation factors) and to incubate sperm for
a couple of hours in an in vitro capacitation medium which mimics the ionic and metabolic com-
position of oviductal fluid (also known as synthetic oviductal fluid (SOF)) [7, 20, 46]. Mammalian
sperm becomes activated by three principle capacitation factors namely (1) bicarbonate which acti-
vates adenylate cyclase/protein kinase A and tyrosine kinase signaling pathways, (2) albumin which
specifically extracts sterols from the sperm plasma membrane and (3) extracellular calcium allow-
ing Ca2+ mediated signaling cascades [46, 47]. For some species additional glycosaminoglycans are
required to remove persistent decapacitation factors from the sperm surface [48]. Taken together
sperm capacitation results in the induction of glycolysis in the sperm tail required for the hyperac-
tivated motility (more instant and local production of ATP in the lengthy sperm tail which does not
contain mitochondria [49–51]). In the sperm head it causes the redistribution of surface molecules.
Most notably this results in the aggregation of lipid rafts and therein the formation of a functional
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zona pellucida binding protein complex [30, 46, 52–54]. This zona binding complex not only func-
tionally allows sperm zona binding but also mediates the acrosome exocytosis after this binding
(see Section 5.3).

5.3 Zona Binding and Initiation of the Acrosome Reaction

5.3.1 Zona Pellucida Contains Acrosome Exocytosis Inducing Binding Sites

Traditionally it was thought that sperm-zona binding is a simple ligand receptor like interaction in
which one zona receptor (namely ZP3) binds to one sperm ligand [55]. This concept appears to
be oversimplified. The sperm surface has recently been shown to bind to at least three of the four
human zona proteins (namely ZP1, ZP3 and ZP4) and most likely the species-specific zona protein
matrix quartenary native state is important for sperm recognition [7]. The sperm cell also binds to
this zona protein matrix with multiple proteins, most likely organized into zona binding protein com-
plexes. Some of the identified proteins may be required for the induction of the acrosome reaction. For
instance the presence of a potassium channel [35] may indicate that zona binding could induce a K+

dependent sperm membrane hyperpolarization which in turn allows the opening or a voltage depen-
dent Ca2+ channel and by doing so cause elevated cytosolic Ca2+ levels required for initiation of
acrosome exocytosis [56]. Beyond this, the presence of a phosphatase [35] may indicate that binding
may activate specific signaling events that are required for the induction of the acrosome reaction.

5.3.2 Acrosome Exocytosis

Acrosome exocytosis itself is the result of SNARE interactions between the outer acrosomal mem-
brane and the plasma membrane of the so-called pre-equatorial region of the sperm head [57, 58].
Remarkably the two membranes fuse with each other at this entire surface domain which encompasses
more than half of the sperm head surface [8, 9]. The multipoint fusion secretion event results in the
generation of mixed vesicles that contain acrosomal outer membrane and plasma membrane material.
The remaining unfused acrosomal membranes (at the equatorial area of the acrosome and the acroso-
mal inner membrane covering the apical part of the sperm nucleus) now take over the surface function
of the plasma membrane [15, 16]. The vesiculated part of the apical acrosome membrane and plasma
membrane are removed from the sperm. The group of Gadella has studied how SNARE proteins are
orchestrating this multiple membrane fusion event. In freshly ejaculated sperm SNARE interactions
between the apical sperm plasma membrane and the outer acrosomal membrane are not yet estab-
lished [9]. However, during sperm capacitation these two membranes become stably docked by the
formation of a trans ternary SNARE complex of proteins from the sperm plasma membrane as well
as from the outer acrosmal membrane. The complex consisted of syntaxin1, VAMP1 and SNAP23
in a 1:1 stoichiometry [9]. The docked membranes could even be isolated as bilamellar structures.
Related to this stability the capacitated acrosome becomes docked but does not fuse with the plasma
membrane. For the execution of the acrosome fusions additional Ca2+ entry (in vitro by use of Ca2+

ionophores, in vivo after zona binding) is required [9]. Diverse groups have shown that SNARE com-
plex interacting proteins such as complexins [9, 59, 60], dynamins [61], Rab 3A [62], synaptotagmins
[63], multi-PDZ domain protein MUPP1, Calmodulin and CaMKIIalpha [64, 65], Rab-2a, syntaxin
binding proteins and Munc-18 (Tsai et al., unpublished results) have been discovered in sperm (see
Fig. 5.2). When and how they interact with SNARE proteins and whether they are involved in stabiliz-
ing the trans SNARE complex or are involved in the Ca2+ conversion to cis complexes (thus eliciting
the acrosome plasma membrane fusions) is matter of future research (see also Fig. 5.2).
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Capacitation induces acrosome docking

Zona Binding induces acrosome exocytosis

Fig. 5.2 Two step model for SNARE mediated acrosome exocytosis of the sperm. Sperm capacitation induces the
stable docking of the sperm plasma membrane with the outer acrosomal membrane. The multiple docking of these two
membranes does not lead to premature exocytosis. The identified interaction partners are for porcine sperm [9] but may
differ between mammalian species. Two mechanisms have been described to stabilize the trans ternary SNARE protein
complexes. (i) During sperm capacitation an aggregation of lipid rafts at the apical ridge area of the sperm head. This is
the site where the sperm binds to the zona pellucida and where the acrosome exocytosis as a response of that binding is
inititated [46]. In that area within the aggregating lipid rafts MUPP1/CaMKIIα have been reported to interact with the
trans ternary SNARE protein complex and this association functions as a fusion clamp [64, 65]. (ii) The important factor
in mouse sperm is the phosphorylated form of synaptotagmin, which appears to be important for preventing the acro-
some exocytosis [63]. Beyond these factors also complexin and dynamin are interacting with the trans SNARE complex
[59–61] but are not able at this stage to induce the trans to cis conformational shift of the complex. Munc18b is also
associated to the trans ternary SNARE complex (unpublished observation). It is not clear whether or not Rab3A [62] is
already associated to the trans SNARE complex at this stage. The current concept is that complexin, Munc18b (which
can bind to syntaxin) are stabilizing the trans SNARE protein complex and prevent spontaneous acrosome exocytosis.
Zona binding evokes Ca2+ entry (see Section 5.3.1) and this causes both the dissociation of the MUPP1/CaMKII fusion
clamp [64] and a calcineurin-mediated dephosphorylation of synaptotagmin VI [63]. The dephosphorylation of synap-
totagmins also appear to be essential for the acrosome reaction [59, 62, 117, 63] (unpublished observation). The role of
Rab3A [62] and Rab2A (unpublished observation) in the formation of the cis ternary SNARE complex conformation
is not yet clear. It is possible that these GTPase forming proteins were already recruited during sperm capacitation to
the trans complex and by the zona-induced changes help to create the cis configuration either by dissociation (of Munc
18b) and the coinciding intrinsic Ca2+ sensing properties of the dephosphorylated synaptotagmin with the aid of Rab3A
[62] or Rab2A. Figure is modified from [9]

5.4 Zona Penetration After the Acrosome Reaction

A result of the above described acrosome exocytosis (Section 5.3) is exposure of the acrosomal content
at the front surface of the sperm head where primary zona binding initiated the acrosome reaction. The
now exposed intra-acrosomal layer of proteins consists of an array of proteins that interact with the
zona pellucida (for review see [7]). This so-called secondary zona binding was thought to be specific to
ZP2 [66–68] but recently it has been shown that the intra-acrosomal protein sp56 binds to ZP3 [4, 12].
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Beyond the more massive secondary zona binding (compared to the primary zona recognition binding
at the sperm surface), the exposed intra-acrosomal proteins also cause a local enzymatic cleavage
of this network of 3–4 heavily glycosylated zona proteins [66, 69–75]. For a review on secondary
zona binding proteins from the acrosome see [7]. Note that acrosome exocytosis and consequent zona
drilling coincides with the generation of hyperactivated motility of sperm [13]. Together they form the
pre-requisites for a recycling modus: secondary zona binding followed by local digestion of the ZP
network, zona penetration and subsequent rebinding to the ZP. Thus acrosome exocytosis enables the
sperm to reach the perivitelline space and exposes the inner acrosomal membrane and the equatorial
segment of the sperm head (i.e., that area where the acrosome outer membrane was inert to fuse with
the sperm plasma membrane), which is required for the sperm to be capable of fusing with the oocyte
membrane (see Section 5.5).

5.5 Gamete Membrane Fusion and the Oocyte-to-Embryo Transition

Sperm-oocyte fusion is one of the best-known extracellular membrane fusion events, and yet it is
one of the most poorly understood. Especially in comparison to other types of extracellular fusion
events and to SNARE-mediated vesicle fusion events, relatively little is known about the mechanisms
underlying sperm-oocyte fusion in any species, particularly mammalian. The identification of fusion-
mediating factors in fertilization also has been difficult, but there are multiple possible explanations
for this. From the standpoint of genetic/knockout studies, perhaps there are multiple factors with
substantial functional overlap, and this redundancy has made it difficult to identify gamete fusion-
defective phenotypes. Alternatively, the fusion-mediating factors may play critical roles in other cell
types, making it impossible to assess gamete fusion (e.g., embryonic or neonatal lethality) without
use of a conditional knockout. From the standpoint of biochemistry or developing function-blocking
antibodies as a means to identify these fusion-mediating factors, it is possible that these factors are few
in number, unstable, and/or only transiently exposed. These considerations are also valid for proteins
involved in sperm-zona interactions described in Section 4.3.1 and 4.4.

Only two proteins, the tetraspanin CD9 on the mouse oocyte and the immunoglobulin superfamily
member IZUMO1 (previously known as Izumo) on mouse sperm, have been shown by gene knock-
out studies as being essential specifically for sperm-egg interaction (Fig. 5.3). Note: It is unclear
if CD9 and/or different tetraspanins function in other species’ oocytes in gamete membrane fusion
[76]. Other mouse knockouts have less severe defects in gamete interactions or fertilization, or have
multiple gamete function defects (e.g., [77]). The discovery of CD9’s role in murine fertilization
occurred rather serendipitously, when the knockout mouse lacking this member of the protein family
was found to have greatly reduced female fertility. This is rather remarkable, since CD9 is expressed
in numerous cell types in the body, but there is only an obvious phenotype with oocytes showing
a significantly reduced ability to fuse with sperm [78–80]. The discovery of the role of IZUMO1
came as a result of persistence and hard work, with 17 years between the report of the function-
blocking activity of the monoclonal antibody OBF13 on sperm-oocyte fusion [81] and the report of

�

Fig. 5.3 (continued) 14 (SAMP14; also known as sperm acrosome associated 4, SPACA4), SAMP32 (also known as
SPACA1), and Sperm Lysosomal-Like Protein 1 (SLLP1; also known as SPACA3) [70, 135–137], all of which are novel
proteins. Finally, zinc metalloprotease (MP) activity has been implicated by the finding that mouse sperm-egg fusion
is reduced in the presence of various metalloprotease inhibitors [138]. Reagents that disrupt the action of enzymes that
mediate thiol-disulfide exchanged in proteins (protein disulfide isomerases, PDIs) also reduce the incidence of sperm-
egg fusion [139, 140]. The results with N-ethyl-maleimide (NEM) and 5,5′-dithiobis (2-nitro-benzoic acid) (DTNB)
[139, 140] suggest that sulfhydryl groups may be a common element involved in fusion systems, as they are in vesicle
fusion [141], and certain viral fusion events [142, 143]
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Fig. 5.3 Schematic diagram illustrating molecules implicated in gamete membrane binding and fusion. This
diagram illustrates the molecules proposed to participate in sperm-oocyte membrane interactions (i.e., binding and/or
fusion). CD9 is the major player identified thus far on the oocyte. CD9–/– females are severely subfertile (only 60%
of CD9–/– females become pregnant, litters sizes are 75% smaller, and achieving these pregnancies takes nearly four
times longer than it does for control mice [84]). IVF assays show that sperm binding to CD9–/– oocytes appears to
be unaffected, but sperm rarely fuse [78, 79, 118]. Mouse egg CD9 is likely to function in conjunction with another
tetraspanin, CD81; CD9/CD81 double knockout female mice are completely infertile, suggesting that CD9 and CD81
play complementary roles in fertilization [84]. GPI-anchored proteins on the oocyte are also implicated. Mice with
oocytes deficient in GPI-anchored proteins are infertile, and these oocytes poorly support sperm-oocyte binding and
fusion [86], but it remains unknown which GPI-anchored protein(s) are crucial and what role(s) oocyte GPI-anchored
proteins could play. The last main candidates on oocytes are members of the integrin family. Integrins are heterodimeric
membrane proteins, made up of an α and a β subunit, with 18 α subunits and eight β subunits combining to make at
least 24 different combinations. α6, α3, and β1 in oocytes are not essential for fertility [119, 120], but in vitro studies of
certain subunits have revealed defects in sperm-oocyte binding [121–123]. Oocytes with reduced amounts of α9 support
sperm binding and fusion less well than do control eggs [123], in agreement with the finding that several ADAMs can
interact with α9β1 [124]. Oocytes deficient in β1-deficient show defects in sperm-oocyte binding [121]. On the sperm,
IZUMO1 has been shown to be essential for sperm-oocyte fusion [125]. IZUMO1 is member of the immunoglobu-
lin superfamily (IgSF) proteins, and contains an immunoglobulin-like domain (Ig). IZUMO1 also has a ∼150 amino
acid domain that has been called the Izumo domain (IZ in the diagram), and this domain has been found in three
other proteins [87]. Interestingly, IZUMO1 is associated with other Izumo domain proteins, although the functions
of these in gamete fusion are not known. ACE3 (Angiotensin Converting Enzyme 3) is another IZUMO1-associated
protein [82]; the Ace3 knockout did not show any defects in male fertility or sperm function in vitro, although there
is a slight abnormality in the localization of IZUMO1 [82]. Several sperm ADAMs have been implicated in sperm-
oocyte interaction; while no single ADAM is essential, there appears a correlation between the ability of sperm to
bind and fuse with the egg membrane and the levels of certain ADAM proteins (see [15] for more information). This
suggests that ADAMs could function in redundant roles, consistent with the fact that ADAMs have similar adhesion-
mediating motifs to interact with integrins via their disintegrin domain (D in the diagram) [124, 126–128]. Cysteine-rich
Secretory Protein 1 was implicated in sperm-oocyte fusion by antibody studies in the 1980s [129, 130], and the
Crisp1 knockout was recently reported. Sperm from Crisp1–/– males show a modest decrease in sperm-oocyte fusion in
in vitro fertilization assays, although male fertility appears normal [131]. Finally, as noted in the text, acrosome exo-
cytosis exposes the inner acrosomal membrane and the equatorial segment of the sperm head, rendering the sperm
capable of interacting with the oolemma. Thus, proteins in the equatorial segment of the sperm head have been of
interest. SPESP1 (sperm equatorial segment protein 1; [132]) is a candidate, based on the finding that Spesp1–/– males
produce slightly smaller litters than wild type controls (22%), and have sperm with reduced (although not completely
deficient) ability to undergo sperm-oocyte fusion [77]. Other proteins associated with sperm-oocyte fusion and expo-
sure or rearrangement after acrosome exocytosis include equatorin [133, 134], Sperm Acrosomal Membrane-Associated
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the phenotype of the knockout [82]. Numerous other molecules have also been suggested to partic-
ipate in mammalian gamete membrane interaction (sperm binding and/or sperm-oocyte membrane
fusion; Fig. 5.3). Mouse knockouts have been made of several of these, and many have less dramatic
phenotypes that the Cd9–/– and Izumo1–/– mice, namely often only partial loss of function in sperm-
oocyte interaction (and sometimes little or no impairment of fertility). These are addressed in the
figure legend for Fig. 5.3.

One theme that seems to be emerging in mammalian gamete membrane fusion that is conserved
with other examples of membrane fusion is that membrane order, multimeric protein complexes, and
the gamete surface proteome may prove to play critical roles. CD9 and other tetraspanins are known
to function as organizers of membrane domains, known as tetraspanin-enriched microdomains [83].
Mouse egg CD9 is likely to function in conjunction with another tetraspanin, CD81. CD9/CD81
double knockout female mice are completely infertile, suggesting that CD9 and CD81 play com-
plementary roles in fertilization [84]. Interestingly, glycosylphosphatidyl inositol (GPI)-anchored
proteins in oocytes have been implicated by an oocyte-specific knockout of Piga, a subunit of an
N-acetyl glucosaminyl transferase that participates in first steps of the synthesis of GPI-anchored
proteins [85]; female mice with this oocyte-specific Piga knockout are infertile [86]. It is possible
that the Piga deficiency and the resulting lack of GPI-anchored proteins in the oocyte membrane
alters membrane composition and/or organization so that sperm interactions are not favored. GPI-
anchored proteins are enriched in lipid microdomains, raising the possibility that the microdomain
structure of the egg plasma membrane could be perturbed in the absence of GPI-anchored proteins.
The importance of membrane order may also extend to sperm. IZUMO1 has recently been described
to associate with other membrane proteins [87, 88]. Likewise, members of the ADAM (A Disintegrin
and A Metalloprotease domain) family are other sperm proteins implicated in gamete membrane inter-
actions, and the genetic deletion of one Adam can affect the expression of multiple ADAM proteins on
the sperm surface [15, 89], and protein trafficking during spermatogenesis [90], suggestive of a role
of ADAMs in sperm membrane order. Finally, another knockout, Tssk6, is defective in sperm-oocyte
fusion and has an abnormality in IZUMO1 localization [91], also possibly indicative of aberrant
membrane order.

5.6 The Membrane (Oolemma) Block to Polyspermy

5.6.1 Redundant Sperm Around the Fertilized Oocyte

Mammalian oocytes regulate their ability to interact with sperm, namely the membrane block to
polyspermy, by altering the receptivity of the oolemma to sperm after fertilization. This was demon-
strated by classic studies in which fertilized oocytes recovered from natural matings were found to
have extra sperm in the perivitelline space, apparently unable to penetrate the oolemma [92–94]. The
numbers of supernumerary perivitelline sperm vary by species, suggestive that there are differences in
the reliance on the various polyspermy prevention mechanisms between different species. The oocytes
of some species such as rabbit, pika, pocket gopher, and mole have tens to hundreds of sperm in the
perivitelline space, suggestive of a highly effective membrane block and a relatively ineffective ZP
block. Species in which perivitelline sperm are rare (dog, sheep, field vole) likely have a highly effec-
tive ZP block. Numerous species (including mouse, human, rat, guinea pig, cat, pig, cattle) appear
to use both blocks to polyspermy; in these oocytes, one or two or up to ∼10 sperm are found in the
perivitelline space of early zygotes [92–97].

5.6.2 Prevention of Polyspermy at the Oolemma

The basis of the membrane block to polyspermy – i.e., what is different about the zygote membrane
that prevents additional sperm fusions – is not known. In mouse oocytes, this membrane transition
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occurs gradually; the membrane block is not yet established by 0.75 h post-insemination, but is estab-
lished by 1.5 h post-insemination [17]. Experiments using fluorescent tags in mouse oocytes to track
membrane lipids or protein diffusion suggest that fertilization-induced changes do occur, although
such changes have not been well characterized [98, 99]. It has recently been shown that cortical ten-
sion is higher in zygotes than in unfertilized oocytes [100], although the exact role that this may play
in the membrane block to polyspermy remains to be determined. The mechanism by which the mem-
brane block is triggered also is an active area of investigation. One key finding is that this membrane
block appears to be largely independent of cortical granule exocytosis, although it is possible the con-
tents of the cortical granules may augment the membrane block, even if cortical granule exocytosis is
not an essential component. Oocytes that are activated in ways that induce increased cytosolic Ca2+

concentration and the cortical reaction (calcium ionophore, strontium chloride, injection of a soluble
sperm extract, or by fertilization by intracytoplasmic sperm injection) maintain membranes that are
receptive to sperm [17, 101–104]. The failure of ICSI-generated embryos to establish a membrane
block to polyspermy has been interpreted to indicate that sperm membrane incorporation into the
oolemma is linked with membrane block establishment [103], or that membrane block establishment
occurs as a result of changes in the oocyte occurring with the process of gamete fusion [104]. In the
mouse, the sperm head surface area is only ∼0.14% of the oocyte surface area, and thus a membrane
block mechanism involving dilution of the oolemma with sperm membrane seems unlikely. Instead,
establishment of the membrane block may involve signaling occurring with gamete fusion, although
the injection of a soluble sperm extract fails to trigger membrane block establishment, indicating that
membrane block establishment is not solely controlled by the sperm-induced increase in cytosolic
Ca2+ [104].

5.7 Cortical Reaction and the Zona Pellucida Block to Polyspermic
Fertilization

5.7.1 Cortical Granules Content Can Modify the Zona Pellucida Structure

The concern for a just fertilized oocyte is to prevent additional sperm to bind to and fuse with the
oolemma (polyspemy). The just-fused first sperm introduces soluble cytosolic factors like phospholi-
pase C zeta into the oocyte [105]. These factors induce intracellular Ca2+ events and the oocyte plasma
membrane depolarization and both are triggers for the cortical granule exocytosis [18]. The secretory
granules that reside in the cortex (the area just under the oocyte plasma membrane) fuse with the
oocyte plasma membrane and the content of the granules is released into the perivitelline space [106,
107]. Although the contents of the cortical granules are very poorly characterized [106, 108–111], it
is known that the release of these materials results in the cleavage of ZP2 and ZP3 into the truncated
ZP2f and ZP3f forms [20–22]. These alterations are associated with zona hardening (defined as resis-
tance to proteolysis in certain in vitro assays). As a result sperm stop penetrating the hardened zona
and do not show affinity for the zona pellucida.

5.7.2 Maturation Dependent Exocytotic Fusion Machinery of the Cortical
Reaction

Cortical granule exocytosis resembles to some extent the exocytosis of the acrosome (Section 5.3.2)
in that in both cases secretory granule exocytosis takes place at the surface of a gamete. The main
difference between the two exocytosis events is that cortical granule exocytosis is a series of single
point fusion events of many cortical granules with the oolemma, while the acrosome exocytosis is
a multiple point fusion event of one acrosome with the sperm plasma membrane. The majority of
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secretory granules migrate towards the oocyte plasma membrane during pre-ovulatory maturation of
oocytes somewhere between the germinal vesicle stage (GV, oocytes that are arrested at the prophase
of meiosis I) and the arrested stage at metaphase of meiosis II (MII) [107, 112]. Nevertheless, some of
the secretory granules already reside in the cortex of GV oocytes but fail to be competent to fuse with
the oocyte surface at that stage which appears to depent on too low activity of calcium/calmodulin
dependent kinase II activity which becomes activated in MII oocytes [113] and related to this MAPK
activity seems to be inviolved in activating the cortical granule exocytosis as well [114]. In addition
we have shown recently that cortical granules become docked at the oocytes plasma membrane during
these two meiotic maturation stages [107]. The SNARE proteins SNAP23, VAMP-1 and syntaxin 2
are involved and probably form a similar trimeric trans complex prior to fertilization (which therefore
is analogous to acrosome docking during sperm capacitation). The docked cortical granules are also
decorated with complexins (probably stabilizing the SNARE complex) and with clathrin (Fig. 5.4).
After fertilization the Ca2+ mobilization and related signaling and cytoskeletal rearrangements
[18, 115] cause the trans to cis ternary configuration of the trimeric SNARE complex is turned on and
explains the cortical reaction. Remarkably complexin and clathrin dissociate from the cortex and relo-
cate to intracellular structures and this is probably required to re-establish endocytosis and membrane
recycling [107]. In case of polyspermic fertilization of pig oocytes, we observed a normal cortical
reaction but this is not followed by a release of clathrin which may indicate that at the level of the
oolemma fusion the inhibition of endocytosis may have a relationship with the fusion properties of the
oolemma [107]. This observation confirms the finding that the polyspermy block is at least not imme-
diately dependent on cortical exocytosis (see Section 5.6.2). As noted above, little to nothing is known
about the content of the cortical granules although in general its content should resemble that of other
secretory vesicles. Like the acrosomal enzymes also the cortical granule enzymes are capable to alter
the zona pellucida structure. But the cortical granule enzymes differ from acrosomal enzymes in that
acrosomal enzymes digest the zona pellucida matrix locally (allowing sperm penetration) whereas the
cortical granule enzymes make the zona pellucida impermeable for acrosome-reacted sperm (the so
called slow polyspermy block).

5.8 Conclusion

This chapter provides an overview about the three fusion events involved in mammalian fertilization.
Acrosome exocytosis is first hurdle, allowing the sperm to fertilize the oocyte by resulting in local-
ized digestion of the zona pellucida and thus permitting the sperm to gain access to the oocyte plasma
membrane. The first sperm to interact with the oocyte plasma membrane and to execute actual fertil-
ization fusion delivers its male haploid genome to the oocyte. This sperm also activates the oocyte,
leading to the oocyte-to-embryo transition, including the establishment of blocks to polyspermy, with
the zona pellucida block being mediated by the third membrane fusion event of fertilization (i.e.,
cortical granule exocytosis). Both the secretion of the acrosome and the cortical granules can be con-
sidered as classical exocytotic events in which trimeric SNARE complex formation cause vesicle
docking to the gametes plasma membrane and Ca2+-dependent configuration to a cis trimeric SNARE
complex causes exocytosis. However, the acrosome exocytosis is unique in showing multiple fusions
of only one large secretory vesicle with the sperm plasma membrane, whereas the cortical granule
exocytosis likely initiaties with single point fusions of an array of cortical vesicles over the entire the
oocyte plasma membrane. The regulation machinery for vesicle docking and fusion with the plasma
membrane for both gametes needs to be studied into greater detail. In between the two exocytotic
membrane fusions lays the actual sperm-oocyte membrane fusion, which remains to be poorly under-
stood. The fusion between two gamete plasma membranes may share similarities to other extracellular
fusion events (e.g., myofibril formation, syncytia-forming transformed cancer cells in culture), or viral
fusion.
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Fig. 5.4 Model for SNARE mediated cortical exocytosis of the fertilized oocyte. At the germinal vesicle stage (GV)
the majority of the secretory granules (blue vesicles) are not residing in the cortex of the oocyte and are therefore do not
interact with the oocyte plasma membrane (yellow membrane). During later meiotic maturation at the metaphase II stage
(MII) about all granules have migrated towards the cortex region and strong co-localization of oocyte plasma membrane
and cortical granule content has been demonstrated. Therefore, it is possible that the cortical granules are docked to the
oocyte plasma membrane and that this interaction is stabilized in an analogous way to that of the acrosome. This would
explain why the premature cortical exocytosis is not observed. Complexin and clathrin are at this stage exclusively
present in the area where the cortical granules and the plasma membrane are interacting. It is noteworthy to mention
that membrane recycling is silenced in MII oocytes and no exocytosis as well as endocytosis can be observed. The
concentration of complexin and clathrin at the cortex may well have to do with this. Once the sperm has fertilized the
oocyte, it will introduce oocyte activation factors into the oocyte that allow Ca2+ mobilization (see Section 5.7.1) and
this results in at least the dissociation of clathrin and complexin. This dissociation has not been found in polyspermic
fertilized oocytes that still retain membrane recycling blocked at the oocyte surface. Perhaps this explains why redundant
sperm can cause polyspermic fertilization in those oocytes. In the monospermic oocytes the release of complexin and
clathrin coincides with the onset of membrane recycling by means of endocytosis and exocytosis and thus to further
embryo development. This figure summarizes the studies of Tsai et al. [107]

Taken together three membrane fusion events serve to achieve optimal monospermic fertilization of
mammalian oocytes. However, it is surprising that, despite of decades of research, the actual molecular
understanding of the fertilization of the mammalian oocyte is still relatively limited.
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Chapter 6
Trophoblast Fusion

Berthold Huppertz and Martin Gauster

Abstract The villous trophoblast of the human placenta is the epithelial cover of the fetal chorionic
villi floating in maternal blood. This epithelial cover is organized in two distinct layers, the multi-
nucleated syncytiotrophoblast directly facing maternal blood and a second layer of mononucleated
cytotrophoblasts. During pregnancy single cytotrophoblasts continuously fuse with the overlying syn-
cytiotrophoblast to preserve this end-differentiated layer until delivery. Syncytial fusion continuously
supplies the syncytiotrophoblast with compounds of fusing cytotrophoblasts such as proteins, nucleic
acids and lipids as well as organelles. At the same time the input of cytotrophoblastic components
is counterbalanced by a continuous release of apoptotic material from the syncytiotrophoblast into
maternal blood. Fusion is an essential step in maintaining the syncytiotrophoblast. Trophoblast fusion
was shown to be dependant on and regulated by multiple factors such as fusion proteins, proteases
and cytoskeletal proteins as well as cytokines, hormones and transcription factors. In this chapter we
focus on factors that may be involved in the fusion process of trophoblast directly or that may prepare
the cytotrophoblast to fuse.

6.1 Introduction

Syncytial fusion is a general process in animal tissues characterized by dissolution of the separating
parts of the plasma membranes of two neighboring cells. Hence, syncytial fusion leads to the assembly
of multinucleated structures derived and maintained by continuous fusion of and with mononucleated
cells. Such multinucleated structures are no longer termed a cell but rather are referred to as a syn-
cytium. Typical examples in the human are the placental syncytiotrophoblast and myoblast-derived
skeletal muscle fibers [1].

During the process of syncytial fusion a large array of different and interdependent intracellular
pathways is activated and results in the close interaction of the plasma membranes of two neighboring
cells. Finally the interacting parts of the plasma membranes dissolve and allow exchange of cytoplas-
mic contents (lipids, proteins and RNA) as well as organelles such as mitochondria, the endoplasmic
reticulum and the nucleus. Beside this cell–cell fusion process, fusion is a general phenomenon
within a cell used for membrane traffic and release or engulfment of vesicles. Fusion between two
cells requires a number of prerequisites since plasma membranes do not fuse easily to maintain the
individuality of a cell. Hence, syncytial fusion of two cells requires a specific repertoire of players to
prepare the cells to fuse and requires the presence and activation of specific fusogenic proteins.
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6.2 The Trophoblast

In the human as well as other mammals fusion processes are fundamental and compulsory for the start
and continuation of pregnancy. At the morula stage the trophoblast is the first cell line to differentiate
during embryogenesis. The trophoblast is essential for the development of the placenta and is not a
constituent of the embryo proper. Following the morula stage, the trophoblast differentiates into the
outer layer of the blastocyst, thus surrounding the early embryo [2].

At the time of implantation cells from the trophectoderm, the trophoblastic cover of the blastocyst,
differentiate into the first syncytiotrophoblast (Fig. 6.1). Those trophectoderm cells in contact with
the embryoblast as well as the uterine epithelium fuse to generate the very first syncytiotrophoblast.
Only this tissue seems to be able to penetrate through the uterine epithelium to enable implantation of
the human embryo. At the time of implantation the blastocyst shows a highly specific orientation with
the embryonic pole towards the uterine epithelium. If a proper orientation does not occur (Fig. 6.1),
spontaneous abortion or fetal growth restriction may be the consequences. After about 2 weeks of
development, between d15 and d21 post conception (pc), the early trophoblast further differentiates
into separate subtypes, leading to the lineages of the extravillous trophoblast to invade maternal tissues
and the villous trophoblast to set up the placental barrier.

6.2.1 The Villous Trophoblast

The villous trophoblast is the epithelial coverage of the placental villous trees. It is the outermost fetal
layer of the placenta and comes into direct contact with maternal blood. This tissue consists of two
layers, a layer of mononucleated progenitor cells and a second multinucleated outer layer.

The mononucleated villous cytotrophoblasts are in direct contact to their basement mem-
brane which separates this epithelial layer form the connective tissues of the villous stroma.
Cytotrophoblasts represent the pool of trophoblast progenitor cells that proliferate, leave the cell
cycle, differentiate and finally fuse with the overlying multinucleated layer. This outer layer is the
syncytiotrophoblast, a multinucleated layer without any lateral cell borders.

Fig. 6.1 Putative way of
blastocyst implantation in
the human
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In each placenta there is a single syncytiotrophoblast covering all villi of the placenta and repre-
senting the placental barrier between fetal tissues and maternal blood [2–4]. The syncytiotrophoblast
is essential to guarantee growth of the fetus and thus is responsible for functions such as transport
of oxygen, nutrients and waste products, hormone production and immune tolerance [2]. The syncy-
tiotrophoblast is highly differentiated and has lost its proliferative capacity. Moreover, similar to most
highly differentiated cells, the nuclei within the syncytiotrophoblast only show moderate rates of RNA
synthesis [5]. Hence, to maintain this huge layer throughout pregnancy, continuous syncytial fusion
of cytotrophoblasts with the syncytiotrophoblast is needed. Nuclei and other organelles as well as
proteins and RNA originating form the cytotrophoblasts are incorporated into the syncytiotrophoblast
by syncytial fusion and hence, maintenance of the multinucleated layer is guaranteed.

In recent years a number of studies has shown that preservation of a healthy pregnancy requires
a strict coordination and appropriate control of syncytial fusion within the villous trophoblast layer.
Alterations and especially dysregulation of syncytial fusion in the trophoblast may directly link to
pathological conditions such as intra uterine growth restriction and preeclampsia [6, 7].

6.3 Initiation of Syncytial Fusion in Villous Trophoblast

6.3.1 Fusogenic Proteins

Five criteria have been defined to decide whether or not a molecule belongs to the family of genuine
fusogens [8].

1. The molecule needs to be indispensable for fusion of two membranes.
2. The molecule needs to be expressed at the right time and be located at the right place.
3. If expressed in an originally non fusogenic cell, the molecule should be able to induce fusion in

such cells.
4. If expressed in heterologous cells, the molecule should be able to induce fusion in such cells.
5. The molecule has to initiate fusion of liposomes as well.

Such criteria clearly limit the number of candidate fusogens known to be involved in syncytial
fusion of villous trophoblasts. To date, the only fusogens described to be expressed in human villous
trophoblast are retroviral proteins of the syncytin family. DNA regions of retroviral origin were incor-
porated during evolution and comprise about 8% of the human genome [9]. Generally, such regions
are not translated into mRNA or proteins, while few regions are translated into functional proteins.
In the human placenta retroviral elements are expressed which are related to trophoblast fusion: the
envelope genes (env regions) of ERV-3, HERV-W, and HERV-FRD [10].

Syncytin-1, an envelope protein encoded by the HERV-W gene [11], and syncytin-2, an envelope
protein encoded by the HERV-FRD gene [12], are members of the syncytin protein family and have
been proposed to be important players in trophoblast fusion. However, their importance for syncytial
fusion of trophoblasts is still in doubt [10]. Syncytin-1 meets at least some of the above mentioned
criteria and thus could be a candidate fusogen in villous trophoblast [11–15]:

Criterion 1: Intercellular fusion of BeWo cells and primary cytotrophoblasts is impaired in the
presence of an anti-syncytin-1 antiserum [11] or syncytin targeting antisense oligonucleo-
tides [14].

Criterion 2: So far, available data on the localization of syncytin-1 in villous trophoblast
are rather heterogeneous. The protein was detected in the cytotrophoblast layer and/or the
syncytiotrophoblast [11–13, 15].
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Criterion 3: Expression of syncytin-1 in non fusogenic COS cells leads to fusion of such
cells [11].

Criterion 4: Expression of syncytin-1 results in syncytial fusion between heterologous BeWo and
COS cells [11].

Criterion 5: Liposomes (containing GFP expression plasmids) fused with syncytin 1 over-
expressing COS cells [11].

Also syncytin-2 was suggested to be involved in trophoblast fusion [16, 17]. However, even though
the two syncytins fulfil some of the criteria of genuine fusogens, so far their role in trophoblast fusion
is still unclear.

As detailed above the localization of syncytin-1 is still ambiguous, while syncytin-2 has been local-
ized to the cytotrophoblast layer [18–20]. Beside conflicting data on their localization, the number of
syncytin expressing cytotrophoblasts is much higher than the actual number of fusing trophoblasts.
This makes it hard to draw any conclusions on the physiological relevance of syncytins in the
trophoblastic fusion process. The syncytins may well be involved in trophoblast fusion; however,
the genuine fusogens involved in villous trophoblast fusion may still wait for their detection.

6.3.2 Preparation of Syncytial Fusion in Villous Trophoblast

Fusogenic molecules are only one aspect of the whole process of syncytial fusion. Additional factors
and players need to be in place to get the cell ready for fusion and to transform it to enable a specific
fusion event. A villous cytotrophoblast should only fuse with the overlying syncytiotrophoblast rather
than with a neighboring cytotrophoblast or any other cell in close vicinity to it. Respective factors and
players to control this fusion event are mostly molecules that carry out their functions prior or even
after the formation of the fusion pore by the fusogen.

These include regulatory proteins that trigger trophoblast fusion such as protein kinases [21–
23], transcription factors like glial cell missing-1 (GCM1) [15, 24] as well as intracellular proteases
[25, 26] (Fig. 6.2).

6.3.2.1 Growth Factors and Cytokines

Growth factors and cytokines derived from the maternal as well as the fetal environment obviously
influence trophoblast fusion (Table 6.1). Epidermal growth factor (EGF) [27], colony stimulat-
ing factor (CSF)-1 [28], granulocyte-macrophage colony-stimulating factor (GM-CSF) [28] as
well as leukemia-inhibitory factor (LIF) [29] and transforming growth factor (TGF)-α [29] have
been described to induce syncytial fusion of primary cytotrophoblasts in vitro resulting in aug-
mented secretion of human chorionic gonadotropin (hCG) and human placental lactogen (hPL).
Vascular endothelial growth factor (VEGF) increased number and size of syncytia in primary
first trimester cytotrophoblasts in vitro [30]. Transfection of antisense oligonucleotides against
macrophage inhibitory cytokine 1 (MIC-1) into term cytotrophoblasts led to inhibition of syncytium

�

Fig. 6.2 (continued) syncytin-1 results in the formation of a fusion pore between the cytotrophoblast and the overlying
syncytiotrophoblast (ST). Active caspase 8 is transferred into the syncytiotrophoblast during the fusion process. (c) After
fusion all cellular components of the cytotrophoblast, including proteins, nucleic acids and lipids as well as organelles
are incorporated into the syncytiotrophoblast. Also the fragments of the fodrin network are transferred. Caspase 8 is still
active at the time of transfer and needs to be inhibited by the action of anti-apoptotic proteins such as Bcl-2 and c-Flip
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Fig. 6.2 Preparation of fusion and fate of caspase 8 after villous trophoblast fusion. (a) Prior to fusion several
mechanisms are in place to prepare the cytotrophoblast (CT) for fusion. Pro-caspase 8 is conversed into its active
form that subsequently leads to cleavage of the sub-membranous cytoskeletal protein alpha-fodrin (green). Moreover,
caspase 8 may directly or indirectly mediate the flip of phosphatidylserine from the inner (red) to the outer (blue)
leaflet of the plasma membrane. Activation of protein kinase A (PK-A) results in activation of the transcription factor
GCM1 that in turn upregulates expression of the fusogenic protein syncytin-1 (violet). (b) During fusion fragmen-
tation and remodeling of the fodrin cytoskeleton in combination with the PS-flip and fusogenic proteins such as
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formation [31]. Also syncytiotrophoblast derived hCG has been shown to have an autocrine effect on
the villous trophoblast and to increase syncytium formation [29, 32].

On the contrary, so far only few factors and players have been described to negatively act on
trophoblast fusion and to reduce formation of trophoblast syncytia. Tumor necrosis factor (TNF)-α
as well as transforming growth factor (TGF)-β have been shown to impair syncytium formation and
reduce secretion of hCG and hPL [33].

6.3.2.2 Protein Kinases

Growth factors, cytokines and other environmentally derived factors may bind to their respective
receptors on the villous trophoblast. In turn this may turn on downstream signaling pathways acti-
vating kinases and transcription factors (Table 6.1). Two members of the family of mitogen-activated
protein kinases (MAPKs), p38 and the extracellular signal-regulated kinase1/2 (ERK1/2), were shown
to be involved in the regulation of trophoblast differentiation and fusion [22, 23]. In vitro, block-
age of ERK1/2 and/or p38 activities by respective inhibitors in primary trophoblasts down regulates
differentiation and results in the formation of less syncytia [22]. Transient overexpression of the cat-
alytic subunit of protein kinase A (PKA) led to enhanced fusion of BeWo cells, a trophoblast-derived
choriocarcinoma cell line [23].

6.3.2.3 Transcription Factor GCM1

Forskolin is a reagent known to induce fusion in the trophoblast derived cell line BeWo (Fig. 6.3).
Administration of forskolin raises intracellular cAMP concentrations in these cells. This in turn leads
to the upregulation of glial cell missing homolog 1 (GCM1) [23], a transcription factor belonging to
the GCM family of zinc-containing transcription factors [34].

GCM1 has been shown to be directly linked to the initiation of trophoblast fusion. As a transcrip-
tion factor, GCM1 regulates transcription of genes. In the human placenta, GCM1 has been shown to
upregulate the expression of syncytin-1 [15, 19]. At the same time, activity of GCM1 only starts when
a cytotrophoblast has left the cell cycle. Thus, GCM1 activity is negatively correlated with trophoblast
proliferation [24]. GCM1 is only expressed in the subset of highly differentiated villous cytotro-
phoblasts [35], which are destined to fuse with the syncytiotrophoblast. This is in agreement with
the observation that villous cytotrophoblasts leave the cell cycle before starting their differentiation
program resulting in syncytial fusion.

6.3.2.4 Externalization of Phosphatidylserine

The asymmetrical distribution of phospholipids in the two leaflets of mammalian plasma membranes
is actively maintained [36]. The inner leaflet contains most of the negatively charged phospholipids
such as phosphatidylserine (PS) and phosphatidylethanolamine. However, under certain conditions
a cell may redistribute the negatively charged phospholipids, especially PS, from the inner to the
outer leaflet of the plasma membrane. This “PS-flip” has been shown to be an early event during the
apoptosis cascade which is used as an “eat-me” signal to eliminate apoptotic cells [37]. However, this
flip has also been shown to be required for syncytial fusion [38].

The active maintenance of the phospholipid asymmetry is due to at least three different lipid
transporters:

1. ATP-independent bidirectional transporters (scramblases),
2. ATP-dependent inward flipping aminophospholipid translocases (flippases, inward transloca-

tion), and
3. ATP-dependent outward flipping transporters (floppases, outward translocation).
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Fig. 6.3 Choriocarcinoma cell line BeWo as an in vitro model to study trophoblast fusion. Forskolin induces
morphological and endocrine differentiation of trophoblast derived BeWo cells. While solvent control (DMSO, 0.2%,
24 h) treated cells remain in a mononucleated state (a), in the presence of forskolin (20 μM, 24 h) BeWo cells dif-
ferentiate into multinucleated syncytia (b, arrow), as visualized by E-cadherin staining. While ßhCG expression is
only marginally detected in the presence of the solvent control (c), forskolin induces not only syncytialization but also
abundant expression of βhCG (d, arrow)

A scramblase transfers lipids from the inner to the outer as well as from the outer to the inner leaflet
of a plasma membrane, while the activity of a flippase is restricted to the transfer of lipids from the
outer to the inner leaflet, and the activity of a floppase is restricted to the transport of lipids from the
inner to the outer leaflet [39, 40].

The externalization of phosphatidylserine is a prerequisite for syncytial fusion in skeletal mus-
cle and villous trophoblast, the two main multinucleated fusion systems in the human [41, 42].
A short and transient exposition of phosphatidylserine to the outer leaflet of the plasma membrane
has been detected in myoblasts at specific cell–cell contact sites just prior to and during fusion into
myotubes [42]. In villous trophoblast the PS-flip was detected in a subset of highly differentiated
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cytotrophoblasts without any other signs of apoptosis [41]. In the trophoblast-derived BeWo chorio-
carcinoma cell line that is used as an in vitro model for primary trophoblast, the PS-flip is essential
for syncytial fusion [38, 43]. Using an antibody directed against PS blocked syncytial fusion of BeWo
cells [38, 43].

The reason for the flip of phosphatidylserine to the outer leaflet of the plasma membrane prior
to fusion may be as follows: Fusogenic proteins are actively involved in forming the fusion pore.
Fusogenic proteins have an alpha-helix structure with an orientation almost parallel to the lipid acyl
chains of the plasma membrane. To enable reorientation of the fusion protein to insert it into the lipid
bilayer of the neighboring cell, redistribution of phosphatidylserine is required [44]. Only then the
highly specific orientation of the fusion protein can induce membrane fusion [45].

6.4 Caspases and Their Roles in Syncytial Fusion

In skeletal muscle as well as placental trophoblast syncytial fusion seems to depend on the activ-
ity of intracellular proteases. Hence, such proteases play essential roles in priming mononucleated
cells for fusion. In myoblasts, the progenitor cells of skeletal muscle fibers, the activity of calpains,
Ca2+-regulated cysteine proteases, is upregulated prior to fusion [46]. Calpains play a critical role
in a variety of processes including syncytial fusion [46, 47]. Activity of calpastatin, the endoge-
nous inhibitor of calpains, blocks fusion of myoblasts [48] demonstrating the important role of these
proteases in preparing myoblasts for fusion.

Gauster et al. [26] have shown that in villous trophoblast calpains do not seem to play a role in
preparing such cells for syncytial fusion [26]. Rather, villous trophoblast seems to make use of a
similar but different system of proteases. In the trophoblast activity of initiator caspase 8 has been
shown to be essential for the fusion process [26, 49].

Caspases are aspartate-specific cysteine proteases that are known for their crucial roles in the apop-
tosis cascade. Here they act as initiators or executioners by activating cascade-like events during
programmed cell death [50].

However, the belief that caspase activity is limited to apoptosis has become outdated, as several
studies supported non-apoptotic functions of caspases. Such functions comprise regulation of inflam-
matory processes, proliferation, migration as well as differentiation (see [51] for an overview). A good
example is the study of Fernando et al. [52] who described a unique role for a caspase 3-mediated
signaling cascade in skeletal muscle differentiation and fusion [52].

6.4.1 Localization of Caspase 8

Caspase 8 was initially shown to be expressed in villous trophoblast using immunohistochemistry
with antibodies against the active forms and proforms of the protease [53]. Subsequent studies refined
the localization of pro-caspase 8 to villous cytotrophoblast in first trimester placental specimens
[54, 55]. In an in vitro model making use of first trimester villous explants, an integral role of caspase
8 in trophoblast fusion was suggested. Antisense oligonucleotides to block caspase 8 protein expres-
sion or peptide inhibitors (z-IETD-fmk) to block activity of caspase 8 inhibited fusion and led to a
multilayered cytotrophoblast layer within 48 h [49, 56].

A recent study from our laboratory revealed that active caspase 8 is present in some post-
proliferative, terminally differentiated villous cytotrophoblasts [25]. It was also detected in rare cases
of trophoblasts that were located between the two villous trophoblast layers as well as in few sites
of the overlying syncytiotrophoblast [25]. Hence, initial activation of caspase 8 takes place in highly
differentiated cytotrophoblasts just prior to fusion. The active protein accompanies the content of the
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fusing cell into the syncytiotrophoblast. Here it stays active for a short while and then becomes inac-
tivated. So far, it is unclear how the spreading of the active protease as well as the inactivation of
caspase 8 are regulated.

6.4.2 Contributions of Caspase 8 to Trophoblast Fusion

From its roles and actions in other cell types it becomes clear that caspase 8 is not a genuine fusogen.
Rather, it has not yet determined adequately which mechanistic role caspase 8 plays in trophoblast
differentiation and fusion. As a protease it will most probably not be able to act in directly fusing
two membranes. On the other hand, similar to other factors acting in trophoblast differentiation, cas-
pase 8 may be involved upstream of syncytial fusion. The protease may prime specific parts of the
cell for the upcoming fusion event. Such priming processes may comprise the remodeling of mem-
brane architecture initiating the PS-flip, remodeling of the sub-membranous cytoskeleton, as well as
initiating complex cell signaling processes.

6.4.2.1 Caspase 8 and Externalization of Phosphatidylserine

As described above (Section 6.3.2.4) loss of phospholipid asymmetry in the plasma membrane, with
externalization of PS to the outer leaflet of the membrane, is a hallmark of apoptosis, but was also
described as prerequisite of syncytial fusion [38, 57, 58]. Caspase 8 has already been shown to play a
role in externalization of phosphatidylserine in erythrocytes [59] and a squamous cell carcinoma cell
line [60].

A direct action of caspase 8 in PS externalization during trophoblast fusion has not yet been exam-
ined in detail yet. In the trophoblast-derived choriocarcinoma cell line BeWo, caspase 3 was excluded
to be involved in PS externalization since administration of a multi-caspase inhibitor (Z-VAD-fmk) to
these cells did not change the capacity of the cells to bind FITC-annexin V [36]. Moreover, caspase
3 activity and cytochrome c release from mitochondria did not change when BeWo cells were forced
to fuse by addition of forskolin. Hence, it was suggested that externalization of phosphatidylserine is
not triggered by execution caspases such as caspase 3, but rather by other mechanisms [36].

At the same time, van den Eijnde et al. [42] showed that in fusing myoblasts externalization of
phosphatidylserine is spatially and temporarily restricted to certain cell–cell contact areas during
fusion [42]. This raised the notion that PS externalization during fusion is spatially restricted to very
small compartments of the plasma membrane. Such small areas between two fusing cells may not be
accessible for antibodies or FITC-conjugated phosphatidylserine and thus may escape visualization
by light microscopy.

6.4.2.2 Caspase 8 and Cytoskeletal Remodeling

Spectrin, band 4.1 and fodrin belong to the spectrin protein family of sub-membranous cytoskeletal
proteins that possess binding sites for phosphatidylserine [61, 62]. The erythroid spectrin belongs to
a larger family of cytoskeleton proteins with its non-erythroid homolog alpha-fodrin. Such proteins
may be involved in sequestering this negatively charged phospholipid in the inner leaflet of the plasma
membrane. Interestingly, target proteins of caspase activity include proteins of the sub-membranous
cytoskeleton such as spectrin and fodrin [63]. In the villous trophoblast alpha-fodrin shows an incon-
sistent distribution in cytotrophoblasts with absence in the syncytiotrophoblast [53]. It was initially
assumed that in the cytotrophoblast alpha-fodrin is cleaved by initiator caspases such as caspase 8
prior to fusion [53]. Recently, we have shown that caspase 8 is able to cleave alpha-fodrin and that
alpha-fodrin expression is diminished in highly differentiated cytotrophoblasts, and entirely missing in
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the syncytiotrophoblast [53]. Thus, a direct contribution of active caspase 8 in cleavage of alpha-fodrin
in fusing primary trophoblasts and BeWo cells was substantiated [26].

Immunohistochemical staining of villous trophoblast revealed a co-localization of active caspase
8 with vesicles of alpha-fodrin in newly formed sites of the syncytiotrophoblast [26]. This data
suggested that alpha-fodrin is cleaved by active caspase 8 during the transition of a cytotrophoblast
into the syncytiotrophoblast layer [26]. However, since the avidity and number of PS-binding sites
in spectrin-like proteins is not enough to keep phosphatidylserine in the inner leaflet of a plasma
membrane, cleavage of alpha-fodrin may not be sufficient to result in excessive externalization of
phosphatidylserine [64].

As shown for alpha-fodrin, tight control of the cleavage of the sub-membranous cytoskeleton
is an important process to prime a cell for the fusion process. The spectrin network maintains the
curvature of the plasma membrane and respective degradation of spectrin affects membrane curvature
and facilitates fusion, since an increasing curvature of a membrane increases fusogenicity [65]. The
importance of the spectrin/fodrin network for fusion has been demonstrated by microinjection of anti-
fodrin antibodies into bovine kidney epithelial cells [66]. The presence of the antibodies induced cell
fusion in these non-fusogenic cells [66], pointing to a key role of the sub-membranous cytoskeleton
in the fusion process.

6.4.3 Caspase 8 Regulation During and After Fusion

If the above interpretation of data is correct, then caspase 8 is turned into its active form already
in the cytotrophoblast and is incorporated into the syncytiotrophoblast by fusion with this specific
cytotrophoblast. For the multinucleated layer of the syncytiotrophoblast the incorporation of such
hazardous material would have the risk of activating the apoptosis cascade. Hence, to prevent such a
scenario, respective safety measures need to be in place:

1. The inactive proforms of caspase 8 seem to be present only in the cytotrophoblast layer, while in
the syncytiotrophoblast these are absent. Activated caspase 8 that is incorporated into the syncy-
tiotrophoblast by syncytial fusion may run out of inactive proforms within the syncytium, and thus
further autocatalysis of this caspase is avoided.

2. In primary term trophoblasts it was shown that the level of trophoblast differentiation clearly
impacts the activity of caspases [67]. In less differentiated (mononucleated) trophoblasts the
activities of caspases 3, 6, 8 and 9 are significantly increased compared to the activities in
more differentiated (multinucleated) cells [67]. Accordingly, specific mechanisms within the
syncytiotrophoblast may inhibit active caspases but also activation of downstream caspases.

3. Members of the Bcl-2 family of proteins belong to those candidate proteins that may well be
involved in regulating the progress of the apoptosis cascade in the syncytiotrophoblast. Anti-
apoptotic members of this family such as Bcl-2 and Mcl-1 have been described to be expressed
in the syncytiotrophoblast throughout gestation [68]. Thus, the syncytiotrophoblast may use anti-
apoptotic Bcl-2 family members to down-regulate caspase activity after incorporation of active
caspase 8 via syncytial fusion.

4. An active caspase 8 molecule may also be directly inhibited by inhibitors such as c-Flip (cellular
FLICE inhibitory protein). C-Flip exists in two splice variants (short and long) and directly acts
on and binds to caspase 8 leading to activation or inhibition of this protease [69]. In trophoblast
derived cell lines such as BeWo, Jeg-3 and Jar cells c-Flip is expressed [70–72]. In cell lines c-Flip
and caspase 8 are co-localized in the same cells. This is true for term villous trophoblast as well. In
the cytotrophoblast layer caspase 8 co-localizes with c-Flip. However, c-Flip is present at specific
sites in the syncytiotrophoblast as well, maybe at those sites where fusion will occur shortly [71].
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6.5 Location Where Fusion Is Initiated in the Trophoblast

Several factors from maternal blood, the fetoplacental tissues as well as the trophoblast have been
postulated to regulate cytotrophoblast fusion with the syncytiotrophoblast. However, the driving force
initiating this event still awaits its detection. Thus, the question remains whether fusion is initiated
by the syncytiotrophoblast, the cytotrophoblast, by both or by other cells such as Hofbauer cells, the
placental macrophages.

6.5.1 Syncytiotrophoblast

Initiation of syncytial fusion by the syncytiotrophoblast requires dissolution of the plasma mem-
brane at small and well defined sites. Such sites could presumably be those regions requiring
fresh cytotrophoblast derived material. Indeed, degenerative changes within the syncytiotrophoblast
were suggested to induce differentiation of the underlying cytotrophoblasts [73]. If the syncytiotro-
phoblast would route syncytial fusion, the respective cytotrophoblasts could be prepared to undergo
fusion by leaving the cell cycle, adjusting differentiation towards fusion and adjusting the cellu-
lar expression pattern to the needs of the overlying syncytiotrophoblast. Hence, defined sites of
the syncytiotrophoblast may release stimuli regulating the level of differentiation of underlying
cytotrophoblasts.

However, experiments using trypsinization of villous explants to remove the syncytiotrophoblast
revealed that under such conditions fusion of villous cytotrophoblasts still occurs [24, 33, 74]. This
seems to contradict the hypothesis of initiating fusion by the syncytiotrophoblast. This only holds
true if the syncytiotrophoblast-derived signal is a signal to promote differentiation and fusion. On the
other hand, if this syncytial signal hinders fusion, then the reduction or loss of the signal may result
in initiating fusion. From this point of view, the experiments listed above could well be explained by
such a negative syncytial signal.

6.5.2 Cytotrophoblast

Initiation of fusion by the cytotrophoblast is difficult to anticipate without a close collaboration with
the syncytiotrophoblast. If fusion is initiated and conducted by the cytotrophoblast without knowl-
edge of the situation in the overlying syncytiotrophoblast, the latter could locally exceed but also
exhaust in compounds derived from the cytotrophoblast. Hence, it is tempting to speculate that a
cross-talk between the two layers exists to spatially and temporarily route syncytial fusion between a
cytotrophoblast and the syncytiotrophoblast.

6.6 Concluding Remarks

Syncytial fusion of villous cytotrophoblasts with the syncytiotrophoblast needs to be tightly controlled
and at the same time needs to take place throughout pregnancy. Only a continuous input of fresh
cytotrophoblastic compounds assures the maintenance of the multinucleated syncytiotrophoblast and
thus sustains the placental barrier. Different factors and players have been suggested to be essential
for trophoblast fusion including cytokines, hormones, protein kinases, and transcription factors. More
specifically, experiments on the syncytins 1 and 2 as well as on caspase 8 have opened the avenue to
broaden the field of players in trophoblast fusion. However, a specific role for any of the suggested
players is still not certain.
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Chapter 7
Macrophage Fusion and Multinucleated Giant Cells
of Inflammation

Amy K. McNally and James M. Anderson

Abstract Macrophages undergo fusion with other macrophages to form the hallmark multinucleated
giant cells of chronic inflammation. However, neither the existence of distinct morphological types
of giant cells, the signaling pathways that induce their formation, the molecular mechanism(s) of
macrophage fusion, nor the significance of macrophage multinucleation at chronic inflammatory sites
are well understood. Our efforts have been focused on these unknowns, particularly as they relate
to the foreign body-type giant cells that form on implanted biomaterials and biomedical devices.
We have pursued the discoveries of human macrophage fusion factors (interleukin-4, interleukin-13,
α-tocopherol) with emphasis on foreign body giant cells, and identified adhesion receptors and sig-
naling intermediates, as well as an adhesion protein substrate (vitronectin) that supports macrophage
fusion. Studies on the molecular mechanism of macrophage fusion have revealed it to be a mannose
receptor-mediated phagocytic process with participation of the endoplasmic reticulum. Further phe-
notypic and functional investigations will foster new perspectives on these remarkable multinucleated
cells and their physiological significances in multiple inflammatory processes.

7.1 Introduction

Multinucleated giant cells have long been regarded as hallmark indicators of chronic inflammatory
processes. As early as 1868, Langhans reported unusual giant cells containing multiple peripherally-
arranged nuclei in the granulomas of tuberculosis [1]. Other than this long-standing link with chronic
inflammation, however, we know relatively little about these intriguing cells and even less about why
they appear where and when they do.

In many cases where giant cells are observed, there is a definable pathological agent, such as in
tuberculosis, in which the causative organism is a mycoplasma. Additional examples of known causes
are persistent bacterial, viral, parasitic, or fungal infections. In other cases, giant cells arise where the
chronic inflammatory cause is not precisely known, for example, in sarcoidosis, rheumatoid arthritis,
and certain neoplasias [2]. Of particular interest for our research, giant cells appear where there is a
non-phagocytosable foreign body in the form of an implanted biomedical device or biomaterial [3]. In
fact, so-called foreign body giant cells have been observed to interface with vascular, cardiovascular,
orthopedic, and breast prostheses for periods extending to 15 years [4] and to occupy as much as 25%
of implant surface area [5]. Therefore, they are a prominent cell type on biomaterials and have been
widely linked to the biodegradation of certain biomedical polymers in vivo.
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From a cell biological perspective, the most interesting and striking feature of giant cells is that
they are actually multinucleated macrophages, formed by macrophage fusion with other macrophages
[6, 7]. Other well known examples of cell–cell fusion, such as myoblast fusion, sperm/ovum fusion,
or osteoclast formation, are clearly function-driven aspects of normal physiology. In contrast, and
because macrophages in their mononuclear form appear to be effective in other immune and inflam-
matory scenarios, the biological basis of macrophage multinucleation at various sites of chronic
inflammation remains only speculative. For example, “frustrated phagocytosis” has been suggested
as a driving force for multinucleation [8], which could potentially serve to combine phagocytic
forces that are otherwise ineffective. An alternative possibility is that macrophage multinucleation
might function to sequester a nonphagocytosable foreign body in order to protect host tissues from
the adverse consequences of an on-going chronic inflammatory response. In a polarized cell type,
as has been proposed by Vignery [9], both of these situations could be the case. Nevertheless, the
single common denominator in these otherwise pathologically distinguishable scenarios appears to
be the persistent, i.e. unresolvable by phagocytosis, presence of foreign microorganisms or materials.
Beyond this, the precise molecular mechanism of macrophage fusion has not been elucidated, and the
potential physiological significance of multinucleation itself, so key to understanding these cells, is as
yet unclear.

7.2 Morphological Types of Multinucleated Giant Cells

A further dimension to these unknowns stems from the existence of morphological “variants” of
multinucleated giant cells, of which there are two major recognized types. These have also long
been observed, and yet their potential differences have been largely, and even surprisingly, over-
looked. However, in order to advance our understanding of multinucleated macrophage biology, we
must begin to view distinct morphological types as more than vague “variants” of the same thing. In
keeping with structure/function relationships in biological systems, our in vitro findings with human
macrophage fusion support this view and raise new questions on the potential significances of types
of multinucleation.

The type of giant cell originally observed by Langhans is consistently circular or ovoid in shape
with a limited number of nuclei, often arranged in a characteristic circular or semi-circular “horse-
shoe” pattern (Fig. 7.1a). These multinucleated cells vary somewhat in diameter but seldom exceed

Fig. 7.1 Micrographic images of (a) LGC or (b) FBGC giant cell morphological types induced with IFN-γ + IL-3
or IL-4, respectively. The inset at lower left in (a) is an enlargement of the multinucleated cell seen at the top right
corner of the same image. It demonstrates a random nuclear arrangement under LGC-inducing conditions, illustrating
how classification of giant cells by morphology alone has generated confusion in the literature
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50 microns, nor do they normally contain more than about 10–20 nuclei, which indicates a limited
potential for macrophage fusion. Langhans-type giant cells (LGC) are commonly seen in association
with granulomas due to chronic microbial infections [10].

Quite unmistakably distinct from LGC are the foreign body-type giant cells (FBGC) which are
found interfacing with foreign materials such as surgical sutures or implanted biomedical devices
(Fig. 7.1b). These exhibit an irregularly-shaped cytoplasm which is highly variable in size. Numbers
of nuclei in FBGC are also widely variable and range from ten to many tens to even hundreds within
a cytoplasm that may exceed one millimeter in diameter [5, 11]. This suggests that, unlike LGC,
a mechanism to restrict degrees of fusion does not operate in FBGC. In further contrast to LGC,
FBGC exhibit no definable patterns of nuclear arrangments, with multiple nuclei randomly scattered
throughout the extensive cytoplasm of these irregularly-shaped cells.

There also exists a gray area between these two readily identifiable giant cell types, which is occu-
pied by multinucleated cells with relatively few nuclei (usually around 3–10) and no particular pattern
of nuclear arrangement (for example, the multinucleated cell in the top right corner of Fig. 7.1a, which
is enlarged in the inset at lower left). This is the cell type that is responsible for apparent confusion
in the literature because: (1) the classification of giant cells is as yet insufficiently based almost com-
pletely on morphology, and (2) macrophage fusion leading to giant cell formation is a morphological
continuum, of which we can glimpse only part. Although their random nuclear arrangements usually
place these cells in the foreign body giant cell category, this may, in fact, be misleading. Obviously,
they could be precursors to larger and more highly multinucleated FBGC. However, they may actu-
ally be LGC precursors, i.e in the early stages of formation, post several fusion events but prior to the
circular or semi-circular arrangement of nuclei. Finally, they could represent a non-Langhans-, non-
foreign body-type giant cell. Further studies focused on the phenotypes and functions of morphologic
types of giant cells are rquired to illuminate these unknowns.

7.3 Differential Signaling Pathways for Macrophage Multinucleation

In our in vitro studies with human monocyte-derived macrophages, we were able to demonstrate that
the FBGC and LGC morphologies clearly arise under the influences of very different cytokines. As
depicted in Fig. 7.2, FBGC can be induced by interleukin (IL)-4 [11] or IL-13 [12], or, as we later
discovered, by a non-cytokine moiety, α-tocopherol [13]. Alternatively, LGC generation is mediated
by interferon (IFN)-γ plus a macrophage maturation factor [11, 14]. The FBGC or LGC generated
in our parallel in vitro systems were morphologically indistinguishable from those observed adher-
ent to implanted biomaterials or in association with infectious granulomas, respectively. Both IL-4
and IFN-γ had been previously linked to macrophage fusion [14–17]. It was difficult to compare
these investigations, however, because of considerable variations in cell sources and culture condi-
tions. We demonstrated that, under otherwise identical culture conditions, these two distinct cytokines
induced two morphologically distinguishable types of giant cells from human blood monocyte-derived
macrophages [11]. This indicated, for the first time, that the occurrence of distinct types of giant cells
at chronic inflammatory sites may represent different host responses to diverse inflammatory stimuli.

7.3.1 Interleukin-4 and Interleukin-13

Our early efforts to establish an in vitro system of human macrophage fusion that would dupli-
cate FBGC morphology were aided by a study from McInnis and Rennick [15], who, working
with IL-4-treated mouse bone marrow macrophages, were able to achieve a fusion rate of approxi-
mately 10%. However few, the FBGC that they generated were morphologically very similar to the



100 A.K. McNally and J.M. Anderson

Fig. 7.2 Morphologically distinct types of giant cells are induced by differential cytokine signals from human
blood monocyte-derived macrophages in vitro. IL-4, IL-13, or α-tocopherol promotes the formation of foreign body-
type giant cells (FBGC) on implanted biomaterials. FBGC vary greatly in cytoplasmic areas and numbers of randomly-
arranged nuclei. In contrast, Langhans-type giant cells (LGC) are induced by IFN-γ in the presence of a macrophage
maturation factor such as GM-CSF, M-CSF, or IL-3. LGC are relatively much smaller and are characterized by a circular
or semi-circular arrangement of nuclei within an ovoid cytoplasm. At longer culture times, LGC develop pyknotic
nuclei, indicating apoptosis, whereas pyknotic nuclei are not observed in FBGC

FBGC observed on retrieved biomedical materials. Other investigators had, up to that point, also
reported varying degrees of human macrophage fusion using INF-γ [14, 16] or supernatant from
lectin-stimulated mononuclear leukocytes [17–19], but these cultures mainly appeared to produce
“polykaryons” which bore no resemblance to giant cells observed in vivo [16] or Langhans-type
multinucleated cells [14, 17], which are not oberved interfacing with implanted biomaterials [3]. In
two of these studies, each attempted to extend the finding of McInnis and Rennick from mouse to
human monocytes/macrophages. They were each unsuccessful, concluding that IL-4 was not a human
macrophage fusion factor and that the effect observed by McInnis and Rennick was a species-specific
one [14, 17]. However, these investigators had added IL-4 directly to human monocytes in culture,
which actually inhibits monocyte adhesion [20]. Instead, our approach provided a period of monocyte-
to-macrophage development prior to the addition of IL-4. Thus, we were able to demonstrate that
IL-4 is indeed a potent human macrophage fusion factor [11], and that the process of IL-4-induced
FBGC formation requires a degree of macrophage development prior to the induction of fusion. We
initially found that this could be achieved by the inclusion of macrophage maturation factors, such as
granulocyte-macrophage colony-stimulating factor (GM-CSF), macrophage (M)-CSF, or IL-3 in the
cultures [11]. However, mauration factors do not, by themselves, induce fusion and are not required for
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IL-4-induced fusion per se. We later learned that if monocytes/macrophages were cultured on chemi-
cally supportive surfaces, such as arginine-glycine-aspartate (RGD)-modified cell culture polystyrene,
the addition of IL-4 only was sufficient to induce FBGC formation [21]. At the time, IL-13 was also
emerging as alternative macrophage activation cytokine with multiple activities that were similar to
IL-4. Therefore, we tested IL-13 under the same culture conditions that had been established for IL-4
and discovered that it, too, was a potent human macrophage fusion factor that, by itself, could induce
the formation of FBGC in a manner indistinguishable from that of IL-4 [22]. In vivo studies confirmed
a role for IL-4 in FBGC formation on biomaterials [23]. Our more recent in vivo efforts with athymic
(nude) mice suggest that Th2 lymphocytes are not the source of IL-4/IL-13 [24]. Other possibilities
include mast cells, eosinophils, basophils, natural killer (NK) lymphocytes, and NKT lymphocytes
[25, 26]. These avenues remain to be addressed.

7.3.2 Interferon-γ

In parallel cultures and under identical conditions, we tested IFN-γ as a fusion factor compared
to IL-4. We found that IFN-γ induced fusion leading to the formation of LGC only [11]. Unlike
FBGC formation, IFN-γ-mediated fusion does require the cocommitant presence of a macrophage
maturation factor, which can be either granulocyte-macrophage colony-stimulating factor (GM-CSF),
macrophage-CSF, or IL-3 [11]. As illustrated in Fig. 7.2, LGC appear to have a limited lifespan,
as nuclear pyknosis occurs with continued culture times, whereas FBGC cultures do not develop
pyknotic nuclei (our unpublished observations). In the presence of IL-4, apoptosis does not occur
[27], and the resultant FBGC exhibit morphologically normal nuclei.

7.3.3 α-Tocopherol

It was also intriguing that vitamin E incorporated in a poly(etherurethane) biomaterial induced
increases in FBGC formation yet decreases in biomaterial degradation in vivo ( [28] and unpublished
data). This was the first evidence to disconnect IL-4-induced macrophage fusion from biomed-
ical polymer degradation. In vitro studies to directly pursue this revealed that vitamin E (90%
α-tocopherol) moderately induced macrophage fusion and increased IL-4-induced FBGC forma-
tion. However, the purified α-tocopherol isomer alone most remarkably induced macrophage fusion,
leading to cultures of confluent FBGC below normal plasma tocopherol concentrations [13]. This
was not the case with the structurally similar antioxidants probucol or Trolox, suggesting that the
α-tocopherol effects on FBGC formation were independent of its antioxidant activity. In this regard,
multiple activities of α-tocopherol have been described that are independent of its antioxidant prop-
erties, including effects on phospholipase A2, protein kinase C (PKC), adhesion, and diacylglycerol
kinase activity ([29] and see below). This study revealed that α-tocopherol is yet a third as well as
the most potent human macrophage fusion factor, inducing striking multinucleated giant cells of the
foreign body-type.

7.4 Mechanisms of Adhesion that Support FBCG Formation

Based on our collective experiences, monocyte-derived macrophage fusion leading to FBGC or LGC
formation requires adhesion success. This is highly dependent on culture material surface chem-
istry and/or adsorbed blood proteins [21, 30]. Culture materials that do not support initial monocyte
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adhesion and its ensuing macrophage morphological development (cytoplasmic expansion) beyond
monocyte adhesion cannot support giant cell formation. Apparently, this requires the engagement
of select integrins with appropriate adsorbed protein ligands to initiate activation of specific adhe-
sion signals. Our investigations on adhesion mechanisms that support FBGC formation have focused
on specific components of adhesion success. These include the adsorption of appropriate blood
proteins or the provision of a supportive culture material surface, the identification of relevant adhesion
receptors (integrins), integrin-mediated signaling (adhesion kinases), cytoskeletal responses (microfil-
aments and microtubules), and the assembly of focal adhesion structures (podosomes). In addition, we
have pursued mechanisms of material-dependent adhesion failure, or anoikis (apoptosis) as a means
of intervention in the process of FBGC formation on biomaterials.

7.4.1 Adhesion Receptors (Integrins)

Initial efforts to identify adhesion receptors that support FBGC formation revealed that both β1 and
β2 integrins mediated adhesion during IL-4-induced FBGC formation [31]. Initial monocyte adhe-
sion required functional β2 integrins, whereas, during the IL-4 induction of macrophage fusion, an
additional dependence on functional β1 integrins was acquired. Of note, we did not find a functional
role for β3 integrins in FBGC formation, nor did we detect β3 integrin in our culture system. This
indicated that FBGC adhesion differs from that of osteoclasts, which utilize αVβ3 integrins for adhe-
sion to bone [32]. Subsequent studies focused on the identities of the α integrin partners to these
heterodimeric adhesion receptors [33]. Immunoprecipitation of fusing macrophage/FBGC lysates
with anti-β1 integrin and immunoblotting revealed the presence of α5 and αV, as well as α2 and
α3. As expected, αM and αX immunoprecipitated with β2 but not with β1. We did not detect α4 or
several other β integrin partners. Immunocytochemistry coupled with confocal microscopy indicated
that α5 and αX are poorly expressed on day 0. However, following the induction of macrophage fusion
by IL-4 on day 3, they were each readily detectable in fusing macrophages/FBGC on day 7. In con-
trast, αM and αV were present throughout the culture period, with very strong αM and αX expression
on day 7. We also demonstrated expression and co-localization of α3, α5, or αV with β1 on fusing
macrophages/FBGC at this time point as well as strong co-localization of αM and αX with β2 at
cell–cell fusion interfaces. Therefore, IL-4-induced FBGC are characterized by the expression of
αMβ2 and αXβ2 > α5β1 and αVβ1 > α3β1 and α2β1. Thus, monocytes/macrophages and FBGC
express a select group of adhesion receptors with potential for binding to specific blood proteins
that may adsorb to biomaterials and to extracellular matrix proteins, including complement C3, fib-
rin(ogen), fibronectin, Factor X, vitronectin, certain collagens, laminin, and perhaps others as new
ligands for these receptors become known.

7.4.2 RGD and Vitronectin

Initially, we discovered that arginine-glycine-aspartate (RGD)-modified culture polystyrene supported
optimal monocyte-to-macrophage development in the absence of any other macrophage matura-
tion factors [21], suggesting that an adhesion protein(s) containing this prototypical cell attachment
sequence [34] is critical for this morphological progression. Combined with our later integrin recep-
tor findings, we directly addressed the identification of relevant ligand(s) for these adhesion receptors.
The approach was to adsorb potential integrin protein ligands to polystyrene culture surfaces. We
thereby found that IL-4-induced FBGC formation did not proceed in vitro on material adsorbed
with complement C3bi, fibrinogen, plasma fibronectin, cell-derived (fibroblast) fibronectin, collagen
types I or IV, or laminin [30]. Surprisingly, these proteins also completely restricted macrophage
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adhesion and development and FBGC formation on RGD-modified surfaces, our optimal FBGC sub-
strate material. In striking contrast, FBGC formation readily occurred on adsorbed vitronectin, which
contains the RGD cell attachment sequence, and this effect of vitronectin was comparable to FBGC
formation on adsorbed RGD peptide. Therefore, although fusing macrophages/FBGC express several
β1 and β2 integrins and thereby would appear to possess broad ligand binding potential, they selec-
tively utilize specific adhesive proteins to support macrophage adhesion and fusion leading to FBGC
formation. Although fibrinogen, fibronectin, collagens, and laminin are well known to support the
adhesion of multiple other cell types, they do not support macrophage development leading to FBGC
formation. These findings indicate that the optimal cell binding RGD adhesive sequence for FBGC
formation is presented in the blood-derived protein vitronectin, and that the propensity for vitronectin
adsorption may be one mechanism for the material surface chemistry dependency of FBGC formation
on biomaterials.

7.4.3 Adhesion Kinases

Integrin activation is a process in which conformational changes that increase integrin ligand bind-
ing affinity occur [35]. In phagocytic cells, activation leads to integrin clustering, which promotes
intracellular signaling pathways that collectively control cytoskeletal rearrangements and formation
of adhesion structures. These, in turn, support cell mobility, survival, and synthetic abilities. The
integrin signaling proline-rich tyrosine kinase-2 (PYK2) is a member of the focal adhesion kinase
(FAK) family and is highly expressed in macrophages [36]. PYK2 is co-localized with paxillin, talin,
vinculin, and αMβ2 integrin in cell adhesion structures termed podosomes (see below). PYK2 is tyro-
sine phosphorylated upon macrophage adhesion and has been functionally linked to integrin-mediated
regulation of cell spreading and migration [36]. We have demonstrated strong signals for FAK and
PYK2 in whole cell lysates of IL-4-induced fusing macrophages/FBGC, the expression of which
each increases during macrophage development and FBGC formation [37]. Further, FBGC adhesion
was abrogated by the tyrosine kinase inhibitor genistein and by the phosphatidylinositol-3-kinase
inhibitors wortmannin and LY294002 [31].

7.4.4 Microfilaments and Microtubules

Our early inhibitor studies demonstrated that F-actin was necessary for IL-4- or IL-13-induced FBGC
formation because cytochalasins, which disrupt actin microfilaments, inhibited macrophage fusion in a
concentration-dependent manner [38]. Importantly, the concentrations of cytochalasins that interfered
with fusion did not decrease macrophage adhesion, cytoplasmic spreading, or motility but did prevent
internalization of yeast via mannose receptor-mediated phagocytosis. This indicated that the mecha-
nism of fusion is related to phagocytosis (see below, Molecular Mechanism of Macrophage Fusion).
Furthermore, nocodazole restricted macrophage fusion in a concentration-dependent manner, pointing
to an additional role for microtubules in this phenomenon [39].

7.4.5 Podosomes

Podosomes are specialized macrophage adhesion structures located at the cell/substrate interface
where actin microfilaments terminate at the cell membrane [40]. We have noted that podosomes are
a striking feature of FBGC, which display dense peripheral rings of these adhesion structures [12].
Surrounding the actin microfilament core, podosomes are specifically associated with β2 integrins
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in the membrane and are composed of gelsolin, paxillin, talin, vinculin, and other proteins, such as
the actin-bundling protein, fascin-1 [41]. Beta integrin subunit binding by talin is the last common
step in integrin activation and is believed to represent the center of converging integrin activation sig-
nals leading to formation of adhesion structures [35]. Adhesive structural proteins (gelsolin, paxillin,
talin, fascin-1) are detectable during macrophage development and strongly up-regulated in fusing
macrophages/FBGC on RGD-modified surfaces in vitro [37].

7.4.6 Adhesion Failure (Anoikis)

The alternative to adhesion success is anoikis, which is defined as apoptosis specifically due to adhe-
sion failure [42]. Anoikis is a normal biological mechanism for the control and regulation of cell
proliferation and tissue development. Cell death signaling by this mechanism is believed to be regu-
lated by the cytoskeleton. Our in vitro observations have been that monocytes initially adhere quite
well to most surfaces. However, those that fail to maintain adhesion and undergo macrophage mor-
phological development, i.e. cytoplasmic spreading, apparently do not survive and/or cannot form
FBGC. Thus, whether adhesion signals that promote integrin clustering, adhesion kinase activation,
cytoplasmic spreading, and adhesion structure (podosome) formation are initiated and maintained
is evidently determined by the material adherence substrate. Exploiting this natural cellular phe-
nomenon to better understand the material surface chemistry dependence of macrophage survival
and FBGC formation on biomaterials, we have evaluated apoptosis on several types of modified
materials by measuring early and late events in apoptosis. As initial studies with differentially-
modified polystyrenes had indicated, macrophage development and FBGC formation are highly
material surface-dependent [43]. We found that a mechanism for this phenomenon is the biomate-
rial surface chemistry-dependent induction of apoptosis [44–46]. In addition, we found that activation
of caspase-3, an intermediate indicator of apoptosis signaling, in inflammatory cells under shear stress
leads to cell detachment [47]. It is of particular interest that caspases are known to cleave gelsolin, an
important component of podosomes, and thereby disrupt adhesive interactions, leading to apoptosis/
anoikis [42].

7.5 Molecular Mechanism of Macrophage Fusion

7.5.1 A Role for Mannose Receptors (MR)

Upon the establishment of our in vitro system of IL-4-induced FBGC formation, we could begin to
address the moleular mechanism of macrophage-macrophage fusion. Inasmuch as IL-4 was reported
to most stongly induce MR on macrophages, a finding which fostered the concept of “alternative
activation” [48], we tested the effects of previously described inhibitors of MR activity on IL-4-
induced FBGC formation [49]. Patterns of inhibition were consistent with participation of MR in
the mechanism of fusion, and MR were found to be specifically up-regulated by IL-4 in our culture
system and concentrated at fusion interfaces [49]. The formation of LGC, induced by a cytokine-
enriched supernatant from lectin-stimulated mononuclear leukocytes, was also inhibited by α-mannan
[43], indicating that similar mechanisms of fusion may operate to induce both types of giant cells.
At that time, the MR was already well known for its key role in innate immunity via the clearance
of microorganisms bearing terminal mannose oligosaccharides from mammalian tissues. Our data
revealed a novel function for this endocytic/phagocytic receptor in the formation of multinucleated
macrophages.
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7.5.2 A Phagocytic Mechanism for Fusion with Participation
of the Endoplasmic Reticulum

We extended these findings as well as our previously demonstrated requirements for F-actin in
macrophage fusion with similarities to phagocytosis [38] and found that macrophage fusion leading
to FBGC formation exhibits multiple additional features of phagocytosis [39]. Exploiting multi-
ple pharmacological inhibitors, we discovered critical roles for vacuolar-type ATPase, microtubules
(see above) and the endoplasmic reticulum (ER) in macrophage fusion. Further, we found a spe-
cific requirement for the calcium-independent phospholipase A2 (iPLA2), but not calcium-dependent
PLA2 (cPLA2), secretory PLA2 (sPLA2), cyclooxygenase, or lipoxygenase in the mechanism of
fusion. Immunocytochemistry confirmed iPLA2 expression and absence of cPLA2 or sPLA2 expres-
sion in macrophages/FBGCs. As markers of ER-mediated phagocytosis, calnexin and calregulin
were detectable on non-permeabilized fusing macrophages and also concentrated at fusion interfaces
where they co-localized with actin in permeabilized macrophages/FBGCs. Furthermore, ER markers
co-localized with concanavalin A reactivity, which is a marker of potential MR ligand, on non-
permeabilized fusing macrophages, suggesting that the ER may present relevant MR ligand at fusion
interfaces. These data demonstrated for the first time that the mechanism of macrophage fusion lead-
ing to formation of multinucleated giant cells occurs by ER-mediated phagocytosis. We believe that
these findings reveal a mechanism by which such extensive degrees of cell–cell fusion and cytoplasmic
spreading, characteristic features of these remarkable multinucleated cells, can take place.

7.5.3 Diacyl Glycerol (DG)-Dependent and -Independent PKCs

To further investigate the macrophage fusion signaling pathways that promote and support FBGC
formation, we investigated the participation of PKC in the IL-4-induced fusion of human monocyte-
derived macrophage in vitro [50]. The PKC inhibitors H-7, calphostin C, and GF109203X attenuated
macrophage fusion, whereas H-8, which is more selective for PKA and PKG, did not. Macrophage
fusion was also prevented by the phospholipase C inhibitor, Et-18-OCH3, the PKC isoform inhibitors
GO6983 or rottlerin and by peptide inhibitors for PKC (20–28), PKCβ, or PKCζ but not by HBDDE
or peptide inhibitors for PKCε or PKA. In cultures of fusing macrophages/FBGCs, we detected only
PKCα, β, δ, and ζ by immunoprecipitation and immunoblotting, and we also observed strong expres-
sion of these isoforms by immunocytochemistry. Our collective results suggest that the γ, ε, η, μ, θ,
or ι PKC isoforms are not required in the mechanism of IL-4-induced macrophage fusion; whether
PKCα is required is unclear. However, new evidence is provided that FBGC formation is specifi-
cally supported by PKCβ, PKCδ, and PKCζ in combined diacylglycerol-dependent (PKCβ and PKCδ)
and -independent (PKCζ) signaling pathways. Importantly, inhibition of PKCβ and PKCδ do not affect
macrophage development or cytoplasmic spreading during monocyte-to-macrophage differentiation
but interfere with FBGC formation at the point of macrophage fusion. In contrast, inhibition of PKCζ

has more drastic effects on the morphological progression by restricting early events that must support
macrophage development and cytoplasmic spreading. Whether PKCζ is also required for macrophage
fusion itself cannot be determined from the present studies. The collective data from studies of PKCβ,
δ, and ζ suggest that these isoforms play prominent roles in phagocytosis signaling as well as in
migration and macrophage differentiation [51–54].

7.5.4 Diacylglycerol Kinase

Consistent with the reported activation of diacylglycerol kinase by α-tocopherol, we found that
the diacylglycerol kinase inhibitor R59022 completely abrogates FBGC formation [13]. R59022
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inhibition of IL-4-induced FBGC formation is reversed by α-tocopherol, suggesting that FBGC
formation induced by both fusion factors requires diacylglycerol kinase activation. This study sug-
gests a novel role for diacylglycerol kinase in the mechanism of macrophage fusion/FBGC formation
at sites of chronic inflammation. Diacylglycerol kinase converts diacylglycerol to phosphatidic acid,
which may act as a fusogenic lipid in membranes [55]. Consistent with this, we discovered that propra-
nolol, which also promotes phosphatidate formation, greatly enhances IL-4-induced FBGC formation
(unpublished data).

7.5.5 Matrix Metalloproteinase (MMP)-13

A role for MMPs in IL-4-induced macrophage fusion was indicated by pharmacological inhibition
with actinonin, which inhibits aminopeptidases such as collagenase MMPs and blocks approxi-
mately 60% of macrophage fusion at 50 μM [56]. In addition, CL-82198, reported to be a selective
inhibitor of MMP-13 that does not affect MMP-1 or MMP-9, strongly inhibits fusion by approxi-
mately 60% between 1 and 5 μM. Epigallocatechin gallate, which inhibits MMP-2, MMP-9, and
MMP-12, and NNGH, which inhibits MMP-3 and MMP-12 do not restrict macrophage fusion at the
relevant concentrations [56]. Finally, we confirmed that MMP-13 is detectable in lysates of fusing
macrophages/FBGC (unpublished finding).

7.6 Phenotypic and Functional Profiles of Multinucleated Giant Cells

New perspectives continue to emerge on “classical” versus “alternative” macrophage activation, phe-
notype acquisition, and switching [57–60]. The concept of alternative macrophage activation was
introduced to distinguish Th2 lymphokine (IL-4)-activated from Th1 lymphokine (IFN-γ)- or classi-
cally activated macrophages [48, 61]. IL-4 (as well as its relative IL-13) has evolved as a prototypical
alternative macrophage activation signal, as its effects on monocytes/macrophages are largely antag-
onistic to those of IFN-γ. Therefore, IL-4 promotes a macrophage phenotypic profile that is distinct
from the classically activated macrophage generated by the pro-inflammatory cytokine IFN-γ.

For example, MR-mediated phagocytosis is strongly induced by IL-4 and inhibited by IFN-γ,
which instead supports IgG-mediated phagocytosis. The production of pro-inflammatory cytokines
(IL-1, IL-6, tumor necrosis factor-α) is induced by IFN-γ but inhibited by IL-4, which instead induces
anti-inflammatory cytokines (IL-1 receptor antagonist and IL-10), thereby promoting wound healing
and matrix deposition. Reactive oxygen and nitrogen species are induced by IFN-γ, but IL-4 inhibits
these activities and instead induces arginase-1 (in the mouse), which mediates collagen deposition and
tissue repair.

Collectively, the classically activated macrophage exhibits capacities for cellular immunity, micro-
bicide, and tissue damage, whereas alternatively activated macrophages exhibit enhanced capacities
for humoral immunity, allergic responses, and repair processes such as fibrosis, matrix remodel-
ing, phagocytosis, and, notably, down-modulation of inflammation [62–65]. Thus, it is reasonable
to predict, in keeping with current views of structure/function relationships in biological systems,
that morphologically distinct types of giant cells induced by IL-4 (or IL-13) and IFN-γ will prove to
exhibit distinguishable phenotypes and possess distinct functional capacities.

The FBGC that form on implanted materials have been widely believed to directly bring
about the degradation of certain implanted biomaterials, negatively impacting their efficacy and
biocompatibility. This perspective stems from early scanning electron micrographic analyses, which
revealed pitting and cracking on poly(etherurethane) biomaterial surfaces in FBGC “footprints”,
i.e. areas from which adherent FBGC had been removed [66]. This seemed to indicate, and it was
thus was inferred, that polymer degradation resulted from concentration of phagocytic oxidative and
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microbicidal activities within an acidic closed compartment or microenvironment at the
FBGC/biomaterial interface.

Paradoxically, this perspective appears to be incompatible with our subsequent findings on FBGC
formation. Of three discovered human macrophage fusion factors, IL-4, IL-13, and α-tocopherol
[11, 13, 22], each is well and widely known, not to promote, but to down-modulate so-called “pro-
inflammatory” and oxidative activities of macrophages. IL-4 and IL-13 are cytokines which each
exert inhibitory effects on respiratory burst activity, the expression and secretion of pro-inflammatory
cytokines, monocyte adhesion to endothelium, cytotoxic activities, and chronic destructive experimen-
tal arthritis [62, 67]. Instead, they induce mannose receptor expression, wound healing, angiogenesis,
and tissue remodeling [61, 63, 65, 68].

Our findings with α-tocopherol, which is not a cytokine but the major component of vitamin E,
further oppose the view that FBGC are the perpetraters of oxidative damage to biomedical poly-
mers. In addition to its well known antioxidant properties and host tissue protective effects [69],
α-tocopherol exerts non-antioxidant effects on macrophages, including the activation of diacylglyc-
erol kinase related to production of phosphatidic and lysophosphatidic acids, actin polymerization,
chemotaxis, cellular migration, and cell survival [29, 70–73]. Interestingly, α-tocopherol induces con-
nective tissue growth factor (CTGF), which may promote connective tissue fibrosis at sites of chronic
tissue injury and wound healing [74]. Accordingly, we have identified CTGF in cultures of fusing
macrophages/FBGC (unpublished data). This may indicate that CTGF is synthesized and secreted by
macrophages/FBGC at sites of biomaterial implantation.

Resolution of this apparent paradox is possible, however, if one supposes that biomaterial-adherent
monocyte-derived macrophages initially exhibit a pro-inflammatory and oxidative phenotype with
capacities for biomaterial surface degradation. Subsequently, this phenotype could undergo down-
modulation by IL-4- and/or IL-13 signaling in a process of alternative macrophage activation that
is accompanied by fusion of the adherent macrophages. The resultant biomaterial-adherent FBGC
would exhibit capacities for wound healing, angiogenesis, and/or tissue remodeling, and yet the “foot-
prints” of pro-inflammatory and oxidative activities would remain on the biomaterial surface and
appear to have been mediated by the FBGC. If so, and if one could accelerate IL-4-induced alterna-
tive macrophage activation and FBGC formation, biomaterial degradation should be reduced. This is
consistent with our observed decreased biomaterial degradation coupled with increased FBGC for-
mation on vitamin E-modified poly(etherurethane) in vivo (unpublished data). Whether decreased
biomaterial degradation resulted from the antioxidant activity of vitamin E and/or to vitamin E
(α-tocopherol)-mediated increases in FBGC formation remains an intriguing question.

Accordingly, our in vitro studies on cytokine production by biomaterial-adherent monocytes,
macrophages, and IL-4-induced FBGC support the concept of a time-dependent phenotypic switch.
Initially, we found a cytokine switch from a pro-inflammatory to an alternative macrophage activation
phenotype and a dissociation between pro-inflammatory cytokine production and FBGC formation
[75]. In additional cytokine array studies aimed at determining the direct influences of lymphocytes
in co-culture with monocytes/macrophages, we discovered that temporal patterns of cytokine produc-
tion switch from an initial pro-inflammatory phenotype with IFN-γ production [76]. Further, when
acute inflammatory cells (polymorphonuclear leukocytes) are included in initial co-culture with mono-
cytes/macrophages (from day 0 to day 3), they exert a negative influence on subsequent IL-4-induced
FBGC formation [77].

7.6.1 FBGC Versus Osteoclasts

Regarding the above-mentioned functional differences between giant cell types, it is now clear that
osteoclasts differ from FBGC by several significant criteria. Most obviously, although both cell types
are multinucleated and of monocyte-derived macrophage origin, osteoclasts are a feature of normal,
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non-inflammatory physiology [32]. FBGC, on the other hand, arise only under conditions of chronic
inflammation [2, 3]. In addition and as discussed, FBGC are induced by IL-4 both in vitro and in vivo,
but osteoclast formation and mature osteoclast function are inhibited by IL-4 [78]. Conversely, osteo-
clasts are formed under the influences of receptor activator of nuclear factor-κB ligand (RANKL)
and tumor necrosis factor-α, the latter of which does not support FBGC formation [11]. In terms
of adhesion, osteoclasts adhere to bone via αVβ3 and αVβ5 integrin interactions with osteopontin
and bone sialoprotein [32]. Adhesion mechanisms that operate in FBGC do not include β3 inte-
grins but, as outlined above, appear to involve αMβ2, αXβ2, αVβ1, perhaps additional β1 integrins,
and adsorbed vitronectin [30, 31, 33]. The role of β5 integrins in FBGC adhesion has not yet been
addressed. Phenotypic studies to probe for the expression of recognized osteoclast markers in IL-
4-induced FBGC indicate that these multinucleated giant cells do not express tartrate-resistant acid
phosphatase or calcitonin receptors (manuscript in preparation), further differentiating FBGC from
osteoclasts.

7.7 Summary

Our perspectives on giant multinucleated cells of inflammation have evolved considerably in the last
two decades. Significant progress has been made in determining macrophage fusion factors, signaling
pathways, adhesion receptors/proteins, and fusion mechanisms for FBGC formation. Importantly and
based on their generation from clearly opposing signaling pathways, the long-observed morphological
distinctions between FBGC and LGC now extend to potential phenotype and function. Macrophage
multinucleation is apparently a much more complex phenomenon than the coincidental existence of
giant cell “variants”. Further studies on these intriguing cells, directed at establishing new phenotypic
classifications between types of giant cells, will broaden our perspectives of chronic inflammatory
processes and perhaps reveal additional complexities therein. Ongoing investigations will ultimately
reveal the physiological significances and roles played by these remarkable cells in inflammation.
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Chapter 8
Molecular Mechanisms of Myoblast Fusion Across Species

Adriana Simionescu and Grace K. Pavlath

Abstract Skeletal muscle development, growth and regeneration depend on the ability of progenitor
myoblasts to fuse to one another in a series of ordered steps. Whereas the cellular steps leading to the
formation of a multinucleated myofiber are conserved in several model organisms, the molecular reg-
ulatory factors may vary. Understanding the common and divergent mechanisms regulating myoblast
fusion in Drosophila melanogaster (fruit fly), Danio rerio (zebrafish) and Mus musculus (mouse) pro-
vides a better insight into the process of myoblast fusion than any of these models could provide
alone. Deciphering the mechanisms of myoblast fusion from simpler to more complex organisms is
of fundamental interest to skeletal muscle biology and may provide therapeutic avenues for various
diseases that affect muscle.

8.1 Introduction

Skeletal muscle is composed of multinucleated myofibers, which are postmitotic. Myofibers form
by the fusion of mononucleated progenitor myoblasts with one another in a series of ordered steps,
including differentiation, elongation, migration, adhesion, membrane alignment and finally mem-
brane union. Each of these steps is highly regulated by a variety of molecules. In this chapter, we
compare and contrast molecular regulators of myoblast fusion in three model organisms, Drosophila
melanogaster (fruit fly), Danio rerio (zebrafish) and Mus musculus (mouse), in order to gain a deeper
insight into the general mechanisms regulating myoblast fusion.

8.2 Current Model Systems for Studying Myoblast Fusion

Currently, three model organisms are utilized for studying the process of myoblast fusion. These are
the fruit fly (Drosophila melanogaster), an invertebrate, as well as the zebrafish (Danio rerio) and
the mouse (Mus musculus), both vertebrates. Each of these model systems offers unique advantages
for studying myoblast fusion. In this chapter, we utilize both vertebrate and invertebrate model sys-
tems to highlight the current knowledge about the process of myoblast fusion. Below, we emphasize
the advantages of each model system for studying myoblast fusion, as well as specifics about the
myoblast fusion process in each organism, with an attempt to compare and contrast this process and
the molecules regulating it in these three model organisms.
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8.3 General Aspects of Myoblast Fusion in Drosophila melanogaster

The Drosophila model system offers many advantages for studying embryonic myoblast fusion. In
contrast to vertebrates, the somatic musculature of Drosophila is much less complex, muscle devel-
opment takes less time, and each resulting muscle is composed of a single, multinucleated myofiber,
as opposed to a bundle of myofibers. Also, the small size and short life cycle of Drosophila facil-
itate generating a large number of flies for genetic manipulations. Together with the small size of
the Drosophila genome, these properties have led to the widespread use of genetic screens and the
discovery of genetic mutants with defects in myoblast fusion. The genes responsible for these defects
were subsequently identified, and new molecular pathways were characterized. Studying these genetic
mutants at the ultrastructural level by transmission electron microscopy enabled a deeper understand-
ing of the membrane dynamics occurring during alignment and breakdown, leading to the formation
of a mature, multinucleated muscle. In addition, cell-type specific labeling and live imaging of actin
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Fig. 8.1 Myoblast fusion in Drosophila melanogaster, Danio rerio and Mus musculus. (a) During embryonic
myoblast fusion in the fruit fly (Drosophila melanogaster), recognition (1) and adhesion (2) between fusion com-
petent myoblasts and the founder cell occurs, leading to the formation of a binucleated precursor cell/myotube (3).
Subsequently, more fusion competent myoblasts fuse with the precursor cell/myotube, giving rise to a multinucleated
myotube (4). (b) During embryonic myoblast fusion in the zebrafish (Danio rerio), fast myoblasts differentiate and fuse
with one another, giving rise to multinucleated myofibers. (c) During embryonic and adult myoblast fusion in the mouse
(Mus musculus), differentiated myoblasts elongate and migrate towards other myoblasts (1). Subsequently, myoblasts
adhere to one another (2) and fuse, first giving rise to a nascent myotube (3), and then more myoblasts fuse with the
nascent myotube, giving rise to a mature myotube (4)
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in these mutants facilitated studies of the cellular dynamics of myoblast fusion in vivo. Together, these
techniques have provided insights into the process of myoblast fusion in Drosophila at various levels.

During embryonic myoblast fusion in Drosophila, two types of myoblasts, the founder cell (FC)
and the fusion competent myoblast (FCM) fuse with one another [1, 2] (Fig. 8.1a). Thus, fusion is
specific, directional and asymmetric, as it only occurs between FCs and FCMs, and not between two
equivalent myoblasts. Initially, each FC “seeds” a distinct muscle, and gives the future muscle its
characteristics, including location, orientation, insertion points and size. As surrounding FCMs fuse
with the FC, the nuclei of the newly incorporated FCMs adopt the same pattern of gene expression
as the FC [2]. Two current models exist for embryonic myoblast fusion in Drosophila [3–5]. The first
model proposes two distinct steps in the formation of the multinucleated myotube [4, 5]. In the first
step of fusion, each FC fuses with several FCMs to give rise to a bi- or trinucleate precursor cell, and
in the second step, further fusion events occur with the precursor cell to give rise to the mature muscle.
This model implies that some mutants may not progress at all beyond the bi- or trinucleate precursor
cell stage, and suggests that a distinct subset of genes is necessary for each of the two steps. However,
all fusion mutants identified are capable of occasional fusions, suggesting a second model known as
the two-phase model, in which the same genes are necessary throughout the entire fusion process [3,
5]. Key to this model is the fact that rare and limited fusion events occur in the first phase of fusion,
and more frequent fusion events occur in the second phase [3]. The transition between the first and
second phase in this model may be due to either limiting factors whose levels are tightly controlled
during fusion and may increase in the second phase or to the spatial arrangements of FCs and FCMs in
vivo. Thus, in the first phase, few FCMs are close to FCs, resulting in limited fusion events, whereas
in the second phase, FCMs that were previously unable to contact FCs, will migrate towards the FCs
and fuse with them, increasing the frequency of fusion. Although attempts to merge these two models
have been made [4], further data are required.

Myoblast fusion in Drosophila continues during pupal development, and is mediated by myoblasts
derived from adult muscle precursors, which are set aside during embryonic development by asym-
metric division of FCs [2, 6]. These myoblasts then undergo either de novo fusion or fusion with
existing larval muscles [6]. However, much less is understood about the process of myoblast fusion
during these stages compared to embryonic myoblast fusion. Therefore, we focus on the molecular
mechanisms regulating embryonic myoblast fusion in Drosophila in this chapter.

8.4 Molecules Regulating Myoblast Fusion in Drosophila melanogaster

As myoblast fusion in Drosophila occurs between two distinct types of myoblasts, the FC and the
FCM, not surprisingly, some molecules regulating fusion are asymmetrically distributed between the
two cells (Fig. 8.2). Initially, transmembrane proteins mediate the recognition (indicated by filopodia
extension) and adhesion steps. Following adhesion, downstream signaling pathways are activated,
which involve cytoplasmic adaptors and actin cytoskeletal regulators, leading to actin cytoskeletal
remodeling. Actin foci form at the site of adhesion between two cells [7]. An important determinant
of the extent of myoblast fusion is the presence, size and number of actin foci. Some mutants in
which fusion defects are observed display long-term persistence of actin foci, indicating that actin
foci dissolution is necessary to enable membrane fusion.

Some of the proteins regulating myoblast fusion in Drosophila have been studied in multiple organ-
isms (Table 8.1) and show conserved functions. However, for other proteins, although homologs exist
in higher organisms, their role in fusion has not been investigated (Table 8.1). Further studies on the
role of these later proteins in myoblast fusion in higher organisms will determine whether they too are
functionally conserved, or whether novel functions emerge. Below, we discuss the major molecules
that regulate myoblast fusion in Drosophila.
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Fig. 8.2 Molecular mechanisms of myoblast fusion in Drosophila melanogaster. During embryonic myoblast fusion
in Drosophila melanogaster, some transmembrane proteins (bars) interact with one another, resulting in recruitment of
cytoplasmic proteins (ovals), leading to activation of Drosophila Rac1 (DRac1). Actin cytoskeletal rearrangements
mediated by other cytoplasmic proteins (octagons) occur at the site of fusion by both DRac1-dependent and indepen-
dent pathways. Solid arrows = known regulators; solid lines = known biochemical interactions; dashed lines = genetic
interactions; dotted lines = potential biochemical interactions. Ants = Antisocial; Arf6 = Adenosine diphosphate ribo-
sylation factor 6; Arp2/3 = Actin related protein 2/3; Blow = Blown fuse; Crk = CT10 regulator of kinase; D = prefix,
Drosophila protein; Duf = Dumbfounded; Elmo = Engulfment and cell motility; Hbs = Hibris; Mbc = Myoblast city;
Rac1 = Ras-related C3 botulinum toxin substrate 1; Rst = Roughest; SCAR = Suppressor of cyclic AMP receptor;
Sltr = Solitary; Sns = Sticks and stones; WASp = Wiskott-Aldrich syndrome protein

8.4.1 Recognition and Adhesion

In order for myoblast fusion to occur, transmembrane proteins must first mediate recognition and
adhesion between the FC and the FCM. The major molecules currently known to mediate recognition
and adhesion (Fig. 8.2), as well as their mode of interaction, are discussed in this section.

FCs express two transmembrane proteins that belong to the Immunoglobulin superfamily,
Dumbfounded/Kin of irre C (Duf/Kirre) and Roughest/Irregular chiasm C (Rst/IrreC) (Fig. 8.2), which
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Table 8.1 Conserved proteins with known and putative roles in myoblast fusion in Drosophila melanogaster, Danio
rerio and Mus musculusa

Function
Drosophila
melanogaster

Danio
rerio Mus musculus References

Recognition and Duf/Kirre Kirrel Kirrel familyb [8, 9, 43, 44]
adhesion Rst/IrreC Kirrel Kirrel familyb [8, 43, 44]

Sns Nephrinb Nephrin [10, 13, 44]
Hbs Nephrinb Nephrin [11–13, 44]

Cytoplasmic
adaptor

DCrk Crk/CrkL ?c [27, 45]

Actin cytoskeletal Mbc Dock1,5 Dock1,5 [23, 24, 45, 119, 120]
regulator Loner ?c Brag2/ARF-GEP100 [21, 120]

D-Arf6 ?c Arf6 [21, 111]
DRac1 Rac1 Rac1 [16, 43, 69, 121]
Kette ?c Nap1 [7, 34, 35, 56]
WASp ?c N-WASP [28, 30–32]
Sltr/D-WIP ?c WIP [28, 31]

aHomologous proteins that have a role in myoblast fusion in two out of the three organisms.
bHomologous protein whose fusion role has not been studied.
cHomolog not known, or protein has not been studied in skeletal muscle.

act redundantly on FCs during myoblast fusion [8, 9]. Deletion of duf does not cause obvious muscle
defects, and loss of rst causes only mild muscle defects. However, in the absence of both genes, FCMs
extend filopodia in random orientations, with no preference for the FC itself, and fusion is blocked.
As ectopic Duf or Rst mediate recruitment of FCMs, both proteins function as FCM attractants [8, 9].
These observations suggest that Duf or Rst expression in FCs is essential for FCM attraction towards
the FC. Although Rst is also expressed in FCMs, its role there is not essential for attraction towards
ectopic sites of Duf or Rst [8].

FCMs express two transmembrane proteins that belong to the Immunoglobulin superfamily, Sticks
and stones (Sns) and Hibris (Hbs) (Fig. 8.2), which are not found on FCs [10–12]. In sns mutants,
fusion does not occur beyond the bi- or trinucleate precursor cell [10, 13]. Although embryos that
lack hbs do not have an overt muscle phenotype [12], they exhibit a partial fusion block, resulting
in a number of unfused myoblasts [11]. Moreover, in sns hbs double mutants, only mononucleated
cells exist, indicating that sns and hbs function redundantly for the formation of the bi- or trinucleate
precursor cell [13]. The role of Hbs itself during myoblast fusion appears to be both positive and
negative. Hbs overexpression in sns mutant embryos drives fusion beyond the precursor cell stage
[13], however, when Hbs is overexpressed in wild type embryos, a block in fusion occurs [11, 12].
One potential explanation proposed is that Hbs and Sns interact, and that Hbs negatively regulates
Sns by various mechanisms [11, 13]. However, fully understanding the role of Hbs in myoblast fusion
requires further studies.

As fusion occurs only between the FC and the FCM, Duf and Rst on the FC may interact with
Sns and Hbs on the FCM to mediate recognition and adhesion. Duf and Sns colocalize at points of
contact between the FC and the FCM [14], suggesting that they may interact in vivo. In addition,
in embryos deficient for both Duf and Rst, Sns localization is disrupted [14], suggesting that Sns
localization depends on Duf and Rst. In vitro studies using the Schneider line 2 (S2) cell line [15],
a non-adherent cell line, enable insights into the potential interactions between these transmembrane
proteins, as well as with their intracellular partners, by expression of various recombinant proteins in
these cells. These studies further support the idea that Duf/Rst and Sns may function as a receptor
ligand/pair for mediating FC-FCM adhesion [14] (Fig. 8.2).



118 A. Simionescu and G.K. Pavlath

8.4.2 Cytoplasmic Adaptors and Actin Cytoskeletal Regulators

The initial recognition and adhesion between the FC and the FCM, mediated by ligand/receptor pairs,
is followed by downstream signaling, likely involving the binding of intracellular proteins to the
cytoplasmic tails of these transmembrane proteins. These downstream pathways lead to actin
cytoskeletal remodeling, which enables the final step of membrane fusion. Many of these proposed
signaling pathways were determined by in vitro studies in S2 cells, and in vivo evidence exists only
for some of them. Below, we discuss the major molecules involved in regulating myoblast fusion
downstream of the Duf/Rst and Sns receptor/ligand pair (Fig. 8.2).

8.4.2.1 Signaling Pathways Activating DRac1

Downstream of Duf and Rst, two intracellular pathways have been described, which converge at
Drosophila Ras-related C3 botulinum toxin substrate 1 (DRac1) (Fig. 8.2), a Rho GTPase with a
role in actin cytoskeletal remodeling. DRac1 was implicated in myoblast fusion due to its mutant
phenotype: expression of a dominant negative DRac1 leads to delayed myoblast fusion initially, and
then excessive fusion [16], whereas expression of a constitutively active DRac1 also leads to a block
in fusion [16, 17].

In the first pathway leading to DRac1 activation is Antisocial/Rolling pebbles 7 (Ants/Rols7)
(Fig. 8.2), a cytoplasmic adaptor protein that localizes to FCs and is required for myoblast fusion
at a stage beyond the initial attraction and adhesion between the FC and the FCM [18–20]. In ants
mutant embryos, FCMs still extend filopodia towards the FCs, but fusion beyond the bi- or trinucleate
precursor does not occur [18, 19]. Both in vivo and in vitro studies suggest that Ants acts downstream
of Duf/Rst in FCs [18, 20–22] (Fig. 8.2).

The next important player is Myoblast city (Mbc) (Fig. 8.2), a cytoplasmic protein required for
myoblast fusion [23, 24]. Mbc likely has a role in very early fusion stages, as the initial recognition
and adhesion steps between FCs and FCMs do not occur in mbc mutants [17]. In vitro, Mbc inter-
acts with Ants [18], suggesting a potential role for Mbc in FCs. Additionally, Mbc interacts in vitro
with Engulfment and Cell Motility (Elmo) [25, 26] (Fig. 8.2), another protein essential for myoblast
fusion [26]. In the Drosophila eye Mbc and Elmo act together as a non-conventional GEF for DRac1
[26]. However, the connection between Mbc/Elmo/DRac1 and actin polymerization during embry-
onic myoblast fusion in Drosophila is currently not understood. In vitro interactions between Mbc
and the cytoplasmic adaptor protein Drosophila CT10 regulator of kinase (DCrk) protein [25, 27],
and between DCrk and Sns [28], suggest that Mbc may regulate actin cytoskeletal dynamics through
a pathway involving DCrk and Sns in FCMs (Fig. 8.2). While DCrk may regulate actin cytoskele-
tal dynamics potentially through Mbc, Mbc can also direct fusion in the absence of DCrk binding
[29]. Therefore, the exact role of DCrk in embryonic myoblast fusion in Drosophila remains to be
determined.

In the second pathway leading to DRac1 activation is Loner (Fig. 8.2), a GEF, which functions
independently of Ants [21]. Loner is localized to FCs, and is required for myoblast fusion likely
after the recognition and adhesion steps [21], as in loner mutants, FCMs extend filopodia towards
FCs, but do not fuse with them. As indicated by both in vivo and in vitro studies, Loner functions
downstream of Duf/Rst in FCs [21]. Furthermore, Loner functions as a GEF for the small GTPase
Drosophila adenosine diphosphate ribosylation factor 6 (D-Arf6), a class III GTPase [21] (Fig. 8.2).
D-Arf6 is also required for myoblast fusion, as the expression of a dominant negative D-Arf6 in FCs
leads to a disruption in myoblast fusion [21]. As the phenotype of a dominant negative D-Arf6 in
FCs is similar to, but less severe than that of loss of Loner, D-Arf6 is likely an essential mediator of
myoblast fusion downstream of Loner [21] (Fig. 8.2). DRac1 is no longer localized at fusion sites in
loner mutants, suggesting that the Loner/D-Arf6 pathway may be required for the proper localization
of DRac1 in FCs [21] (Fig. 8.2), enabling actin cytoskeletal regulation during embryonic myoblast
fusion in Drosophila.
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8.4.2.2 Signaling Pathways Directly Upstream of Arp2/3

Most pathways regulating actin cytoskeletal dynamics in FCs and FCMs appear to converge at the
actin-related protein 2/3 (Arp2/3) (Fig. 8.2). Below we detail the regulation of actin cytoskeletal rear-
rangements that occurs during embryonic myoblast fusion, modulated by Arp2/3 and its upstream
regulators. Given the complexities of, and some controversy in, the regulation of the actin cytoskele-
ton upstream of Arp2/3 during embryonic myoblast fusion, only one possible model is presented in
Fig. 8.2.

Arp2/3, which is required for myoblast fusion [7, 30], is activated by two actin nucleation-
promoting factors (NPFs), suppressor of cyclic AMP receptor (SCAR) and Wiskott-Aldrich syndrome
protein (WASp) (Fig. 8.2). In the complete absence of either SCAR or WASp in vivo, a severe fusion
block occurs, suggesting that both SCAR and WASp are required for myoblast fusion [7, 28, 30–32].
The two NPFs also appear to regulate each other during the fusion process. Thus, scar and wasp
interact genetically [30], however how SCAR and WASP function together during myoblast fusion is
controversial [30, 33].

Kette regulates the activity of SCAR to modulate Arp2/3-dependent actin polymerization.
However, the actual mechanism by which Kette regulates SCAR is controversial, as both positive and
negative regulation has been proposed [7, 34]. Kette is expressed in both the FC and the FCM (Fig. 8.2)
[35], and localizes mostly to the cytoplasm, and some to the membrane [34]. Kette is required for
myoblast fusion, as kette mutants exhibit a block in myoblast fusion after the formation of the precur-
sor cell [35]. In addition, kette genetically interacts with blow (Fig. 8.2), which encodes Blown Fuse
(Blow), a cytoplasmic protein restricted to the FCM [35, 36]. Like Kette, Blow is required for fusion
beyond the precursor cell [17, 35]. Additionally, Kette regulates the activity of WASP (Fig. 8.2) to
mediate Arp2/3-dependent actin cytoskeletal rearrangements both positively and negatively [32, 34].

Finally, the cytoplasmic protein Solitary (Sltr)/D-WASp-interacting protein (D-WIP), is expressed
in the FCM but not the FC [28, 31]. Sltr is required for fusion beyond the binucleate precursor cell [28,
31]. Sltr positively regulates Arp2/3-dependent actin polymerization by interacting with WASp and
recruiting it to fusion sites, indicating that Sltr and WASp may function together to mediate the fusion
process [28, 31]. Furthermore, Sltr is localized to fusion sites by Sns [28, 31]. These data suggest that
Sltr is part of a pathway that involves Sns, WASp and Arp 2/3 to regulate actin dynamics. In vitro
studies support specific interactions among molecules in this pathway, and further identify DCrk as
a direct link between Sns and Sltr [28, 31] (Fig. 8.2). Together, these data suggest a role for Sltr in
FCMs for regulating actin dynamics.

8.5 General Aspects of Myoblast Fusion in Danio rerio

Zebrafish models are primarily used to study embryonic myoblast fusion. The zebrafish offers many
advantages for studying embryonic myoblast fusion, including the rapid timing of embryonic devel-
opment, the large number of progeny, and the utilization of large-scale genetic screens. In addition,
the optical transparency of the zebrafish embryo and larvae enable detailed in vivo analyses of the
mutants identified through genetic screens. Also, morpholino injections can be easily utilized to
disrupt signaling pathways with potential roles in fusion.

Fewer details are known about embryonic myoblast fusion in Danio rerio compared to the other
two model organisms presented in this chapter. During embryonic myoblast fusion in zebrafish,
two types of muscle precursor cells, slow and fast myoblasts, exist, and have different properties
[37–43]. Slow myoblasts are fusion incompetent, whereas fast myoblasts are capable of fusing with
one another. Initially, slow myoblasts differentiate and give rise to a superficial layer of mononu-
cleated slow-twitch fibers; subsequently, fast myoblasts fuse with one another to give rise to deeper
syncytial fast-twitch fibers (Fig. 8.1b) [38–40, 43]. The zebrafish slow fibers are specialized for slow-
force, long duration contractions, due to their slow myosin isoforms and oxidative metabolism. In
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contrast, zebrafish fast fibers are specialized for high-force, short duration contractions, due to their
fast myosin isoforms and glycolytic metabolism. The existence of different fiber types in the vertebrate
Danio rerio confers a complexity that does not exist in the invertebrate Drosophila melanogaster.

8.6 Molecules Regulating Myoblast Fusion in Danio rerio

Since fast myoblasts fuse to one another during embryonic myoblast fusion in Danio rerio, most
molecules regulating their fusion are likely expressed on all fast myoblasts, conferring an appar-
ent symmetry to this process in Danio rerio (Fig. 8.1b). This apparent symmetry is in direct
contrast to Drosophila melanogaster, where fusion occurs between two distinct myoblast types
(Fig. 8.1a).

8.6.1 Recognition and Adhesion

In order for fusion to occur, muscle cells must first recognize and adhere to one another. Far fewer
molecules are known to regulate myoblast fusion in Danio rerio than in the other two model organisms
discussed in this chapter. The molecules that mediate fusion of fast myoblasts to one another in Danio
rerio (Table 8.1) were discovered by homology searches of the Drosophila fusion genes in the Danio
rerio genome database. Subsequently, morpholino studies indicated the importance of these molecules
during various steps of the fusion process in Danio rerio.

Nephrin is the Danio rerio homolog of Drosophila Sns and Hbs proteins. Nephrin morphants
exhibit smaller muscles and several disorganized myosepta, consistent with a muscle defect [44].
However, whether the zebrafish nephrin regulates fusion of fast myoblasts has not specifically been
studied. Kirrel, the Danio rerio homolog of Drosophila Duf and Rst proteins, is required for myoblast
fusion in zebrafish, as kirrel morphants exhibit large clusters of unfused fast myoblasts [43]. Kirrel
localization at cell–cell contacts during zebrafish myoblast fusion further suggests a role for Kirrel in
the fusion process [43].

8.6.2 Cytoplasmic Adaptors and Actin Cytoskeletal Regulators

Homologs of cytoplasmic proteins that regulate the cytoskeleton during myoblast fusion in Drosophila
also exist in zebrafish. For example, Rac1 is required for zebrafish myoblast fusion [43]. Rac1
morphants exhibit a defect in myoblast fusion, and expression of a constitutively active human
Rac1, highly homologous to the zebrafish Rac1, leads to hyperfusion. As this hyperfusion phe-
notype does not occur in kirrel morphants, Rac likely acts downstream of Kirrel during myoblast
fusion [43].

A few other cytoplasmic proteins with a role in the fusion of fast myoblasts to one another are cur-
rently known. The Dedicator of cytokinesis 1 and 5 (Dock 1 and 5) proteins, the Danio rerio homologs
of the Drosophila Mbc protein, are required for myoblast fusion in zebrafish [45]. Dock 1 and dock
5 morphants exhibit a large number of unfused myoblasts, which elongate to form mononucleated
fibers. In addition, the adaptor proteins Crk and CT10 regulator of kinase-like (CrkL), homologs of
the Drosophila DCrk protein, are also required for myoblast fusion and are known to interact with
Dock proteins [45]. Crk and crkl morphants exhibit a phenotype similar to that of dock morphants,
while Crk or CrkL overexpression enhances fusion. Whether a pathway exists in which the proteins
mentioned above act from the membrane to the actin cytoskeleton to mediate myoblast fusion in
zebrafish is unknown. Future studies are needed to expand our knowledge of the molecular players
regulating myoblast fusion in Danio rerio.
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8.7 General Aspects of Myoblast Fusion in Mus musculus

Mouse models offer a number of advantages for the study of myoblast fusion not found in the other
two lower organisms discussed earlier in this chapter. The 2-year life span of mice affords the oppor-
tunity to study fusion in vertebrates over a greater age range, starting with embryonic development
and continuing well into adulthood and old age. In addition, as in any vertebrate, individual skeletal
muscles are composed of variable proportions of fast-twitch and slow-twitch myofibers, which deter-
mine the force and duration of muscle contraction. This complexity in muscle types results in the
unique ability to study myoblast fusion in different types of adult muscles in the context of various
physiologic stimuli, such as exercise, hypertrophy and regeneration.

From the genetic standpoint, transgenic technologies are well developed in mice, allowing tissue-
specific and developmental-specific expression of transgenes or knockout of endogenous genes. Thus,
myoblast fusion can be analyzed in the context of human disease mutations, as many mouse mod-
els of human neuromuscular disease exist. Furthermore, DNA plasmids expressing stimulatory or
inhibitory molecules can easily be electroporated into adult muscles to manipulate different signaling
pathways involved in myoblast fusion. From the biochemical standpoint, many antibodies against var-
ious mouse proteins exist that are useful for addressing questions related to fusion at the single-cell
level.

Cell culture techniques are also well developed in mice, as opposed to the other two model organ-
isms discussed earlier, allowing in vitro studies of myoblast fusion. The advantages of in vitro studies
are the ability to: (1) carefully control the environment of the cells; (2) easily manipulate cellular
components with drugs, siRNA or DNA constructs; and (3) study myoblast fusion using time-lapse
microscopy. Much of the work pertaining to myoblast fusion in Mus musculus derives from in vitro
studies utilizing both primary muscle cells and established cell lines in which individual steps reg-
ulating the fusion process can be easily dissected and analyzed. These in vitro studies demonstrate
that multinucleated myotubes, which are the equivalent of immature myofibers found in vivo, form
in a series of ordered steps. Initially, myoblasts differentiate into elongated cells that migrate towards
one other and undergo recognition and adhesion. Several differentiated myoblasts then fuse to one
another to form a small nascent myotube with a few myonuclei. Additional differentiated myoblasts
fuse with the nascent myotubes during subsequent rounds of fusion to generate a mature myotube
that contains many myonuclei (Fig. 8.1c). Currently, many studies couple in vitro experiments using
primary muscle cells with in vivo studies of adult regenerative myogenesis in mice to obtain a more
comprehensive view of the regulatory networks governing myoblast fusion.

Myofiber formation during embryogenesis occurs in distinct overlapping phases involving differ-
ent classes of myoblasts [46–51]. During primary myogenesis, embryonic myoblasts fuse to form
primary myofibers that are necessary to establish the basic muscle pattern. A second wave of myo-
genesis involves fusion of fetal myoblasts either with each other to form secondary myofibers that
surround the primary myofibers, or with primary myofibers. At the end of secondary myogenesis, late
in development, a basal lamina surrounds each myofiber and a third type of muscle precursor cell, the
adult satellite cell, can be morphologically identified lying between the basal lamina and the myofiber
plasma membrane. Myoblasts derived from satellite cells are responsible for postnatal muscle growth
and regeneration [52].

The best studied model of myoblast fusion in the mouse is that occurring during adult regen-
erative myogenesis; similar techniques have not been developed to study regeneration in any of the
model systems presented earlier. In response to trauma, myofibers degenerate and muscle regeneration
is induced. Satellite cells proliferate in response to injury, and their progeny myoblasts differenti-
ate into myocytes, which fuse with one another or with existing myofibers to restore normal tissue
architecture [52]. Unfortunately, current technologies do not exist for directly visualizing myoblast
fusion in vivo in mice. However, much information derives from morphologic and biochemical mea-
surements of myofiber formation and growth in response to localized injury in mice as an indirect
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readout of myoblast fusion. Thus, the formation of regenerated myofibers is easily identified histolog-
ically by the presence of centrally located nuclei within the myofiber and can be quantified both by
measurement of myofiber number/field and myofiber size. In addition, during muscle regeneration,
developmental isoforms of several proteins are re-expressed and then eventually replaced by adult
isoforms when regeneration is completed. The efficiency of muscle regeneration under different condi-
tions can also be quantified by analysis of the timecourse of expression of these various developmental
isoforms.

8.8 Molecules Regulating Specific Processes During Myoblast
Fusion in Mus musculus

While myoblast heterogeneity in both embryonic and adult mice exists in terms of protein expres-
sion as well as proliferative and fusion capacities [49, 53], specific subsets of myoblasts that seed
the formation of myofibers, such as the FC in Drosophila myogenesis have not been identified. Some
similarities are observed in the types of molecules regulating myoblast fusion in mice and in the other
two lower organisms discussed so far suggesting functional conservation (Table 8.1). However, new
types of molecules that have not been identified to date in lower organisms such as secreted molecules
and transcription factors also regulate fusion in mice (Table 8.2). Also, a number of pathways demon-
strated to control myoblast fusion in mice are not found in lower organisms and may have evolved in
higher eukaryotes to regulate the plasticity of muscle growth and regeneration, allowing maintenance
of muscle mass over an extended lifespan and the growth of muscles containing multiple myofibers.
Below we discuss the molecular factors regulating myoblast fusion in Mus musculus in the context
of the cellular events from the initial elongation step to the final step of cell fusion with nascent
myofibers, resulting in mature myofibers.

8.8.1 Elongation and Membrane Alterations

As myoblasts differentiate in vitro, they elongate and migrate towards other differentiated myoblasts
to form groups of aligned cells [54–56] (Fig. 8.1c). Elongation is a permanent change and likely a
complex interplay among multiple types of proteins as alterations in integrins, matrix remodeling
enzymes and molecules that affect the cytoskeletal network result in defects in myoblast elongation
(Table 8.2). Elongation is followed by extension of lamellopodia and filopodia, cell extensions com-
posed of actin filaments, which make contact with neighboring muscle cells [56–60]. While the role
of these cell extensions in the fusion process is unknown, these structures are sites for the localiza-
tion of adhesion molecules [59, 61] and signaling molecules [58, 61]. Filopodia are reminiscent of
axon growth cones and may respond to chemoattractants produced by other cells and be necessary to
recognize other myoblasts capable of fusing.

8.8.2 Migration

Migration is necessary to achieve cell–cell contact during myogenesis (Fig. 8.1c), which is required
both to trigger differentiation [62] and to allow differentiated myoblasts to fuse with one another
and with nascent myotubes. Some regulatory factors that influence myoblast migration modulate
the velocity or direction of cell migration, whereas others regulate the clearance of the extracellu-
lar matrix at the leading edge of migrating cells, thus facilitating cell motility [63–66]. Myotube
formation and growth in vitro are enhanced by both positive [CD164, interleukin 4 (IL4), mannose
receptor (MR) and mouse odorant receptor 23 (MOR23)] and negative [prostacyclin] regulators of cell
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migration (Table 8.2). Whereas positive migratory factors promote cell fusion by increasing the prob-
ability of myoblasts being close to one another, negative migratory factors may enhance cell fusion
by acting as a “brake” on migrating cells to facilitate cell–cell contact and adhesion [67]. Thus, the
net balance between these two classes of migratory regulators would be critical for the formation and
growth of myofibers.

8.8.3 Recognition and Adhesion

In order for fusion to occur, myoblasts must recognize and adhere to one another (Fig. 8.1c) [68],
and these two processes are regulated by multiple classes of molecules in Mus musculus (Table 8.2).
This molecular diversity may allow not only more specificity in myoblast recognition and adhesion,
but also activation of specific intracellular signaling pathways, such as Rac1 [69], cAMP [63] and
tyrosine kinases [70]. Also, dynamic clustering and dispersion of lipid rafts appears to be necessary
for regulating the accumulation of adhesion-complex proteins at presumptive fusion sites in vitro
[59]. The recognition and adhesion of myoblasts prior to fusion likely involves multiple adhesion
molecules, but the interplay between such molecules is largely unknown.

Following adhesion, alignment occurs through the parallel apposition of the membranes of elon-
gated myoblasts with other myoblasts or with nascent myotubes [71–73]. By transmission electron
microscopy, coated vesicles are observed in close proximity to the aligned plasma membranes where
membrane union occurs in small regions as in Drosophila [71]. During development [74] or muscle
regeneration [75], unilamellar vesicles are also observed in close apposition to the fusing membranes
of muscle cells. The function of these vesicles is unknown.

8.8.4 Actin Cytoskeletal Dynamics and Integrin Signaling

Extensive cytoskeletal reorganization occurs before and after fusion [76]. Visualization of the actin
cytoskeleton in fusing mouse myoblasts in vitro reveals similar dynamic changes as in Drosophila
developmental myoblast fusion in vivo [56, 60, 77, 78]. Given the number of proteins regulating
myoblast fusion that impinge on actin reorganization (Table 8.2), processes dependent on the actin
cytoskeleton must play fundamental roles in myoblast fusion. Indeed, latrunculin B, an inhibitor of
actin polymerization, inhibits fusion of mouse myoblasts in vitro [28, 56, 79]. Following cell–cell
adhesion, the structure of the actin cytoskeleton at the contact site of fusing myoblasts is highly regu-
lated by a complex signaling cascade [80]. Various GTPases and guanine nucleotide exchange factors
(GEFs) are activated, which in turn impinge on Wiskott-Aldrich Syndrome Protein (WASP) and Wasp
family verprolin-homologous protein (WAVE) proteins. Activation of both WASP and WAVE is criti-
cal for the Arp2/3 complex to initiate actin polymerization. In the absence of proper actin cytoskeletal
remodeling, F-actin structures accumulate at the plasma membrane of apposed mouse myoblasts and
are correlated with a decrease in myoblast fusion as seen in Drosophila [56].

Integrins and integrin signaling also play roles in modulating myoblast fusion in mice (Table 8.2).
Integrins are heterodimeric transmembrane receptors comprised of an α and a β chain that bind to the
extracellular matrix or to cell-surface ligands as well as to various intracellular proteins and regulate
numerous downstream signaling pathways [81]. Skeletal muscle expresses many integrin subunits that
are regulated during myogenesis [82]. Integrins could function in myoblasts by regulating the forma-
tion or expression of protein complexes necessary for fusion or by relaying signals for remodeling of
the actin cytoskeleton [83, 84].
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8.8.5 Cell Fusion with Nascent Myotubes

Differentiated myoblasts fuse with one another to form small, nascent myotubes with few nuclei
and subsequently, additional myoblasts fuse with the nascent myotube, leading to the mature
multinucleated cell characterized by increased myonuclear number and cell size (Fig. 8.1c) [85].
The requirement for distinct molecules at different stages of myoblast fusion was first suggested
by experiments in C2C12 cells, a muscle cell line. Treatment of C2C12 cells with wheat germ
agglutinin (WGA) resulted in normal formation of nascent myotubes, but an inhibition of mature
myotube formation [86], suggesting that specific cell surface molecules were required in later steps
of fusion. Subsequently, a number of molecules with diverse cellular locations and functions were
discovered to be required only for fusion of myoblasts with nascent myotubes both in vitro and in
vivo but not for myoblast-myoblast fusion (Table 8.2). Why myoblast-myotube fusion should require
unique molecules compared to myoblast-myoblast fusion is unknown but may be related to specific
challenges inherent with myoblast fusion to a multinucleated cell. Additionally, these molecules
could represent a fine-tuning mechanism for controlling the ultimate number of nuclei within a
myotube/myofiber. Furthermore, these molecules may direct myoblast fusion to specific sites along
the myotube or with specific myotubes. Finally, these molecules could specifically control growth of
regenerating myofibers rather than allowing new myofibers to form, and thus constitute a means of
controlling the number of regenerated myofibers after muscle injury.

8.9 Other Molecules Regulating Myoblast Fusion in Mus musculus

For a number of molecules the exact step in the fusion process that they regulate in Mus musculus is
unknown (Table 8.2). These molecules are localized to diverse cellular compartments suggesting that
they likely control different processes during myoblast fusion. A few molecules are discussed below
to illustrate differential functions arising from this cellular compartmentalization.

Two membrane proteins with a role in myoblast fusion are the Transmembrane 4 superfamily
molecules CD9 and CD81. Transmembrane 4 superfamily molecules can associate with each other
and with other cell surface molecules, as well as with cytoplasmic signaling molecules, suggesting
a role in cell–cell adhesion [87]. During myogenesis, both CD9 and CD81 form complexes with
several different β1 integrins, and blocking antibodies against CD9 and CD81 greatly inhibit myotube
formation in C2C12 myoblasts in vitro [88]. These results suggest that CD9 and CD81 regulate β1
integrin signaling, which is important for myoblast fusion [83].

Another important molecule is glucose-regulated protein 94 (GRP94), a muscle-specific protein
that functions as a molecular chaperone in the endoplasmic reticulum. GRP94 knockdown in C2C12
myoblasts inhibits fusion, whereas GRP94 overexpression accelerates fusion [89], demonstrating that
GRP94 is important in regulating myoblast fusion. Recent studies indicate that GRP94 is a molecular
chaperone necessary for the synthesis of insulin-like growth factor 2 (IGF-2), which, like insulin-like
growth factor 1 (IGF-1), can regulate proliferation and differentiation during myogenesis, but how
IGF-2 specifically plays a role in the fusion process is unknown [90].

Few nuclear factors have been identified with a regulatory role in myoblast fusion. The transcrip-
tion factor Forkhead box gene, group O 1a (FOXO1a) is expressed in skeletal muscle and translocates
to the nucleus at the onset of differentiation. Ectopic expression of a mutant form of FOXO1a lacking
the transactivation domain severely inhibits fusion of primary mouse muscle cells, whereas expression
of a non-phosphorylated FOXO1a enhances the rate and extent of fusion [91]. The Rho/ROCK path-
way likely acts upstream of FOXO1a. ROCK can phosphorylate FOXO1a in vitro, and the addition
of a ROCK inhibitor to differentiating C2C12 myoblasts leads to nuclear accumulation of FOXO1a
and accelerated myoblast fusion [92]. Interestingly, FOXO1a regulates transcription of cyclic
GMP-dependent kinase 1, which in turn phosphorylates FOXO1a, abolishing its DNA binding activity
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[93]. This negative feedback loop involving FOXO1a and cyclic GMP-dependent kinase 1 may help
control the rate of myoblast fusion.

Another nuclear factor associated with fusion is Survival motor neuron protein (Smn), a component
of the spliceosome that may help regulate RNA splicing. Smn knockdown leads to a large number of
unfused myoblasts [94], suggesting Smn may regulate splicing of RNA transcripts for proteins that
promote myoblast fusion, but this hypothesis has not been directly tested.

8.10 Integrated Pathways Regulating Myoblast Fusion in Mus musculus

A small percentage of the molecules identified with a role in myoblast fusion in Drosophila
melanogaster, Danio rerio, or Mus musculus, mainly those that regulate cell adhesion and actin
cytoskeletal rearrangements, has been studied across species, and for the most part display con-
served functions (Table 8.1). A greater number of molecules have been identified to date that regulate
myoblast fusion in Mus musculus than in either Drosophila melanogaster or Danio rerio, suggesting
increased complexity in the molecular mechanisms and/or redundancy among molecules regulating
fusion across species. Surprisingly few of these molecules in Mus musculus can be placed into larger
integrative pathways. The three largest integrative pathways regulating myoblast fusion, which have
been studied in Mus musculus but not in Drosophila melanogaster or in Danio rerio, are discussed
below.

8.10.1 Molecules that Enhance Follistatin Expression

The first pathway centers around follistatin, a secreted protein that inhibits the activity of myostatin, a
negative regulator of skeletal muscle hypertrophy (Fig. 8.3a) [95]. Follistatin expression can be mod-
ulated by several different mechanisms during myogenesis. One mechanism is through the transient
increase in cGMP that occurs at the onset of myoblast fusion in primary mouse myoblasts resulting
in the production of nitric oxide by nitric oxide synthase [96, 97]. This increase in cGMP stimulates
transcription of follistatin through the transcription factors myoD, cAMP response element binding
protein (CREB) and nuclear factor of activated T cells c2 (NFATc2), known mediators of myogene-
sis. Pharmacologic enhancement of nitric oxide or cGMP levels [96–98] enhance cell fusion, whereas
decreased levels of these two molecules diminish cell fusion [96, 97] due to changes in the pro-
duction of follistatin. A second mechanism of enhancing production of follistatin is by treatment
of myoblasts with deacetylase inhibitors. Deacetylase inhibitors increase transcription of follistatin
through a MyoD/CREB/NFATc2-dependent pathway and cause myotube hypertrophy by increas-
ing myoblast-myotube fusion [99]. Whether follistatin produced in response to nitric oxide/cGMP
signaling also specifically stimulates myoblast-myotube fusion is unknown.

Recently, studies on the role of mammalian target of rapamycin (mTOR) (Fig. 8.3a), a ser-
ine/threonine protein kinase [100, 101], in myoblast fusion have provided a third mechanism of
regulating follistatin levels [102]. Early studies demonstrated mTOR activity is necessary for the
secretion of an unidentified factor that promotes fusion of myoblasts with nascent myotubes [100]; this
mTOR-regulated fusion-promoting factor was recently identified as follistatin [102]. Given the impor-
tance of follistatin in myoblast fusion, further pathways are likely to intersect with the regulation of
its expression.

8.10.2 Molecules Upstream and Downstream of NFATc2

The second pathway centers around nuclear factor of activated T cells c2 (NFATc2), a transcription
factor that plays a central role in orchestrating fusion of myoblasts with nascent myotubes (Fig. 8.3b)
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Fig. 8.3 Integrated pathways regulating adult myoblast fusion in Mus musculus. (a) Molecules that enhance fol-
listatin expression are shown. Follistatin expression is increased by two cellular pathways: nitric oxide (via cGMP and
its targets, CREB, MyoD and NFATc2) and mTOR. In addition, treatment of myoblasts with deacetylase inhibitors
enhances expression of follistatin. Follistatin binds to and inhibits myostatin, a negative regulator of muscle growth.
(b) Molecules upstream and downstream of NFATc2 are shown. NFATc2 is required for the fusion-promoting activity
of PGF2α, GH and SHP-2 (via c-src). The mechanism by which GH acts is unknown, however PGF2α activates expres-
sion of Birc6, an anti-apoptotic protein, and SHP-2 stimulates secretion of IL4. IL4 enhances expression of MR, a
molecule that regulates myoblast migration likely through collagen clearance. (c) Upstream and downstream molecules
regulating M-cadherin signaling are shown. Both expression and localization of M-cadherin are regulated by caveolin-3,
calpain 3 and RhoE. M-cadherin exists in a complex with three cytoplasmic proteins (Trio, Arf6 and Rac1), which reg-
ulate actin cytoskeletal rearrangements through the activation of phospholipase D and the production of PI(4,5)P2. See
text for more details. Arf6 = Adenosine diphosphate ribosylation factor 6; Birc6 = Baculoviral IAP repeat-containing
6; cGMP = Cyclic guanosine monophosphate; CREB = cAMP response element binding protein; c-src = Rous sar-
coma oncogene cellular homolog; GH = Growth hormone; IL4 = interleukin 4; M-cadherin = Muscle cadherin; MR =
Mannose receptor; mTOR = Mammalian target of rapamycin; MyoD = Myogenic differentiation antigen; NFATc2 =
Nuclear factor of activated T cells c2; PGF2α = Prostaglandin F2α; PI(4,5)P2 = Phosphatidylinositol 4,5-bisphosphate;
Rac1 = Ras-related C3 botulinum toxin substrate 1; SHP-2 = SH2 domain-containing tyrosine phosphatase
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[85, 103]. NFATc2 null mice are able to normally form regenerating myofibers after injury, but these
myofibers grow at a slower rate and never reach the same final myofiber size of wild type mice.
Similarly, NFATc2 null myoblasts can only form small myotubes in vitro due to a defect in the
recruitment and/or fusion of myogenic cells with nascent myotubes [85]. Importantly, NFATc2 reg-
ulates expression of the cytokine IL4 by muscle cells [65]. In the absence of IL4 and IL4 receptor
α, myoblast fusion with nascent myotubes is also defective in vitro and in vivo [65]. IL4 likely pro-
motes myoblast fusion in part by regulating expression of the mannose receptor (MR), a cell surface
endocytic C-type lectin. Like IL4 null myoblasts, MR null myoblasts form smaller myotubes in vitro
and myofibers in vivo [64]. Specifically, MR null myoblasts display a reduction in general motility, as
well as an impairment in directed migration towards unknown factors released by fusing muscle cells
in culture. Collagen uptake is also decreased in MR null muscle cells, supporting a role for this recep-
tor in helping to clear extracellular matrix from the leading edge of migrating cells, thus facilitating
migration during the fusion process.

Molecules upstream of NFATc2 are also key players in regulating myoblast fusion with nascent
myotubes (Fig. 8.3b). NFATc2 is required for the increase in myonuclear number due to prostaglandin
F2α (PGF2α) [104] as well as to growth hormone (GH) [105] in vitro. PGF2α-mediated activation of
NFATc2 leads to expression of baculoviral IAP repeat-containing protein 6 (Birc6), an anti-apoptotic
molecule that increases the pool of myoblasts available for fusion [106]. However, GH does not acti-
vate NFATc2 signaling nor secretion of IL4, rather GH may act in a parallel pathway to NFATc2. The
mechanism by which GH promotes myoblast fusion with nascent myotubes is currently unknown.
Additionally, NFATc2 may also be downstream of the tyrosine kinase c-src [107]. The tyrosine phos-
phatase SHP-2 stimulates c-src, resulting in activation of NFAT and subsequent fusion of myoblasts
with myotubes in vitro [107]. Similar to NFATc2 null muscle cells [85], IL4 is decreased in SHP-2
null muscle cells in vitro and in vivo, supporting the idea that NFATc2 is a target for positive regula-
tion by SHP-2 during fusion. However, whether the small size of muscles in SHP-2 null mice in vivo
is a consequence of disrupting NFATc2 activation solely as opposed to other NFAT family members
needs to be determined.

8.10.3 Upstream and Downstream Molecules Regulating M-Cadherin Signaling

The third integrative pathway centers around the calcium-dependent adhesion molecule M-cadherin
(Fig. 8.3c). M-cadherin regulates myoblast fusion in vitro [69, 108, 109], but M-cadherin null mice
do not have defects in skeletal muscle formation or regeneration, suggesting potential compensation
by other cell adhesion molecules such as N-cadherin in vivo [110]. M-cadherin-dependent cell–cell
adhesion mediates Rac1 GTPase activation via the Rho-GEF Trio in vitro [69]. M-cadherin, Rac1
and Trio exist in a multiprotein complex at the time of fusion together with ARF6, a GTPase [111].
Upon ARF6 knockdown, the M-cadherin/Rac1/Trio complex does not form. ARF6 regulates myoblast
fusion through activation of phospholipase D and production of phosphatidylinositol 4,5-bisphosphate
(PI(4,5)P2) [111], a molecule that regulates actin cytoskeletal reorganization at the plasma membrane,
vesicle trafficking and membrane curvature [112], suggesting a role for these processes in myoblast
fusion.

M-cadherin expression and localization can be modulated by several factors (Fig. 8.3c). Primary
myoblasts from calpain 3 null mice give rise to myotubes containing an increased number of
myonuclei in vitro [113], likely due to the increased levels of membrane-associated M-cadherin
[114]. In addition, RhoE is important both for M-cadherin expression as well as for M-cadherin
accumulation at cell–cell contacts in vitro [115]. Finally, caveolin-3 regulates both expression and
localization of M-cadherin. Myoblasts from caveolin-3 overexpressing mice fail to form myotubes
and to upregulate M-cadherin expression early in differentiation, whereas myoblasts from caveolin-
3 null mice show enhanced fusion and fail to downregulate M-cadherin in vitro [116]. In addition,
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caveolin-3 appears to regulate the localization of M-cadherin in caveolae membranes at later stages
of differentiation; this localization into caveolae membranes is hypothesized to inhibit M-cadherin-
mediated signaling and hence, myoblast fusion. Additional experiments are needed to understand
the exact mechanisms by which calpain 3, RhoE and caveolin-3 regulate M-cadherin levels and/or
localization.

8.11 Conclusions and Future Directions

Myoblast fusion is a complex, highly regulated process characterized by molecular diversity in both
lower and higher organisms. While Drosophila melanogaster, Danio rerio and Mus musculus each
offer unique advantages for studying myoblast fusion, the information gleaned from studying all of
these organisms together provides a greater understanding of myoblast fusion than would be gained
from studying any single organism.

Further research in multiple areas detailed below is needed to fully elucidate the molecular reg-
ulation of myoblast fusion. (1) A detailed understanding of the spatial and temporal coordination of
myoblast fusion is lacking. Fusion does not occur between all cells, nor does it always take place
along the entire membrane of a cell. Studies of how muscle cells recognize each other rather than
other cells in the tissue and how they decide when and where on the cell membrane to fuse would be
beneficial to understanding myoblast fusion. (2) Myoblast heterogeneity is observed in Mus muscu-
lus, which raises the question of whether some mammalian myoblasts could be the equivalent of the
founder cell and fusion competent myoblast in Drosophila melanogaster. Further studies are needed
to elucidate the functional consequences of this heterogeneity for myoblast fusion in mice. (3) The
actual membrane fusogen molecules regulating the final step of myoblast fusion are not known in any
organism. Fusogens identified in other cell types could give clues as to the types of molecules control-
ling this final step [117, 118]. (4) Methods for single cell imaging in muscles of live mice do not exist.
Developing such sensitive methods of imaging would provide an unprecedented level of insight into
vertebrate myoblast fusion in different physiologic settings such as muscle regeneration or hypertro-
phy. (5) Various molecules are likely important for myoblast fusion in different physiologic settings.
An emphasis should be placed on identifying these regulatory molecules and pathways. MicroRNAs
are likely to play critical roles in myoblast fusion as they regulate diverse processes in multiple cells,
but little work has been done to identify regulatory networks for microRNAs in myoblast fusion. Such
studies could lead to the identification of new regulatory molecules, as well as provide insight into
the control of known regulatory pathways during myoblast fusion. Furthermore, large-scale screens
in higher organisms using small molecule or siRNA libraries are also likely to identify new molecules
with a role in myoblast fusion.

Further research in these various areas will enable a deeper understanding of the molecular mecha-
nisms by which myoblast fusion occurs. Various cell transplantation therapies for muscular disorders
are under development for use in humans and are being tested in mice using different types of muscle
cells, but the efficacy of these therapies is still low. Studies of myoblast fusion may provide improved
therapeutic strategies for diseases that affect skeletal muscle.

Acknowledgments GKP is supported by grants AR047314, AR051372, AR052730 and NS069234 from the National
Institutes of Health.

References

1. Bate M (1990) The embryonic development of larval muscles in Drosophila. Development 110:791–804
2. Baylies MK, Bate M, Ruiz Gomez M (1998) Myogenesis: a view from Drosophila. Cell 93:921–927
3. Beckett K, Baylies MK (2007) 3D analysis of founder cell and fusion competent myoblast arrangements outlines

a new model of myoblast fusion. Dev Biol 309:113–125



8 Molecular Mechanisms of Myoblast Fusion Across Species 131

4. Onel SF, Renkawitz-Pohl R (2009) FuRMAS: triggering myoblast fusion in Drosophila. Dev Dyn 238:
1513–1525

5. Richardson B, Beckett K, Baylies M (2008) Visualizing new dimensions in Drosophila myoblast fusion.
Bioessays 30:423–431

6. Roy S, VijayRaghavan K (1999) Muscle pattern diversification in Drosophila: the story of imaginal myogenesis.
BioEssays 21:486–498

7. Richardson BE, Beckett K, Nowak SJ et al (2007) SCAR/WAVE and Arp2/3 are crucial for cytoskeletal
remodeling at the site of myoblast fusion. Development 134:4357–4367

8. Strunkelnberg M, Bonengel B, Moda LM et al (2001) rst and its paralogue kirre act redundantly during embryonic
muscle development in Drosophila. Development 128:4229–4239

9. Ruiz-Gomez M, Coutts N, Price A et al (2000) Drosophila dumbfounded: a myoblast attractant essential for
fusion. Cell 102:189–198

10. Bour BA, Chakravarti M, West JM et al (2000) Drosophila SNS, a member of the immunoglobulin superfamily
that is essential for myoblast fusion. Genes Dev 14:1498–1511

11. Artero RD, Castanon I, Baylies MK (2001) The immunoglobulin-like protein Hibris functions as a dose-
dependent regulator of myoblast fusion and is differentially controlled by Ras and Notch signaling. Development
128:4251–4264

12. Dworak HA, Charles MA, Pellerano LB et al (2001) Characterization of Drosophila hibris, a gene related to
human nephrin. Development 128:4265–4276

13. Shelton C, Kocherlakota KS, Zhuang S et al (2009) The immunoglobulin superfamily member Hbs func-
tions redundantly with Sns in interactions between founder and fusion-competent myoblasts. Development 136:
1159–1168

14. Galletta BJ, Chakravarti M, Banerjee R et al (2004) SNS: Adhesive properties, localization requirements and
ectodomain dependence in S2 cells and embryonic myoblasts. Mech Dev 121:1455–1468

15. Rogers SL, Rogers GC (2008) Culture of Drosophila S2 cells and their use for RNAi-mediated loss-of-function
studies and immunofluorescence microscopy. Nat Protoc 3:606–611

16. Luo L, Liao YJ, Jan LY et al (1994) Distinct morphogenetic functions of similar small GTPases: Drosophila
Drac1 is involved in axonal outgrowth and myoblast fusion. Genes Dev 8:1787–1802

17. Doberstein SK, Fetter RD, Mehta AY et al (1997) Genetic analysis of myoblast fusion: blown fuse is required for
progression beyond the prefusion complex. J Cell Biol 136:1249–1261

18. Chen EH, Olson EN (2001) Antisocial, an intracellular adaptor protein, is required for myoblast fusion in
Drosophila. Dev Cell 1:705–715

19. Rau A, Buttgereit D, Holz A et al (2001) rolling pebbles (rols) is required in Drosophila muscle precursors for
recruitment of myoblasts for fusion. Development 128:5061–5073

20. Menon SD, Chia W (2001) Drosophila rolling pebbles: a multidomain protein required for myoblast fusion that
recruits D-Titin in response to the myoblast attractant Dumbfounded. Dev Cell 1:691–703

21. Chen EH, Pryce BA, Tzeng JA et al (2003) Control of myoblast fusion by a guanine nucleotide exchange factor,
loner, and its effector ARF6. Cell 114:751–762

22. Menon SD, Osman Z, Chenchill K et al (2005) A positive feedback loop between Dumbfounded and Rolling
pebbles leads to myotube enlargement in Drosophila. J Cell Biol 169:909–920

23. Rushton E, Drysdale R, Abmayr SM et al (1995) Mutations in a novel gene, myoblast city, provide evidence in
support of the founder cell hypothesis for Drosophila muscle development. Development 121:1979–1988

24. Erickson MR, Galletta BJ, Abmayr SM (1997) Drosophila myoblast city encodes a conserved protein that is
essential for myoblast fusion, dorsal closure, and cytoskeletal organization. J Cell Biol 138:589–603

25. Ishimaru S, Ueda R, Hinohara Y et al (2004) PVR plays a critical role via JNK activation in thorax closure during
Drosophila metamorphosis. EMBO J 23:3984–3994

26. Geisbrecht ER, Haralalka S, Swanson SK et al (2008) Drosophila ELMO/CED-12 interacts with Myoblast city
to direct myoblast fusion and ommatidial organization. Dev Biol 314:137–149

27. Galletta BJ, Niu XP, Erickson MR et al (1999) Identification of a Drosophila homologue to vertebrate Crk by
interaction with MBC. Gene 228:243–252

28. Kim S, Shilagardi K, Zhang S et al (2007) A critical function for the actin cytoskeleton in targeted exocytosis of
prefusion vesicles during myoblast fusion. Dev Cell 12:571–586

29. Balagopalan L, Chen MH, Geisbrecht ER et al (2006) The CDM superfamily protein MBC directs myoblast
fusion through a mechanism that requires phosphatidylinositol 3,4,5-triphosphate binding but is independent of
direct interaction with DCrk. Mol Cell Biol 26:9442–9455

30. Berger S, Schafer G, Kesper DA et al (2008) WASP and SCAR have distinct roles in activating the Arp2/3
complex during myoblast fusion. J Cell Sci 121:1303–1313

31. Massarwa R, Carmon S, Shilo BZ et al (2007) WIP/WASp-based actin-polymerization machinery is essential for
myoblast fusion in Drosophila. Dev Cell 12:557–569



132 A. Simionescu and G.K. Pavlath

32. Schafer G, Weber S, Holz A et al (2007) The Wiskott-Aldrich syndrome protein (WASP) is essential for myoblast
fusion in Drosophila. Dev Biol 304:664–674

33. Gildor B, Massarwa R, Shilo BZ et al (2009) The SCAR and WASp nucleation-promoting factors act sequentially
to mediate Drosophila myoblast fusion. EMBO Rep 10:1043–1050

34. Bogdan S, Klambt C (2003) Kette regulates actin dynamics and genetically interacts with Wave and Wasp.
Development 130:4427–4437

35. Schroter RH, Lier S, Holz A et al (2004) kette and blown fuse interact genetically during the second fusion step
of myogenesis in Drosophila. Development 131:4501–4509

36. Schroter RH, Buttgereit D, Beck L et al (2006) Blown fuse regulates stretching and outgrowth but not myoblast
fusion of the circular visceral muscles in Drosophila. Differentiation 74:608–621

37. Baxendale S, Davison C, Muxworthy C et al (2004) The B-cell maturation factor Blimp-1 specifies vertebrate
slow-twitch muscle fiber identity in response to Hedgehog signaling. Nat Genet 36:88–93

38. Devoto SH, Melancon E, Eisen JS et al (1996) Identification of separate slow and fast muscle precursor cells in
vivo, prior to somite formation. Development 122:3371–3380

39. Roy S, Wolff C, Ingham PW (2001) The u-boot mutation identifies a Hedgehog-regulated myogenic switch for
fiber-type diversification in the zebrafish embryo. Genes Dev 15:1563–1576

40. Blagden CS, Currie PD, Ingham PW et al (1997) Notochord induction of zebrafish slow muscle mediated by
Sonic hedgehog. Genes Dev 11:2163–2175

41. Du SJ, Devoto SH, Westerfield M et al (1997) Positive and negative regulation of muscle cell identity by members
of the hedgehog and TGF-beta gene families. J Cell Biol 139:145–156

42. Ochi H, Westerfield M (2007) Signaling networks that regulate muscle development: lessons from zebrafish. Dev
Growth Differ 49:1–11

43. Srinivas BP, Woo J, Leong WY et al (2007) A conserved molecular pathway mediates myoblast fusion in insects
and vertebrates. Nat Genet 39:781–786

44. Sohn RL, Huang P, Kawahara G et al (2009) A role for nephrin, a renal protein, in vertebrate skeletal muscle cell
fusion. Proc Natl Acad Sci USA 106:9274–9279

45. Moore CA, Parkin CA, Bidet Y et al (2007) A role for the Myoblast city homologues Dock1 and Dock5 and the
adaptor proteins Crk and Crk-like in zebrafish myoblast fusion. Development 134:3145–3153

46. Kelly AM, Zacks SI (1969) The histogenesis of rat intercostal muscle. J Cell Biol 42:135–153
47. Harris AJ, Duxson MJ, Fitzsimons RB et al (1989) Myonuclear birthdates distinguish the origins of primary and

secondary myotubes in embryonic mammalian skeletal muscles. Development 107:771–784
48. Ross JJ, Duxson MJ, Harris AJ (1987) Formation of primary and secondary myotubes in rat lumbrical muscles.

Development 100:383–394
49. Biressi S, Molinaro M, Cossu G (2007) Cellular heterogeneity during vertebrate skeletal muscle development.

Dev Biol 308:281–293
50. Biressi S, Tagliafico E, Lamorte G et al (2007) Intrinsic phenotypic diversity of embryonic and fetal myoblasts is

revealed by genome-wide gene expression analysis on purified cells. Dev Biol 304:633–651
51. Hutcheson DA, Zhao J, Merrell A et al (2009) Embryonic and fetal limb myogenic cells are derived

from developmentally distinct progenitors and have different requirements for beta-catenin. Genes Dev 23:
997–1013

52. Charge SB, Rudnicki MA (2004) Cellular and molecular regulation of muscle regeneration. Physiol Rev 84:
209–238

53. Sherwood RI, Christensen JL, Conboy IM et al (2004) Isolation of adult mouse myogenic progenitors: functional
heterogeneity of cells within and engrafting skeletal muscle. Cell 119:543–554

54. Ohtake Y, Tojo H, Seiki M (2006) Multifunctional roles of MT1-MMP in myofiber formation and morphostatic
maintenance of skeletal muscle. J Cell Sci 119:3822–3832

55. Swailes NT, Colegrave M, Knight PJ et al (2006) Non-muscle myosins 2A and 2B drive changes in cell
morphology that occur as myoblasts align and fuse. J Cell Sci 119:3561–3570

56. Nowak SJ, Nahirney PC, Hadjantonakis AK et al (2009) Nap1-mediated actin remodeling is essential for
mammalian myoblast fusion. J Cell Sci 122:3282–3293

57. Yoon S, Molloy MJ, Wu MP et al (2007) C6ORF32 is upregulated during muscle cell differentiation and induces
the formation of cellular filopodia. Dev Biol 301:70–81

58. Mukai A, Hashimoto N (2008) Localized cyclic AMP-dependent protein kinase activity is required for myogenic
cell fusion. Exp Cell Res 314:387–397

59. Mukai A, Kurisaki T, Sato SB et al (2009) Dynamic clustering and dispersion of lipid rafts contribute to fusion
competence of myogenic cells. Exp Cell Res 315:3052–3063

60. Stadler B, Blattler TM, Franco-Obregon A (2010) Time-lapse imaging of in vitro myogenesis using atomic force
microscopy. J Microsc 237:63–69

61. Abramovici H, Gee SH (2007) Morphological changes and spatial regulation of diacylglycerol kinase-zeta,
syntrophins, and Rac1 during myoblast fusion. Cell Motil Cytoskeleton 64:549–567



8 Molecular Mechanisms of Myoblast Fusion Across Species 133

62. Krauss RS, Cole F, Gaio U et al (2005) Close encounters: regulation of vertebrate skeletal myogenesis by cell-cell
contact. J Cell Sci 118:2355–2362

63. Griffin CA, Kafadar KA, Pavlath GK (2009) MOR23 promotes muscle regeneration and regulates cell adhesion
and migration. Dev Cell 17:649–661

64. Jansen KM, Pavlath GK (2006) Mannose receptor regulates myoblast motility and muscle growth. J Cell Biol
174:403–413

65. Horsley V, Jansen KM, Mills ST et al (2003) IL-4 acts as a myoblast recruitment factor during mammalian muscle
growth. Cell 113:483–494

66. Lafreniere JF, Mills P, Bouchentouf M et al (2006) Interleukin-4 improves the migration of human myogenic
precursor cells in vitro and in vivo. Exp Cell Res 312:1127–1141

67. Bondesen BA, Jones KA, Glasgow WC et al (2007) Inhibition of myoblast migration by prostacyclin is associated
with enhanced cell fusion. FASEB J 21:3338–3345

68. Knudsen KA (1985) The calcium-dependent myoblast adhesion that precedes cell fusion is mediated by
glycoproteins. J Cell Biol 101:891–897

69. Charrasse S, Comunale F, Fortier M et al (2007) M-cadherin activates Rac1 GTPase through the Rho-GEF trio
during myoblast fusion. Mol Biol Cell 18:1734–1743

70. Li H, Lemay S, Aoudjit L et al (2004) SRC-family kinase Fyn phosphorylates the cytoplasmic domain of nephrin
and modulates its interaction with podocin. J Am Soc Nephrol 15:3006–3015

71. Lipton BH, Konigsberg IR (1972) A fine-structural analysis of the fusion of myogenic cells. J Cell Biol 53:
348–364

72. Rash JE, Fambrough D (1973) Ultrastructural and electrophysiological correlates of cell coupling and cytoplas-
mic fusion during myogenesis in vitro. Dev Biol 30:166–186

73. Wakelam MJ (1985) The fusion of myoblasts. Biochem J 228:1–12
74. Kalderon N, Gilula NB (1979) Membrane events involved in myoblast fusion. J Cell Biol 81:411–425
75. Robertson TA, Grounds MD, Mitchell CA et al (1990) Fusion between myogenic cells in vivo: an ultrastructural

study in regenerating murine skeletal muscle. J Struct Biol 105:170–182
76. Fulton AB, Prives J, Farmer SR et al (1981) Developmental reorganization of the skeletal framework and its

surface lamina in fusing muscle cells. J Cell Biol 91:103–112
77. Duan R, Gallagher PJ (2009) Dependence of myoblast fusion on a cortical actin wall and nonmuscle myosin IIA.

Dev Biol 325:374–385
78. Swailes NT, Knight PJ, Peckham M (2004) Actin filament organization in aligned prefusion myoblasts. J Anat

205:381–391
79. O’Connor RS, Steeds CM, Wiseman RW et al (2008) Phosphocreatine as an energy source for actin cytoskeletal

rearrangements during myoblast fusion. J Physiol 586:2841–2853
80. Kurisu S, Takenawa T (2009) The WASP and WAVE family proteins. Genome Biol 10:226
81. Hynes RO (2002) Integrins: bidirectional, allosteric signaling machines. Cell 110:673–687
82. Gullberg D (2003) Cell biology: the molecules that make muscle. Nature 424:138–140
83. Schwander M, Leu M, Stumm M et al (2003) Beta1 integrins regulate myoblast fusion and sarcomere assembly.

Dev Cell 4:673–685
84. Quach NL, Biressi S, Reichardt LF et al (2009) Focal adhesion kinase signaling regulates the expression of

caveolin 3 and beta1 integrin, genes essential for normal myoblast fusion. Mol Biol Cell 20:3422–3435
85. Horsley V, Friday BB, Matteson S et al (2001) Regulation of the growth of multinucleated muscle cells by an

NFATC2-dependent pathway. J Cell Biol 153:329–338
86. Muroya S, Takagi H, Tajima S et al (1994) Selective inhibition of a step of myotube formation with wheat germ

agglutinin in a murine myoblast cell line, C2C12. Cell Struct Funct 19:241–252
87. Maecker HT, Todd SC, Levy S (1997) The tetraspanin superfamily: molecular facilitators. FASEB J 11:

428–442
88. Tachibana I, Hemler ME (1999) Role of transmembrane 4 superfamily (TM4SF) proteins CD9 and CD81 in

muscle cell fusion and myotube maintenance. J Cell Biol 146:893–904
89. Gorza L, Vitadello M (2000) Reduced amount of the glucose-regulated protein GRP94 in skeletal myoblasts

results in loss of fusion competence. FASEB J 14:461–475
90. Wanderling S, Simen BB, Ostrovsky O et al (2007) GRP94 is essential for mesoderm induction and muscle

development because it regulates insulin-like growth factor secretion. Mol Biol Cell 18:3764–3775
91. Bois PR, Grosveld GC (2003) FKHR (FOXO1a) is required for myotube fusion of primary mouse myoblasts.

EMBO J 22:1147–1157
92. Nishiyama T, Kii I, Kudo A (2004) Inactivation of Rho/ROCK signaling is crucial for the nuclear accumulation

of FKHR and myoblast fusion. J Biol Chem 279:47311–47319
93. Bois PR, Brochard VF, Salin-Cantegrel AV et al (2005) FoxO1a-cyclic GMP-dependent kinase I interactions

orchestrate myoblast fusion. Mol Cell Biol 25:7645–7656



134 A. Simionescu and G.K. Pavlath

94. Shafey D, Cote PD, Kothary R (2005) Hypomorphic Smn knockdown C2C12 myoblasts reveal intrinsic defects
in myoblast fusion and myotube morphology. Exp Cell Res 311:49–61

95. Lee SJ, McPherron AC (2001) Regulation of myostatin activity and muscle growth. Proc Natl Acad Sci USA
98:9306–9311

96. Lee KH, Baek MY, Moon KY et al (1994) Nitric oxide as a messenger molecule for myoblast fusion. J Biol Chem
269:14371–14374

97. Pisconti A, Brunelli S, Di Padova M et al (2006) Follistatin induction by nitric oxide through cyclic GMP: a
tightly regulated signaling pathway that controls myoblast fusion. J Cell Biol 172:233–244

98. Long JH, Lira VA, Soltow QA et al (2006) Arginine supplementation induces myoblast fusion via augmentation
of nitric oxide production. J Muscle Res Cell Motil 27:577–584

99. Iezzi S, Di Padova M, Serra C et al (2004) Deacetylase inhibitors increase muscle cell size by promoting myoblast
recruitment and fusion through induction of follistatin. Dev Cell 6:673–684

100. Park IH, Chen J (2005) Mammalian target of rapamycin (mTOR) signaling is required for a late-stage fusion
process during skeletal myotube maturation. J Biol Chem 280:32009–32017

101. Ge Y, Wu AL, Warnes C et al (2009) mTOR regulates skeletal muscle regeneration in vivo through kinase-
dependent and kinase-independent mechanisms. Am J Physiol Cell Physiol 297:C1434–1444

102. Sun Y, Ge Y, Drnevich J et al (2010) Mammalian target of rapamycin regulates miRNA-1 and follistatin in skeletal
myogenesis. J Cell Biol 189:1157–1169

103. Pavlath GK, Horsley V (2003) Cell fusion in skeletal muscle–central role of NFATC2 in regulating muscle cell
size. Cell Cycle 2:420–423

104. Horsley V, Pavlath GK (2003) Prostaglandin F2(alpha) stimulates growth of skeletal muscle cells via an NFATC2-
dependent pathway. J Cell Biol 161:111–118

105. Sotiropoulos A, Ohanna M, Kedzia C et al (2006) Growth hormone promotes skeletal muscle cell fusion
independent of insulin-like growth factor 1 up-regulation. Proc Natl Acad Sci USA 103:7315–7320

106. Jansen KM, Pavlath GK (2008) Prostaglandin F2alpha promotes muscle cell survival and growth through
upregulation of the inhibitor of apoptosis protein BRUCE. Cell Death Differ 15:1619–1628

107. Fornaro M, Burch PM, Yang W et al (2006) SHP-2 activates signaling of the nuclear factor of activated T cells to
promote skeletal muscle growth. J Cell Biol 175:87–97

108. Zeschnigk M, Kozian D, Kuch C et al (1995) Involvement of M-cadherin in terminal differentiation of skeletal
muscle cells. J Cell Sci 108 (Pt 9):2973–2981

109. Charrasse S, Comunale F, Grumbach Y et al (2006) RhoA GTPase regulates M-cadherin activity and myoblast
fusion. Mol Biol Cell 17:749–759

110. Hollnagel A, Grund C, Franke WW et al (2002) The cell adhesion molecule M-cadherin is not essential for
muscle development and regeneration. Mol Cell Biol 22:4760–4770

111. Bach AS, Enjalbert S, Comunale F et al (2010) ADP-ribosylation factor 6 regulates mammalian myoblast
fusion through phospholipase D1 and phosphatidylinositol 4,5-bisphosphate signaling pathways. Mol Biol Cell
21:2412–2424

112. Donaldson JG (2008) Arfs and membrane lipids: sensing, generating and responding to membrane curvature.
Biochem J 414:e1–2

113. Kramerova I, Kudryashova E, Tidball JG et al (2004) Null mutation of calpain 3 (p94) in mice causes abnormal
sarcomere formation in vivo and in vitro. Hum Mol Genet 13:1373–1388

114. Kramerova I, Kudryashova E, Wu B et al (2006) Regulation of M-cadherin -{beta}-catenin complex by calpain 3
during terminal stages of myogenic differentiation. Mol Cell Biol 26:8437–8447

115. Fortier M, Comunale F, Kucharczak J et al (2008) RhoE controls myoblast alignment prior fusion through RhoA
and ROCK. Cell Death Differ 15:1221–1231

116. Volonte D, Peoples AJ, Galbiati F (2003) Modulation of myoblast fusion by caveolin-3 in dystrophic skeletal
muscle cells: implications for Duchenne muscular dystrophy and limb-girdle muscular dystrophy-1C. Mol Biol
Cell 14:4075–4088

117. Dupressoir A, Marceau G, Vernochet C et al (2005) Syncytin-A and syncytin-B, two fusogenic placenta-
specific murine envelope genes of retroviral origin conserved in Muridae. Proc Natl Acad Sci USA 102:
725–730

118. Dupressoir A, Vernochet C, Bawa O et al (2009) Syncytin-A knockout mice demonstrate the critical role
in placentation of a fusogenic, endogenous retrovirus-derived, envelope gene. Proc Natl Acad Sci USA 106:
12127–12132

119. Laurin M, Fradet N, Blangy A et al (2008) The atypical Rac activator Dock180 (Dock1) regulates myoblast fusion
in vivo. Proc Natl Acad Sci USA 105:15446–15451

120. Pajcini KV, Pomerantz JH, Alkan O et al (2008) Myoblasts and macrophages share molecular components that
contribute to cell-cell fusion. J Cell Biol 180:1005–1019

121. Vasyutina E, Martarelli B, Brakebusch C et al (2009) The small G-proteins Rac1 and Cdc42 are essential for
myoblast fusion in the mouse. Proc Natl Acad Sci USA 106:8935–8940



8 Molecular Mechanisms of Myoblast Fusion Across Species 135

122. Straube A, Merdes A (2007) EB3 regulates microtubule dynamics at the cell cortex and is required for myoblast
elongation and fusion. Curr Biol 17:1318–1325

123. Dowling JJ, Vreede AP, Kim S et al (2008) Kindlin-2 is required for myocyte elongation and is essential for
myogenesis. BMC Cell Biol 9:36

124. Bae GU, Gaio U, Yang YJ et al (2008) Regulation of myoblast motility and fusion by the CXCR4-associated
sialomucin, CD164. J Biol Chem 283:8301–8309

125. Suzuki M, Angata K, Nakayama J et al (2003) Polysialic acid and mucin type o-glycans on the neural cell
adhesion molecule differentially regulate myoblast fusion. J Biol Chem 278:49459–49468

126. Rosen GD, Sanes JR, LaChance R et al (1992) Roles for the integrin VLA-4 and its counter receptor VCAM-1
in myogenesis. Cell 69:1107–1119

127. Dalkilic I, Schienda J, Thompson TG et al (2006) Loss of FilaminC (FLNc) results in severe defects in myogenesis
and myotube structure. Mol Cell Biol 26:6522–6534

128. Conti FJ, Monkley SJ, Wood MR et al (2009) Talin 1 and 2 are required for myoblast fusion, sarcomere assembly
and the maintenance of myotendinous junctions. Development 136:3597–3606

129. Doherty KR, Demonbreun AR, Wallace GQ et al (2008) The endocytic recycling protein EHD2 interacts with
myoferlin to regulate myoblast fusion. J Biol Chem 283:20252–20260

130. Doherty KR, Cave A, Davis DB et al (2005) Normal myoblast fusion requires myoferlin. Development 132:
5565–5575

131. Kamei Y, Miura S, Suzuki M et al (2004) Skeletal muscle FOXO1 (FKHR) transgenic mice have less skeletal
muscle mass, down-regulated Type I (slow twitch/red muscle) fiber genes, and impaired glycemic control. J Biol
Chem 279:41114–41123

132. Ostrovsky O, Eletto D, Makarewich C et al (2009) Glucose regulated protein 94 is required for muscle differ-
entiation through its control of the autocrine production of insulin-like growth factors. Biochim Biophys Acta
1803:333–341





Chapter 9
Cell-Fusion-Mediated Reprogramming: Pluripotency
or Transdifferentiation? Implications for
Regenerative Medicine

Daniela Sanges∗, Frederic Lluis∗, and Maria Pia Cosma

Abstract Cell–cell fusion is a natural process that occurs not only during development, but as has
emerged over the last few years, also with an important role in tissue regeneration. Interestingly,
in-vitro studies have revealed that after fusion of two different cell types, the developmental poten-
tial of these cells can change. This suggests that the mechanisms by which cells differentiate during
development to acquire their identities is not irreversible, as was considered until a few years ago.
To date, it is well established that the fate of a cell can be changed by a process known as repro-
gramming. This mainly occurs in two different ways: the differentiated state of a cell can be reversed
back into a pluripotent state (pluripotent reprogramming), or it can be switched directly to a different
differentiated state (lineage reprogramming). In both cases, these possibilities of obtaining sources of
autologous somatic cells to maintain, replace or rescue different tissues has provided new and funda-
mental insights in the stem-cell-therapy field. Most interestingly, the concept that cell reprogramming
can also occur in vivo by spontaneous cell fusion events is also emerging, which suggests that this
mechanism can be implicated not only in cellular plasticity, but also in tissue regeneration. In this
chapter, we will summarize the present knowledge of the molecular mechanisms that mediate the
restoration of pluripotency in vitro through cell fusion, as well as the studies carried out over the last 3
decades on lineage reprogramming, both in vitro and in vivo. How the outcome of these studies relate
to regenerative medicine applications will also be discussed.

9.1 Cell–Cell Fusion Methodologies

Membrane fusion is fundamental to the life of eukaryotic cells. Cellular trafficking and compart-
mentalization, intercellular communication, cell division, and many other physiological events are
all dependent on this basic process. Fusion between two cells also occurs in a wide range of
developmental and pathological processes [1].

In 1975, a biophysical discussion agreed upon the definition of the fusion process as the mixing of
entrapped contents between two membrane-enclosed aqueous compartments that involves the mixing
of the membrane contents, but with little escape of the entrapped contents [2].

Even though the process of cell–cell fusion is a physiological process during mammalian develop-
ment [3], artificial fusion has also been used to merge together two cell types to generate a third
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cell type that would display hybrid characteristics different from both of the original cells. The
development of monoclonal antibodies by Kohler and Milstein [4], for example, relied on the for-
mation of “hybridomas” that were created by fusing antibody-producing cells with cancer cells.
Following this idea, induced fusion has also been used to study other processes, such as the plasticity
of cells of different origins. In this case, fusion has been induced mainly by two different methods, as
now described.

9.1.1 PEG-Mediated Fusion

Polyethylene glycol (PEG) is an oligomer or polymer of ethylene oxide. PEG has been used to fuse
cells from a long time [5]. However, in the 1970s, very little was known about the mechanisms by
which PEG induced fusion. It was shown that the action of PEG in promoting cell–cell fusion was
not due to effects such as surface absorption, crosslinking or solubilization, but that the major effect
of PEG for membrane merging was due to volume exclusion, which induces an osmotic force that
brings the membranes into close contact, resulting in the membrane dehydration necessary to induce
fusion [6].

9.1.2 Electrofusion

One key aspect of membrane surfaces is their surface charge. Electrofusion consists of the application
of pulsed electric fields [7] that allow membrane permeabilization (a reversible process without any
dramatic membrane rupturing if controlled parameters are used). Thus, electropermeabilized cells
brought into contact are fusogenic [8]. In subsequent experiments, when cells were first brought
in contact and then an electric pulse was applied, this resulted in an increase in hybrid formation,
suggesting that fusion takes place when the two cell surfaces in contact are electropermeabilized [9].

9.2 Somatic Cell Reprogramming

Cell–cell fusion has been extensively used in more recent years to study the plasticity of differentiated
cells, a concept that can be strictly related to the capacity of adult cells to undergo reprogramming.

Somatic cell reprogramming can be referred to as the transition from one cell type into another.
There are two major types of reprogramming: (i) reprogramming of differentiated cells into
pluripotent cells; and (ii) lineage reprogramming of differentiated cells into different differentiated
cells.

Reprogrammed pluripotent cells show:

(1) demethylation and reactivation of genes that are essential for pluripotency, such as Oct4, Nanog
and Sox2;

(2) silencing of somatic markers;
(3) reactivation of the silent X chromosome;
(4) potential to form teratomas and to differentiate in tissues that are derived from the three germ

layers after injection into nude mice;
(5) potential to generate chimeras, meaning that the reprogrammed cells can give rise to different

tissues of the body.

In the lineage reprogramming that consists of the transition between specialized cellular identities,
the new reprogrammed cells will acquire the features of the cells to which they convert to. In another
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Fig. 9.1 Strategies to induce pluripotent reprogramming. There are several strategies used to induce reprogramming.
In nuclear transfer, the somatic nucleus is transferred into an enucleated oocyte to yield a totipotent cell with the
genetic material from the somatic cell (cloning). Cell fusion between ESCs and somatic cells results in the generation
of hybrid cells where the somatic nucleus is reprogrammed into a pluripotent state. Generation of heterokaryons with
two separated nuclei or synkaryons with one nucleus is possible. Finally, in the direct reprogramming strategy, the
transduction of three transcription factors, Oct4, Klf4, Sox2 (with or without c-Myc) in a somatic cell induces the
formation of iPSCs, which are pluripotent cells. It is also possible to generate iPSCs by transducing NSCs with only
Oct4

words, if fibroblasts are to become muscle cells, they will need to express muscle cell genes and
silence the expression of their fibroblast-specific genes.

To date, there are several strategies that have been used to generate pluripotent cells from somatic
cells (Fig. 9.1).

9.2.1 Somatic Cell Nuclear Transfer

The process of somatic cell nuclear transfer (SCNT) involves the transfer of the nucleus of a somatic
cell into an enucleated oocyte, with the goal of generating a totipotent cell. Then, under the correct
conditions, an adult organism can develop. This technique is also known as cloning.

The cloning of animal cells was first performed when Briggs and King created frog embryo
clones in 1952 [10]. They took fertilized frog eggs, removed the chromosomes/spindle apparatus,
and replaced these with nuclei from older embryos. The net result was clones of adult frogs that were
identical to the originating frog cell nuclei.

More recently, the nuclear reprogramming capacity of oocytes has been demonstrated in mammals
by the production of cloned sheep, cows, mice and pigs [11–14]. However, all of the epigenetic marks
that have been examined in cloned embryos show abnormalities [15] the success rate of this cloning
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is very low, and there are high levels of early and late embryonic lethality. This has been suggested
to be due to inaccurate and incomplete reprogramming, including incorrect DNA methylation of the
somatic donor nucleus [15–19].

However, this process of cloning, and especially if carried out in humans, is fraught with fears that
such events could lead to reproductive cloning: the formation of an embryo that can become an adult
after implantation in the uterus.

9.2.2 Nuclear Reprogramming of Somatic Cells by Cell–Cell Fusion

Similar to the production of cloned animals from somatic nuclear transfer, the state of a somatic
nucleus can be reprogrammed to that of a pluripotent stem cell by hybridization with pluripotent
cells. This is due to the observation that in the majority of hybrids, the phenotype of the less-
differentiated cell-fusion partner is dominant over the phenotype of the more-differentiated cell-fusion
partner.

As early as the 1970s, cell–cell fusion was used to study nuclear reprogramming. In one study,
mouse embryonic carcinoma cells (ECCs) were fused with primary thymocytes, and the resultant
hybrid cells showed properties of pluripotent carcinoma cells [20]. More recently, different types of
somatic cells have been fused with embryonic stem cells (ESCs), and both mouse (mESCs) and human
(hESCs) ESCs have been shown to have the ability to reprogram somatic cells [21, 22]. Moreover,
fusion between specialized cells can lead to the formation of hybrids that acquire one of the two
distinct phenotypes, as was seen, for example, by fusing murine muscle cells with human primary
diploid cells derived from many different embryonic lineages [23–25].

As the aim of this chapter is to summarize the information relating to cell-fusion-mediated
reprogramming, the knowledge in this field is detailed below.

9.2.3 Direct Reprogramming of Somatic Cells

The first evidence that adult somatic cells can be reprogrammed into cells with ESC-like character-
istics was reported by Takahaski and Yamanaka [26], when they transduced the four genes encoding
for the Oct4, Klf4, Sox2 and c-Myc factors into fetal and adult mouse fibroblasts, using retrovirus
infection. The overexpression of the transduced trangenes produced some cells with an ESC-like phe-
notype, which are known as induced pluripotent stem cells (iPSCs). Soon after, it was shown that it
was possible to reprogram human fibroblasts with these same four factors, or with the combination
of the Oct4, Sox2, Nanog and LIN28 factors [27]. Subsequently, other cells, such as B lymphocytes,
hepatocytes, gastric epithelial cells and others, have been successfully reprogrammed by the same
combinations of factors, and also by a subset of these factors, or with new “blends” of different factors
[28, 29].

c-Myc is a potent oncogene that is implicated in cell proliferation, DNA replication, cell growth
and metastasis formation [30–32]. When iPSCs were generated using c-Myc, Oct4, Sox2 and Klf4,
about 15% of the mice derived from these iPSCs developed tumors within 4 months. Subsequent
studies have reported that both human and mouse adult fibroblasts can be reprogrammed using only
three genes, with c-Myc being omitted here [33, 34]. This observation has stimulated many studies
towards the identification of the “essential” reprogramming factors.

Klf4 is an abundant transcript in ESCs, although Klf4 knock-down does not lead to an obvious
phenotype; this is probably due to functional redundancy with other Klf family members in ESCs
[35, 36]. It has been shown that Klf4 can be replaced by the orphan nuclear receptor Esrrb, which can
act in conjunction with Oct4 and Sox2 to mediate reprogramming. Esrrb-reprogrammed cells share
similar marker expression and epigenetic signatures with respect to ESCs [37].
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Oct4 and Sox2 are probably the most important factors for the induction of reprogramming; how-
ever, even these can be replaced. Both of these factors are required for the maintenance of ESC
pluripotency and for self-renewal [38, 39]. A lack of Oct4 in embryos impairs their ability to develop
the inner cell mass [40], while Sox2 loss-of-function results in defective epiblasts and differentiation
into trophoblast cells [41]. To date, it has been shown that for the reprogramming of somatic cells,
Sox2 can be replaced with other members of its family, such as Sox1 and Sox3, albeit with reduced
efficiencies [33]. In an interesting recent report, it was shown that Oct4 can be replaced by the orphan
nuclear receptor Nr5a2 (also known as Lrh-1) in the production of iPSCs from mouse somatic cells
[42], casting some doubts on the fundamental role of Oct4 in iPSC generation. However, NSCs have
been shown to be reprogrammed to pluripotency after overexpression of only Oct4 [43], confirming
that Oct4 does indeed have a critical role in reprogramming.

9.3 Induced Pluripotency Through Cell-Fusion-Mediated Reprogramming

Dolly the sheep was generated by nuclear transfer in 1997, demonstrating that fully differentiated
mammalian somatic cells can be reprogrammed to a state of totipotency [11]. Most recently, by
modifying existing SCNT protocols, the successful nuclear reprogramming of adult rhesus macaque
somatic cells into pluripotent ESCs was achieved. These ESCs showed normal ESC morphology,
expressed ESC-specific markers, and differentiated into multiple cell types in vivo and in vitro
[44]. These studies have confirmed the feasibility of SCNT in mammalian cloning. SCNT has also
been used to show that oocytes have the ability to reprogramme somatic cells, as does the sperm
genome.

The success rate of mammalian cloning by nuclear transfer is, however, very low (3–5%), and the
majority of clones die in utero or neonatally. This can also often occur in conjunction with devel-
opmental problems, such as large offspring syndrome [45]. A surviving cloned animal is a highly
rigorous operational assay for effective reprogramming, but such successes at the organism level
unfortunately provide little insight into the underlying molecular mechanisms that are involved in
the reprogramming processes themselves. For this reason, different methods for studying reprogram-
ming have been used, such as fusion between somatic cells and pluripotent stem cells. The stem
cells that have been used in these experiments are ESCs, embryonic germ cells (EGCs), and ECCs
(Fig. 9.2).

The use of pluripotent cells in vitro has been possible only in the last few years. Only in
1981 were ESCs established from normal mouse blastocysts [46, 47]. Subsequently, primordial
germ cells (PGCs) were generated and EGCs were derived and called “embryonic germ” to denote
their origin [48]. EGCs can retain many properties of pluripotency and can be cultured for long
times.

ECCs are the stem cells of teratocarcinomas, and studies have shown that they are closely related
to ESCs [46, 47, 49, 50]. This conclusion has been confirmed in humans, with the demonstration that
ECCs derived from human testicular teratocarcinomas and ESCs isolated from early human embryos
produced by in-vitro fertilization share common features [51, 52].

9.3.1 Fusion of Somatic Cells with ECCs

In 1976, Miller and Ruddle first reported that pluripotent teratocarcinoma–thymus somatic cell
hybrids can differentiate into a wide variety of tissues, which indicated that pluripotency is not abol-
ished by the presence of the differentiated cells in the hybrids [20]. Reprogramming was evident since
the hybrid cells resembled an ECC morphologically, and they showed reactivation of specific genes
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Fig. 9.2 Cell-cell fusion between somatic cells and pluripotent cells. Somatic cells can be fused using PEG or elec-
trofusion, with the generation of pluripotent cells (ECCs, EGCs and ESCs) and hybrid cells. Features of the different
hybrids obtained are indicated

and/or activation of the inactive X chromosome derived from the somatic partner [20, 53, 54]. Cross-
species fusion has also been carried out: hybrids formed between murine ECCs and cells from a human
T-lymphoma resulted in formation of an inter-species hybrid colony where the expression of the Oct4
and Sox2 human transcription factors was detected, as characteristic of undifferentiated pluripotent
stem cells. This thus demonstrated activation of endogenous human markers of pluripotency.

One question that has been raised regarding fusion-induced reprogramming was whether somatic
cells can retain the memory of their origin after being reprogrammed, as reprogramming itself does
not necessarily imply that the somatic cells have completely lost this memory. To answer this question,
ECCs were fused with mouse neurosphere cells. By examining the changes in gene expression and
DNA methylation of the hybrid cells during re-differentiation, it was found that not only did the ECCs
reprogram these neural stem cells (NSCs), but they also caused the NSCs to lose their epigenetic
memory [55]. This thus confirmed the conclusion that hybrid cells can lose the memory of their
somatic origin and adopt an identical differentiation potential to that of their pluripotent fusion partner.

Furthermore, hybrid ECC–somatic cells can give rise to true carcinomas that contain derivatives
of all three of the embryonic germ layers [53, 54, 56, 57] or that form embryoid bodies in suspension
culture [57]. The presence of embryonic antigens has also been seen for fusion between ECCs and
lymphocytes and thymocytes [58]. However, the hybrid cells produced by the fusion of ECCs with
fibroblasts resembled fibroblasts with respect to their morphology [59], suggesting that ECCs cannot
completely reprogramme all kinds of somatic nuclei.

Even if an important amount of our knowledge derives from studies with hybrids of ECC–somatic
cells, it is clear that ECCs have some limitations. While they have the features of pluripotent embry-
onic cells, ECCs retain a low level of developmental potential as compared to ESCs and EGCs. ECCs
rarely generate chimeras, and moreover, they cannot contribute to germ lines (Fig. 9.2) [54].

The view that is emerging from these studies is that hybrid cells generated by ESCs or EGCs with
somatic cell fusion provide better systems for studying somatic-cell reprogramming.
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9.3.2 Fusion of Somatic Cells with ESCs

A large number of recent studies have demonstrated the potent reprogramming activities of ESCs.
One of the earliest studies of fusion-mediated reprogramming was carried out by fusing male mESCs
deficient for hypoxanthine phosphoribosyl-transferase (HPRT-) with mouse female spleen cells, using
PEG. The hybrids were then selected for HAT-resistance, and four clones were isolated. These were
positive for the embryonic ECMA-7 antigen and negative for the TROMA-1 somatic antigen, showed
alkaline phosphatase activity, had both X chromosomes synchronously replicating (indicating that
they were both in an active state), were able to form embryoid bodies containing derivatives of all
three germinal layers, and, most importantly, were able to generate chimeric mice when injected
into blastocysts. Of note, three of the four isolated clones contained 41–43 chromosomes, and one
clone was nearly tetraploid. However, this last proved to be unstable: when grown under non-selective
conditions, the cells of this clone rapidly lost chromosomes, retaining only 40–43 chromosomes after
5–7 passages [60, 61]. Nevertheless, it was not clear if the chromosomes from the ESCs or those from
the spleen cells segregated into the hybrids.

In a subsequent study, a more efficient method for somatic reprogramming selection was used.
Somatic thymocytes harboring a silent GFP transgene under the control of the Oct4 promoter were
fused with ESCs [22]. When the somatic genome was reprogrammed, Oct4-GFP was expressed and
hybrid reprogrammed clones were successfully generated. The thymocyte/ ESC hybrids contained
reactivated X chromosomes of thymocyte origin, as judged by fluorescent in-situ hybridization for
Xist RNA. In this study, Xist RNA was seen to bind unstably to all three X chromosomes, sug-
gesting a state of partial X chromosome inactivation. The Oct4-promoter-driven GFP transgene was
observed approximately 48 h after fusion. Interestingly, ESCs were not able to reprogram parental
imprints, given that the methylation status of the imprinted H19 and Igf2r genes was not altered by
the fusion with ESCs. Furthermore, ESC/thymocyte hybrids contributed to all three germ layers in
mouse chimeras at day E7.5 of development (Fig. 9.2).

To analyze the differentiation potential of the hybrid cells, fusion of mouse Hprt- ESCs and thymo-
cytes containing a selectable ROSA 26βgeo transgene (which ubiquitously expressed neomycin drug
resistance and β-galactosidase activity) were carried out. These hybrids retained chromosomes from
both fusion partners, as judged by the presence of specific polymorphisms, and they produced ter-
atomas in SCID mice [62]. Furthermore, they differentiated into neural lineages in culture, and were
shown to be immunoreactive for the post-mitotic neuron-specific factor TuJ and for the dopaminergic
neuronal marker PitX3. When neuronally differentiated hybrids were implanted into the striatum of
mouse brains, the cells expressed tyrosine hydroxylase, providing evidence that hybrid cells can dif-
ferentiate into neural cells with dopaminergic characteristics. The survival of cells in the grafts was
confirmed by X-gal staining 15 days after injection.

It has also been shown that human somatic cells can be reprogrammed by fusion with hESCs.
Like mESCs, hESCs can self-renew indefinitely and can differentiate into all cell types of the body
[52]. Hygromycin-resistant hESCs were fused with puromycin-resistant human fibroblasts using PEG,
and double drug selection was used for the formation of hybrids [21]. The resulting hybrids were
formed of cells predominantly containing 92 chromosomes, and the Oct4 promoter was demethylated,
a necessary step for reinitiating its expression. Other pluripotent markers were expressed in these
hybrids, while the expression of fibroblast-specific genes was repressed. Hybrids formed embryoid
bodies and teratomas after injection into nude mice [21]. Similar results were obtained when myeloid
precursors were fused with hESCs [63].

Fusion of ESCs with somatic cells in all the mentioned studies produced highly prolifera-
tive hybrids with nuclear fusion, called synkaryons. This system unfortunately does not allow the
unequivocal assertion that the somatic cell nucleus is reprogrammed, as it coexists with the origi-
nal chromosomes from the ESCs in the hybrids. Thus a different approach has been used recently
to analyze reprogramming: the heterokaryon system. Heterokaryons are hybrids containing two
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different nuclei in a common cytoplasm, whereby all of the genetic material remains intact within
each independent nucleus. This type of short-term, non-dividing fusion product makes it possible to
assess the influence of two nuclear components on gene expression [64]. Two research groups have
generated heterokaryons between mESCs and human somatic cells (B lymphocytes and fibroblasts).
This method allowed the reprogramming of the human nuclei to be followed. Interestingly, the repro-
gramming was very fast, and the human nuclei were shown to start expressing pluripotent markers
(Oct4 and Nanog) 24 h after fusion [65, 66]. Furthermore, the reprogrammed human cells expressed
a profile of transcripts seen in hESCs that were not expressed in mESCs, suggesting that the human
nuclei was reprogrammed through trans-acting factors from the mouse nuclei. Later, however, the
reprogramming process was finalized and established by reactivated cis-acting factors from the human
nuclei [66].

9.3.3 Fusion of Somatic Cells with EGCs

EGCs were established from PGCs [67, 68]. PGCs can be identified by the expression of an Oct4-GFP
transgene, which allows their purification by fluorescence-activated cell sorting (FACS). Analysis
of DNA from PGCs revealed demethylation at multiple genetic loci, including for both imprinted
and non-imprinted genes [69, 70]. This might explain why EGC-derived chimeras show phenotypic
abnormalities, which include fetal overgrowth and skeletal malformations, even if they can con-
tribute to many tissues in chimeric embryos [71]. However, EGCs maintain important pluripotent
characteristics, which make them attractive candidates for induced fusion with somatic cells to study
reprogramming.

With fusion of female EGCs carrying the Rosa 26βgeo transgene and female somatic thymic lym-
phocytes, the hybrids obtained showed phenotypic properties that were similar to those of EGCs,
including both pluripotency and repression of expression of the somatic cell genome (Fig. 9.2).
Extensive demethylation of the thymocyte genome was also detected, which was similar to that
seen in the EGC nuclei; this demonstrated that the demethylation activity from EGCs was dom-
inant over the somatic genome. Futhermore, the X chromosome derived from the somatic nuclei
was reactivated. Interestingly, unlike ESCs, EGCs can erase the parental imprints of H19 and
Igf2r. Finally, when the hybrids were injected into host blastocysts and implanted into pseudo-
pregnant mothers, β-galactosidase expression was seen in chimeric embryos at days E9.5 and
E10.5 [72].

9.3.4 Mechanisms Controlling Somatic Cell Reprogramming

Somatic cell reprogramming is an inefficient process. Furthermore, for many years it was not clear
if the factors that induce reprogramming are in the nucleus or in the cytoplasm. The nuclear transfer
experiments told us that the cytoplasm of an enucleated mammalian oocyte had the ability to reset
the genetic program of a fully differentiated somatic cell nucleus [44, 73–76]. In addition, extracts
from Xenopus eggs and ECCs were shown to activate expression of Oct4 in the somatic cells [77, 78],
further suggesting that cytoplasmic elements are the reprogramming factors responsible.

However, in an interesting report, karyoplasts (cellular nuclei) and cytoplasts (intact cytoplasm
without nuclei) of ESCs were separated and fused with NSCs. Fascinatingly, Oct4-GFP was activated
in NSCs only after fusion with ESC karyoplasts, and hence not with ESC cytoplasts. These data
were the first evidence that indicated that ESC nuclei contain factors that are sufficient to reactivate
Oct4-GFP in somatic cells and to initiate reprogramming [79].

In addition, Do and Scholer [79] demonstrated the importance of the cell-fusion-induced repro-
gramming approach for identification of nuclear factors that regulate and increase reprogramming
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efficiency. Below we summarize the reprogramming factors that have been identified to date by
cell-fusion-mediated reprogramming.

9.3.4.1 Nanog

Nanog is a homeodomain-bearing protein that acts as a transcriptional factor, and is itself transcribed
specifically in mouse pluripotent cells, mESCs and mEGCs [80, 81]. The loss of epiblasts soon after
implantation in Nanog-null embryos, and the clonal expansion of ESCs over-expressing Nanog via
bypassing of the regulation by LIF-STAT3 signals, indicate that Nanog is an important regulator for
maintaining pluripotency and self-renewal of ESCs [82, 83]. These observations identified Nanog as
a good candidate to increase reprogramming. Indeed, a 200-fold increase in the number of repro-
grammed colonies was seen after fusions of ESCs overexpressing Nanog with NSCs, as compared
with controls [84]. Nanog also improved the yield of reprogrammed hybrids when thymocytes and
fibroblasts were fused with ESCs.

However, Nanog is not a part of the minimal combinations of exogenous factors that can con-
vert mouse somatic cells into iPSCs [26]. To solve this apparent controversy, using Nanog-deficient
cells, it has been shown that Nanog is fully dispensable for the initial steps of reprogramming, which
consist of the loss of differentiated features and the creation of a pre-pluripotent state. Instead, Nanog
mediated the acquisition of pluripotency by inducing the completion of dedifferentiation of partially
reprogrammed cells [82].

9.3.4.2 The Wnt/β-Catenin Pathway

Wnt/β-catenin signaling controls ESC self-renewal and maintenance of “stemness” [85], and regu-
lates expression of the ESC genes. The stability of β-catenin is essential to the signaling activity of the
canonical Wnt pathway. In the absence of Wnt binding to its receptor, GSK-3β kinase phosphorylates
β-catenin and targets it for ubiquitin-mediated destruction. Activation of the pathway by Wnt inhibits
GSK-3β activity and results in the accumulation of β-catenin. Stable β-catenin then translocates into
the nucleus, where it interacts with different Tcf DNA-binding factors; this complex in turn activates
the transcription of target genes [86, 87]. Periodic activation of the Wnt/β-catenin signaling pathway
strikingly enhances cell-fusion-mediated reprogramming. Specifically, by treating ESCs for a limited
and specific time with Wnt3a or with an inhibitor of GSK-3 activity, which both lead to nuclear accu-
mulation of β-catenin, these cells became “super-able” to reprogram somatic cells (NSCs, thymocytes
and mouse embryonic fibroblasts [MEFs]) after fusion [88].

It would be interesting to identify the important downstream effectors of Wnt that participate
in this process. For example, c-Myc is a prominent downstream regulator of the Wnt pathway
[86, 89]. However, enhancement of reprogramming efficiencies by Wnt3a-conditioned medium was
not accompanied by up-regulation of c-Myc [88]. Tcf3 is another candidate effector of the Wnt signal-
ing pathway. Tcf3 co-localizes with ESC core regulators, such as Oct4, Sox2 and Nanog, to regulate
the balance between ESC pluripotency and differentiation [86, 90, 91].

Interestingly, Nanog and the Wnt pathway can cooperate; in a system where Nanog is overex-
pressed and the Wnt pathway is activated, the reprogramming of NSCs is strikingly enhanced [92].

9.3.4.3 AKT Signaling

Phosphoinositide 3-kinase (PI3K) has a decisive role in a broad range of cellular functions relating
to responses to extracellular signals. The serine-threonine kinase Akt is a key downstream effector of
PI3K, and in response to PI3K activation, Akt phosphorylates and regulates the activities of a num-
ber of targets, including kinases, transcription factors, and other regulatory molecules. This PI3K/Akt
signaling regulates both tumorigenic potential and pluripotency of stem cells. This pathway promotes
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the de-differentiation of primordial germ cells into EGCs, and it is sufficient to maintain the pluripo-
tency of mouse and primate ESCs cultured in the absence of LIF and feeder cells [93, 94]. These
features defined PI3K/Akt as a strong candidate signaling pathway that can increase reprogramming.
Indeed, activation of Akt signaling enhanced the yield of pluripotent hybrid colonies after cell fusions
between ESCs and somatic cells [93]. However, activation of Akt signaling significantly reduced the
efficiency of nuclear reprogramming by nuclear transfer. This controversy into the effects of Akt sig-
naling might be due to transcriptional activation of different sets of target genes in each of these
methods.

9.3.4.4 Sall4

Sall4 is a member of the Spalt family of transcription factors, and it was originally identified in
Drosophila as a homeotic gene that is required for head and tail development [95]. Sall4 is also
essential for maintenance of pluripotency and self-renewal of ESCs, and for their derivation from
blastocysts [96]. Although Sall4 can act as a transcription factor that regulates numerous genes, one
of its few known target genes is Oct4 [97].

MEFs carrying the Oct4-GFP transgene and overexpressing each of Oct4, Nanog, Sox2 and
Sall4 have been fused with ESCs, with the number of GFP-positive cells after fusion monitored.
Unexpectedly, after fusion with ESCs, MEFs that overexpressed Oct4, Nanog or Sox2 did not show
significant increases in Oct4-GFP expression relative to the controls. In contrast, the relative num-
bers of GFP-positive cells in MEFs overexpressing Sall4 increased sevenfold with respect to the
controls.

However, in another experimental system, double drug selection was used to measure repro-
grammed colony formation after fusion. In this setting, after fusion with ESCs, MEFs overexpressing
Nanog, Sox2 or Sall4 showed significant increases in the number of reprogrammed colonies, rel-
ative to the controls. In contrast, the overexpression of Oct4 in MEFs did not promote formation
of reprogrammed colonies [98]. These data showed that Nanog, Sox2 and Sall4 can induce repro-
gramming even if they are overexpressed in the somatic genome. However, the duration of the
reprogramming process and the re-expression of the Oct4 promoter can vary across different sys-
tems, and so the reactivation of Oct4-GFP appears not necessarily to be indicative of successful
reprogramming.

9.3.4.5 Epigenetic Modulation: Roles of PRC2, AID and G9a

Using the method of direct reprogramming, most infected cells are trapped in a partially repro-
grammed state, due to their inability to overcome major reprogramming barriers. When the DNA-
methylase inhibitor 5-aza-cytidine was applied to these pre-iPSC clones, conversion of the pre-iPSC
state into the complete iPSC state was shown [99]. This thus demonstrated that DNA methylation
is an important epigenetic barrier that partially reprogrammed cells can encounter and can fail to
overcome.

With heterokaryon formation between mESCs and human fibroblasts, the DNA demethylase AID
was identified as an important player in the reprogramming process. After fusion, rapid demethy-
lation of the Oct4 and Nanog promoters in the somatic heterokaryon genome was seen, which was
also followed by the expression of these genes. This suggested that demethylase activity is impor-
tant for the reprogramming process. DNA demethylation is essential to overcome gene silencing and
to induce temporally and spatially controlled expression of mammalian genes, although no consen-
sus mammalian DNA demethylase has been identified, despite years of efforts [100]. AID was a
candidate factor, as it has a role in mammalian DNA demethylation of pluripotent germ cells and
DNA demethylation in zebra fish during post-fertilization events [101, 102]. AID belongs to a family
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of cytosine deaminases, and the deamination of cytosine followed by DNA repair leads to DNA
demethylation [103]. In heterokaryons, the knock-down of AID prevented DNA demethylation of
the human Oct4 and Nanog promoters and the expression of these pluripotency factors by fibrob-
last nuclei. Furthermore, initiation of nuclear reprogramming towards pluripotency was inhibited in
human somatic fibroblasts when AID-dependent DNA demethylation was reduced. Interestingly, AID
binding was seen at silent methylated Oct4 and Nanog promoters in fibroblasts, but not in active
unmethylated Oct4 and Nanog promoters in ESCs [65].

As well as DNA demethylation, histone modifications are important for the enhancement of
reprogramming efficiency.

Polycomb-group (PcG) proteins were originally identified in Drosophila melanogaster, where they
form multiprotein complexes that are required for maintaining transcriptional silencing of a subset
of repressed genes [104]. Two main repressor complexes, polycomb repressive complexes 1 and
2 (PRC1, 2) have been identified. These have different catalytic properties and core components.
PRC2 consists of three core components: embryonic ectoderm development (Eed), suppressor of Zeste
12 (Suz12), and the SET-domain-containing protein enhancer of Zeste homolog 2 (Ezh2). The cat-
alytic subunit, Ezh2 is a SET domain-containing methyltransferase that catalyzes the formation of the
H3K27me3 marker, which forms the docking site for recruitment of PRC1 [104].

The involvement of the PcG proteins in the maintenance of ESC identity and pluripotency was
first suggested by genome-wide studies that showed that PcG targets are highly enriched in genes
involved in developmental patterning, morphogenesis, and organogenesis [38]. Loss of the EED gene
in ESCs leads to genome-wide and almost total loss of H3K27me3, and consequently, to derepression
of the PcG targets [105]. Despite this dramatic reduction in H3K27Me3, ESCs can be derived in
the absence of EED. Embryos lacking individual components of the PRC2 complex, such as Eed,
Ezh2 and Suz12, can survive post-implantation but die from gastrulation defects from 7 to 9 days
post-fertilization [106–108].

In mESCs and hESCs, PRC1 and PRC2 localize to the promoters of a subset of repressed genes that
encode transcription factors that are required for specification during later development. These genes
contain overlapping binding sites for the pluripotent genes Oct4, Sox2, Nanog and Sall4 within their
promoters [109–111], and are enriched in both H3K4me3 and H3K27me3 histones [112–114]. This
explains why ESCs require PcG proteins for maintenance of the self-renewing state; EED-/- ESCs
tend to differentiation in culture as lineage development genes are derepressed [105, 115]. However,
EED–/– ESCs cannot give rise to all cell types after in-vitro differentiation, and the chimeras show
developmental defects that are similar to knock-out embryos [105]. Thus PcG complexes are also
required for the full differentiation potential of ESCs.

Interestingly, it has been shown recently that deletion of individual PRC1 and PRC2 members
(Eed, Suz12, Ezh2 and Ring1a/B) in ESCs abolished the ability of these ESCs to induce reprogram-
ming when they were fused with human lymphocytes to form heterokaryons. Importantly, given that
Eed-deficient mESCs can themselves self-renew, and are pluripotent and can contribute to the three
germ layers in vivo but can not reprogram the somatic genome, this finding clearly showed that
pluripotency and reprogramming function can be dissociated, and represent two different pathways
[116].

As part of H3K27 methylation, H3K9 methylation has also been shown to be important as a marker
for reprogramming. It has been showed that knock-down of the histone H3 lysine 9 (H3K9) methyl-
transferase G9a, and overexpression of the jumonji-domain-containing H3K9 demethylase Jhdm2a,
can enhance Oct4-EGFP reactivation from adult NSCs after ESC-fusion-mediated reprogramming. In
addition, coexpression of Nanog and Jhdm2a enhanced the reprogramming even further. After over-
expression of Jhdm2a or inhibition of G9a, a reduction in DNA methylation in the Oct4 promoter was
seen, demonstrating that H3K9 and DNA methylation restricts somatic cell reprogramming by cell
fusion with ESCs [117].
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9.4 Lineage Reprogramming by Cell Fusion

Although differentiated cells normally retain cell-type-specific gene expression patterns throughout
their lifetime, cell identity can sometimes be changed both in vitro and in vivo through different
mechanisms. Besides the strategies described above that are based on de-differentiation of somatic
cells to a pluripotent fate, several studies have been performed to determine whether, and especially
how, the cellular identity can be modified, rather then reversed back along the developmental cascade,
to achieve pluripotency.

The ability to impose changes in gene expression and to transfer epigenetic markers associated
with a different cell fate to more specialized cells after cell fusion has been considered a unique char-
acteristic of ESCs [21, 22, 84]. However, in the 1980s, it was already thought that differentiated cells
also have the capacity to change the epigenetic state of other nuclei. Following fusion of two distinct
somatic cell types to form proliferating hybrids (synkaryons) or post-mitotic hybrids (heterokaryons),
somatic nuclei were reprogrammed towards specific differentiated fates [23, 25, 118]. These findings
surprisingly highlighted the possibility to switch directly between different cell fates; that is, in other
word, the re-programming of cell identity.

The first studies on phenotype modulation induced by synkaryon formation in specialized cells
revealed that gene activation specific for a different cell is seen. Fusion of murine hepatoma cells,
which secrete mouse serum albumin, with human leukocytes, which did not produce albumin, resulted
in the formation of hybrids that secreted both mouse and human serum albumin, indicating that the
albumin gene in human leukocytes was re-activated. These data are consistent with the hypothesis that
the murine genome contributes with activators to the human genome [119].

Many reports have shown that ectopic expression of single transcription factors that are known
to have a key role in specification of a certain cell identity during development can be sufficient to
convert the cell fate to that of a different somatic cell. For example, expression of individual muscle
regulatory factors of the MyoD family has been shown to be sufficient to convert a range of non-
muscle cell types into muscle cells (Fig. 9.3). Surprisingly, the pattern of gene activation resembles
the expression of the muscle regulatory transcription factors during normal muscle differentiation
[120–124].

Similarly, high levels of the transcription factors C/EBPalpha and C/EBPbeta can directly repro-
gram committed mature B lymphocytes to become macrophages [125, 126]. More recently, fibroblasts
were converted into functional neurons by expression of three factors (Ascl1, Brn2 [also known as
Pou3f2] and Myt1l) [127] (Fig. 9.3).

Unexpectedly, the liver-derived BNL cell line was directly converted to muscle cells by induc-
tion of overexpression of the transcription factor MyoD, whereas other similar cell types, such as
the human HepG2 hepatocyte cell line, were not [121, 128]. One explanation of such differences
could be that the BNL cells are less differentiated than HepG2 cells and primary hepatocytes.
Thus cell type, cell-cycle phase, differentiation state, and age of the nuclei might all influence
the efficiency of nuclear reprogramming; however, the effects of these differences need to be
investigated.

Interestingly, the apparently refractory HepG2 cell type starts to express specific muscle genes
when forced to fuse with myotubes, to form heterokaryons [129]. These data demonstrated that
heterokaryon formation induces human muscle gene expression in non-muscle nuclei.

The phenotypic changes observed in MyoD-overexpressing HepG2 hepatocytes differ from those
in hepatocyte-derived heterokaryons: the response of a somatic cell to a single regulator depends
on the cellular developmental state and the specific regulatory gene expression. In contrast, the
phenotype of hybrid cells obtained by fusion results from a complex interaction of the regulatory
factors that are contributed by each former cell type. Based on these differences, the stable differen-
tiated state of a cell has been defined as the product of dynamic interactions among different sets of
regulators [130].
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Fig. 9.3 Overview of lineage reprogramming induced in vitro and in vivo. Scheme summarizing the different transitions
from one cell fate to another that have been observed experimentally after ectopic expression of key transcription factors
(blue lines), in vitro cell fusion forced with PEG (red lines), and spontaneous cell fusion observed in vivo (green
lines), starting from cells derived from different developmental precursors, such as ectoderm, mesoderm and endoderm.
The bi-directionality of the process has been investigated experimentally only for the muscle–keratinocyte transition.
Interestingly, the kinetic of the transition appears to be more rapid for the same developmental lineage transitions (i.e.
fibroblast–muscle) with respect to different developmental lineage transitions (i.e. hepatocyte–muscle)

9.4.1 Synkaryon Versus Heterokaryon Strategies to Investigate the Mechanisms
of Cell-Fusion-Mediated Lineage Reprogramming

Muscle cells are not unique in their potential to directly reprogram a differentiated cell by cell fusion.
For instance, other studies have demonstrated that the adult human globin genes can be reactivated
in stable hybrid cell lines produced by PEG-mediated cell fusion of adult mouse erythroleukemia
cells or human hematopoietic cells, and fibroblasts [131–133]. However, it was difficult to draw con-
clusions about trans-acting regulatory mechanisms in these studies that came from stable synkaryon
lines. Many generations were required before the hybrids could be isolated and analyzed; furthermore,
the gene activation program was generally transient after the formation of synkaryons, because cell
division during the passages in culture led to the loss of the human chromosomes.

To overcome these problems, other investigations have fused human fetal or mouse adult erythroid
cells with non-erythroid cells, to form transient heterokaryons, with isolation and analysis of the
total RNA 24 h later. The conclusion here was that previously inactive globin gene expression can
be activated in a variety of non-erythroid cell types, and thus the globin genes appeared not to
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be irreversibly inactivated in non-erythroid cells: in conclusion, the erythroid cells should contain
developmental-stage-specific factors that act in trans to regulate globin gene expression [25].

However, the synkaroyon strategy used in these studies had some limitations. For instance, in
synkaryons from the same species, it was not possible to determine the timing or extent of reprogram-
ming, as after many passages the nuclear components of one parental cell type were physically mixed
with those of the other; thus the contributions of each of the two nuclei could not be distinguished.
Therefore, the heterokaryon strategy appears to be the most appropriate to circumvent these prob-
lems. In contrast to synkaryons, heterokaryons do not undergo mitosis, and they stably retain all of
the nuclear components of the parental cell types in their distinct intact nuclei. In addition, in studies
of nuclear reprogramming towards a differentiated fate in non-dividing interspecific heterokaryons,
the species-specific transcriptome can be analyzed to profile the gene expression changes from the
nucleus of interest in the fused cells, throughout the time course of the reprogramming.

In one of the first studies on heterokaryons, Ringertz showed that fusion of rat myoblasts and chick
erythrocytes resulted in the swelling of the erytrocyte nuclei and diffusion of the chromatin, in antic-
ipation of the reprogramming events [134]. Later, primary mouse muscle cells were fused in tissue
culture with human primary cells derived from all of the three embryonic lineages: endoderm (hepa-
tocytes), ectoderm (keratinocytes) and mesoderm (fibroblasts) (Fig. 9.3). Of note, nuclei from each of
these cell types were capable of activating a number of previously silent muscle genes, indicating that
the differentiated state can be altered, even in different specialized human cells [23, 25, 135, 136].

Interestingly, these heterokaryon studies revealed that tissue derivation and embryonic origin have
marked effects. Fibroblasts, which are from the same embryonic lineage as muscle (mesoderm),
show faster kinetics and a higher ultimate frequency of muscle gene expression, with respect to ker-
atinocytes (ectoderm) and hepatocytes (endoderm) (Fig. 9.3). Despite this, the characteristics of cell
history, or the lineage of origin, appear to influence cell reprogrammability [129].

9.4.2 The Importance of Gene Dosage in the Direction of Lineage
Reprogramming by Cell Fusion

Cell-fusion-mediated lineage reprogramming can occur in either direction. In addition to keratinocytes
being reprogrammed to a muscle transcriptional state, muscle nuclei can be reprogrammed towards a
keratinocyte state, and these two phenotypes are mutually exclusive [137]. These two developmental
states do not coexist: thus, there must be a controlling mechanism that supports and maintains the
dominant transcriptional program.

Cell fusion results in the combination of two entire genomes and the cytoplasm from two cells of
different functional and developmental states. Thus, the final phenotype will ultimately be determined
by the dominance that arises from an excess of cytoplasmic factors or nuclear gene dosing, and not
by a particular dominant phenotype or a master regulator [137]. To better examine the concentra-
tion requirements in the activation and expression of differentiation-specific genes over time, different
ratios of myoblasts and keratinocytes were fused. Higher proportions of muscle cells induced an
increase in reprogramming towards the muscle fate, and vice versa, indicating that the gene reactiva-
tion obtained in heterokaryons is dependent on the relative ratio of the nuclei that is contributed by
each of the parental cell-type concentrations and stoichiometries.

9.4.3 Global Chromatin Changes in Cell-Fusion-Induced Lineage
Reprogramming

The first evidence of cell-fusion-induced lineage reprogramming that was seen in heterokaryons
suggested that the gene expression changes were restricted to permissive or open loci. However,
many years ago, global chromatin remodeling in somatic cell heterokaryons was already predicted
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by the observation of nuclear swelling and chromatin redistribution prior to gene reactivation in het-
erokaryons formed between rat myoblasts and nucleated chicken erythrocytes [138]. As differentiation
involves a unique chromatin fingerprint configuration for each cell type, and moreover, as differen-
tiated cells required continuous and active regulation to maintain their identity, it is reasonable to
believe that lineage reprogramming is driven by chromatin remodeling at key loci, which in turn
allows the expression of trans-acting regulators. Recently, a detailed study of muscle–keratinocyte
hybrids revealed that the muscle gene activation in keratinocytes is not limited to a few genes, but is
extensive [137]. Importantly, muscle gene re-activation was followed by a substantial silencing of the
keratinocyte genes. Thus, this heterokaryon formation induced not only activation of silent genes in
the non-expressing cell type, but also repression of the differentiated functions. So, the activation of
muscle genes appears to be due not to genome-wide de-repression, but instead it is part of a global
conversion from the expression program of a keratinocyte to that of a muscle cell [129].

In 1984, it was already postulated that differential regulation in hybrids after cell fusion resulted
from the interactions of specific trans-acting factors with cis-acting genomic sequences, such as
promoters or enhancers [139]. Whereas cell-type-specific gene expression programs were estab-
lished through a network of transcriptional activators and repressors, epigenetic factors might also
be required to maintain specification, by stabilizing the chromatin domains [140, 141].

As chromatin remodeling factors, including histone deacetylases (HDACs), were required for reset-
ting gene expression, the role of HDAC activity in the dominant conversion of human lymphocytes
to muscle cells in heterokaryons was investigated. The aim here was to elucidate the mechanisms of
chromatin remodeling in cell-fusion-mediated lineage reprogramming. In heterokaryons, where chro-
matin replication is precluded, the lymphocyte nuclei increased in size and heterochromatin domains
were redistributed to mimic the spatial rearrangement of neighboring mouse myocytes [142]. This
was followed by the de-novo expression of human muscle genes in a temporal order that accurately
recaptured gene expression in normal development. Moreover, activation of muscle-specific genes was
associated with reduced expression of several lymphocyte genes. This confirmed that cell fusion not
only induced reactivation of some specific genes, but it also resulted in global transition to a new cell
identity in which silencing of pre-expressing genes also occurred. Remarkably, by inhibiting HDAC
activity in the heterokaryons, the nuclei were seen to co-express two different lineage-associated gene
programs. This indicated that although gene activation and silencing are mechanistically distinct, they
are coordinated events in reprogramming [142].

The positive effects of treatment with an HDAC inhibitor prior to heterokaryon formation sug-
gested that pre-fusion relaxation of chromatin at muscle regulatory regions renders the non-muscle
nuclei more susceptible to muscle cytoplasmic factors after fusion.

Thus, in addition to activators and repressors of transcription, structural information, such as DNA
methylation patterns, have to be transferred via the cytoplasm from the nuclei of one cell type to those
of another in heterokaryons. It is now well supported that specialized skeletal muscle cells confer
epigenetic information to epidermal progenitor nuclei by directing the methylation and demethylation
of DNA of the genes they activate or silence [142]. These methylation changes are targeted in a
tissue-specific manner, with keratinocyte-specific gene methylation accompanied by muscle-specific
gene demethylation. Interestingly, DNA methylation has to occur by an active mechanism, as the cell
hybrids did not undergo mitosis or DNA replication.

9.5 Cell-Fusion-Mediated Reprogramming as a Regeneration Mechanism

Generation of one adult phenotype directly from another as an alternative to reprogramming somatic
cells to an intermediate stem cell state has broad implications for regenerative medicine. If cells can
de-differentiate to a less differentiated state also in vivo, this implies that not only stem cells, but
also the differentiated cells can show a degree of plasticity. Evidence that cell fusion between somatic
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cells leads to reprogramming of differentiated nuclei had already arisen in the 1980s; however, that
similar fusion events occurred in adult vertebrate organs was not predicted 3 decades ago. Thus, today,
cell–cell fusion cannot be considered only as an in vitro mechanism to induce changes in cellular
identity, but it is also acquiring a high impact in the field of regenerative medicine, as a possible
in-vivo physiological way of regenerating damaged tissue.

9.5.1 Transdifferentiation Versus Cell–Cell Fusion Theories to Determine
Cellular Plasticity

There is evidence that adult stem cells can fuse and change their cell identity in vivo. This is the
case for bone marrow-derived cells (BMDCs), which are known to be the most plastic stem cells in
the human body. These adult stem cells have the unique ability to switch their differentiation fate
following bone-marrow transplantation in human and rodents, which contributes to the regeneration
of hematopoietic and non-hematopoietic tissues. For instance, many studies have demonstrated that
transplanted BMDCs can take on different lineages in vivo, including myocytes [143], hepatocytes
[144], neurons [145], and many other cell types [146] (Fig. 9.3). This idea challenges the long-
standing concept of cell-fate determination in mammalian developmental biology, and has received
significant attention because it offers possibilities of expanding the therapeutic potential of adult stem
cells.

The developmental fate of transplanted BMDCs during their new phenotype acquisition has been
followed. It appears that after transplantation, BMDCs first acquire the characteristics of heritably
diploid muscle stem cells (satellite cells), and then they later contribute to mature myofibers of mus-
cle tissue. This thus suggests that BMDCs can undergo cell-fate changes as diploid mononucleate
cells, and once reprogrammed, they can contribute to various tissues [147]. Two different theories can
explain this phenomenon: the first is the trans-differentiation theory, which proposes that adult stem
cells differentiate outside the tissue of origin in response to a new microenvironment by converting
directly in the new cell type, while not globally changing their genetic identities. The second theory
is that their change in cell identity is mediated by cell fusion events. In early 2002, spontaneous cell
fusion was proposed as an alternative mechanism by which BMDCs can contribute to different tis-
sues. The theory is that BMDCs first fuse with pre-existing differentiated cells within the target tissue,
and then their nuclei are reprogrammed in response to intracellular cytoplasmic factors. Through co-
culturing BMDCs with ESCs, Terada et al. showed that BMDCs can fuse spontaneously with other
cells and subsequently adopt the phenotype of the recipient cells [148]. This finding was particularly
significant, considering reports at the same time of transplanted BMDCs turning into unexpected cell
types in vivo as a result of cell fusion events. Thus, despite the LaBarge study excluded cell fusion
events and indicated that BMDCs can be transformed into satellite stem cells and then into muscle
cells on the basis of cell karyotypes, several studies have now indicated that the changes in cellular
identity can also result from cell-fusion events.

As an example, in a central nervous system biopsy from a woman who also received bone marrow
transplants from male donors, it was shown that some of her Purkinje neurons were tetraploid (XXXY)
and contained chromosomes from both female and male bone-marrow donors. This indicated that the
Purkinje cells had fused with hematopoietic cells from the bone-marrow donors [149].

Several in-vivo cell-fusion events were then experimentally demonstrated in mice. Evidence
of cell fusion in vivo emerged from injecting GFP+ BMDCs expressing CRE recombinase into
lethally irradiated mice carrying a LacZ reporter gene that was expressed only after excision of a
LoxP-flanked-STOP codon by CRE-mediated recombination after fusion. Here, BMDCs were found
to have fused with hepatocytes, cardiomyocytes and Purkinje neurons, even if at low rates [150].

Already in 1997, Eglitis and Mezey demonstrated that after transplantation of NeoR expressing
hematopoietic stem cells, micro and macroglia that expressed the donor-derived reporter gene (NeoR)
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were found in the brain [151]. However, despite a large number of reports indicated that cell fusion
can occur in vivo after bone-marrow transplantation and that the phenotype change of the hybrid cells
suggested a global change of expression profile by the donor genome, evidence of “reprogramming”
was still missing.

It was Weimann and colleagues who for the first time suggested global chromatin reorganization
and reprogramming of the donor nuclei to express a Purkinje cell specific gene after cell fusion. In this
study, BMDCs fused spontaneously with Purkinje neurons after transplantation to form stable, non-
dividing, binucleate, chromosomally balanced heterokaryons. Initially, the bone-marrow-like nuclei
were characterized by compact chromatin, while the Purkinje nuclei retained dispersed chromatin.
Over time, the nuclei of the BMDC donor cells became less compact and dense, and then finally
they assumed the morphology of the Purkinje nuclei. As the authors indicated, this suggested that
the neuronal program was dominant over the BMDC phenotype. To support their hypothesis, they
reported reactivation of a Purkinje-specific trangene, L7-GFP, within the genome of the donor trans-
genic BMDCs. Thus, this mechanism that involved changes in gene expression was defined as nuclear
reprogramming, which provided the first evidence that the differentiated state can be altered in vivo
[152].

Given that the nucleus can be reprogrammed, at least partially, by cytoplasmic factors (as demon-
strated by mammalian cloning), and based on the observation of the importance of the factors ratio in
heterokaryons formed in vitro, the amounts of pre-existing protein and mRNA in the cytoplasm also
appear to have roles in the outcome of cell-fusion events. In this sense, the size and composition of
a cell might be a factor in the determination of the phenotypic dominance. Indeed, Purkinje neurons,
hepatocytes, cardiac myocytes and skeletal myotubes have relatively large cytoplasmic volumes, and
thus the reprogramming of the BMDC genome is presumably achieved through the increased dose of
regulatory proteins in the much larger fusion partners.

However, it appears that these changes in cell function after cell fusion in vivo are the results of
rare events, rather than the result of a biological process, as the frequency of these events is very
low. In contrast, in a study from Johansson et al. in 2008, they confirmed that after transplantation,
BMDCs can fuse with Purkinje neurons, although more interestingly, the low incidence of cell fusion
that is detected under normal conditions can be enhanced under specific condition of stress, such
as chronic brain inflammation. Remarkably, following species-mismached BMDC transplantation,
specific Purkinje neuron gene products (Calb1, Pcp2, Kcnc1 and Gsbs) were detected in BMDC nuclei
after fusion, whereas hematopoietic gene products (CD45, CD11b, F4/80 and Iba1) were not. These
data demonstrated that the nuclei of BMDCs in the Purkinje heterokaryons can activate previously
silent genes that are typical of mature Purkinje neurons and can repress hematopoietic genes. This
is consistent with the hypothesis that they are reprogrammed to a Purkinje neuron fate, and that this
mechanism is enhanced in response to tissue injury [153].

Another groundbreaking study demonstrated that cell-fusion-mediated reprogramming will be
important in regenerative medicine. Female mice deficient in the enzyme fumarylacetoacetate hydro-
lase (Fah–/–; a model of fatal tyrosinaemia type 1) can be rescued by transplantation of BMDCs
carrying the Fah allele. The novel generated hepatocytes in the transplanted Fah–/– mice were
polyploid and contained chromosomes from the recipient and donor cells, which indicated that the
regenerating nodules were derived from the donor hematopoietic cells that fused with the host hepa-
tocytes, and not from transdifferentiated hematopoietic stem cells. More interestingly, it was thought
that these cell-fusion events led to reprogramming of donor hematopoietic cell nuclei, as indicating by
the Fah expression in regenerating liver nodules. In support of this, the BMDC surface marker CD45
was shown not to be expressed in Fah+/+ hepatocytes, indicating that after fusion the hematopoi-
etic donor genomes underwent reprogramming of both activating and silencing genes to acquire the
hepatocyte expression profile [154].

Similarly, cell fusion events have been demonstrated in a lethally irradiated female mouse model of
lung inflammation that lacks lung-specific surfactant protein c (Sp-c). These mice were transplanted
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with male wild-type BMDCs. The heterokaryon formation that was demonstrated by the Y chromo-
some in newly formed binucleate pneumocytes led to lung-specific reprogramming of the transplanted
BMDCs, as indicated by activation of lung-specific gene expression as well as the expression of the
Sp-C gene in the null mice [155].

Moreover, after transplantation of dermal fibroblasts into mdx mice, which is a mouse model for
Duchenne muscular dystrophy, it was shown that the dermal fibroblasts can fuse with myotubes. As a
result, the heterokaryons contained nuclei from both mdx and wild-type fibroblasts, which resulted in
phenotypic and functional reversion of muscular dysgenesis [156].

9.6 Concluding Remarks

As has already been reviewed, there was new evidence by 2002 that some cells, such those from the
bone marrow, can change lineage to generate completely new types of cells. This generated many
doubts, and various news headlines like “Cell fusion makes confusion”, “Plasticity: time for a reap-
praisal”, and “Is transdifferentiation in trouble?”. Also, the science editor of the UK broadsheet The
Daily Telegraph (14/03/02) opined, “Scientists are generating freak cells”. However, as Wright com-
mented, this appears to be something that happens as part of the physiology of the cell, and it is thus
“not necessarily a bad thing if it has cured a potential fatal metabolic disease!” To date, the number of
studies that have investigated the function of heterokaryons in vivo is not high enough to have a clear
idea of the full scenario; the molecular mechanisms that regulate cellular plasticity are still poorly
understood, and this could in part justify the skepticism in this field.

The dissection of the entire gene expression profile from both genomes in heterokaryons formation
in vivo is necessary for us to understand whether these mechanisms of reprogramming are only partial
achieved, or if the are the result of global changes in cellular identity. Moreover, the whole genome
methylation and demethylation patterns in all of the system need to be evaluated. If chromatin remod-
eling occurs, the target accessible sequences will also change. Thus, an important question remains
to be answered: What happens during the developmental cell state transition? It has been shown
that the phenotypic transition is rapid, and this has hampered the evaluation of the existence of any
putative unstable intermediates. However, it remains to be seen whether the transition from one cell
fate to another is direct, or whether between re-expression of previously silent genes and silencing
of expressed genes there exists an intermediate where the chromatin state and the gene profile are
similar to an intermediate state that resembles a common, less-specialized developmental precursor.
BMDCs fuse and acquire the phenotype of fusion partners that arise from all of the three embryonic
lineages, and most interestingly, BMDCs can de-differentiate to pluripotency. It still remains, how-
ever, to demonstrate whether during lineage transition in vivo, cells return to a pluripotent state, which
would be unstable in adult tissue, before they go down through an alternative developmental pathway.
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Chapter 10
Cell Fusion and Tissue Regeneration

Manuel Álvarez-Dolado and Magdalena Martínez-Losa

Abstract Cell fusion is a natural process implicated in normal development, immune response, tissue
formation, and with a prominent role in stem cell plasticity. The discovery that bone marrow stem cells
fuse with several cell types, under normal condition or after an injury, introduces new possibilities in
regenerative medicine and genetic repair. Cell fusion has been shown to be implicated in regeneration,
and the complementation of recessive mutations affecting the liver, brain, muscle, lung and gut, under
appropriate conditions. However, we should be cautious and better understand the mechanisms that
govern cell fusion during regeneration before to consider it as clinically relevant. In this chapter,
we will present the current evidences about the role of cell fusion in tissue regeneration and its future
potential as therapy. Cell fusion is an exciting and promising research field. In addition, we will review
the challenges that should face the fusion process to become therapeutically effective and safe.

10.1 Introduction

Cell fusion is a natural process present in our lives from the very beginning, when a spermatozoid fuses
with an ovule. Later, during development, cell fusion is involved in organ formation, virus infection,
and immune response [1–7]. In the last decade, cell fusion has also been linked to stem cell biology;
to their plastic and regenerative properties [8–12]. Specially, the discovery that bone marrow derived
cells (BMDC) fuse with several cell types, under normal condition or after an injury, introduces new
possibilities in medicine to use the cell fusion as a mechanism of tissue regeneration and genetic
repair [8–12]. Cell fusion promotes a more dynamic concept of the cell, since it leads to changes in
the genetic content and cell fate. These modifications may stimulate cells to better response against
an insult, or to proliferate for restoration of tissue integrity. However, cell fusion has not been exempt
of polemic. In this chapter we will present the current evidences about the role of cell fusion in tissue
regeneration and its future potential as therapy.

10.2 Cell Fusion as a Cell Plasticity Mechanism

Stem cells (SC) are defined as immature cells with self-renewal properties, being able to generate
mature progeny including non-renewing progenitors and terminally differentiated cells. Consequently,
SC are the main source of new cells and major responsible for tissue homeostasis and regeneration
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after injury [13, 14]. They can use different mechanisms to repair a damaged tissue: generation of new
cells by differentiation, repair by cell fusion, and secretion of growth- antiapoptotic- and/or trophic-
factors that help to preserve and restore the structure of the injured tissue.

The simplest, most common, and direct mechanism of repair used by SC is the generation of new
cells by differentiation to replace the lost tissue. The capacity of SC regeneration will depend on their
plasticity. This term refers to the ability of SC to generate cell types derived from different germ layers
[14]. The higher number of generated cell types, the more plastic they are. Thus, SC can be totipotents
or pluripotents, when they are able to generate cells of the three embryonic germ layers; or multipo-
tent, if they are limited in their differentiation and regenerative capability to the tissues in which they
reside. Examples of pluripotency are the embryonic stem cells (ES), whereas the adult SC are multipo-
tents; they are less plastic. However, some types of adult SC own a wider plasticity. This is the case of
bone marrow adult stem cells (BMSC), both hematopoietic and mesenchymal. Their wide plasticity to
generate different cell types in several organs was demonstrated in the late 1990s. Transplants of these
cells in irradiated normal recipients, carrying reporter genes (LacZ or GFP) to facilitate their track-
ing, resulted in the expression of these markers by non-hematopoietic cells in several organs. These
cells presented the morphology of fully developed mature cells. The first study of this type found
micro and macroglia expressing the donor-derived reporter gene in the brain [15]. Later, other groups
also identified labeled neurons in the cortex and cerebellum [16–20], and the studies were extended
to different tissues, such as liver, pancreas, skeletal muscle, endothelium, and myocardium [21–30].
BMSC are capable to reach many tissues through the blood stream, what facilitate their targeting
to damaged areas and the repair of tissues with different embryonic origin [14, 21, 22]. It was even
shown that a single hematopoietic SC was able to fully reconstitute the hematopoietic system and, in
addition, contribute to epithelia, skin, and lung epithelium [23]. Mesenchymal SC were also isolated
and tested for their ability to generate tissues of different embryonic origin [24–26]. The simplest
interpretation for these results was the differentiation of the transplanted cells into mature cells with
the help of tissue-specific factors or local niches, what facilitated their reprogramming. However,
an alternative explanation, that does not exclude the differentiation theory, was also proposed:
cell fusion.

Cell fusion is regarded as another SC plasticity mechanism. This alternative hypothesis postulated
that a bone marrow derived cell fuses with a local precursor or mature cell, transferring its genetic
material and mixing their cytoplasm. The genetic program of the newly formed heterokaryon would
be modified and, in consequence, this would lead to the acquisition of a new phenotype, and the break-
age of lineage restriction. The first reports suggesting cell fusion as an alternative to differentiation
were published by two independent groups that observed ES fusion in vitro with bone marrow cells
and adult neural SC [27, 28]. Previous results in the muscle had indirectly shown that cell fusion con-
tributed to its repair [29–32]. The likely existence of cell fusion in vivo encouraged several groups
to find direct evidence of this process in their experimental models. Liver was the first organ where
cell fusion was fairly shown. Two independent groups performed transplants of BMSC in models of
liver degeneration [33, 34]. They observed the formation of new hepatocytes carrying markers derived
from the donor cells. A posterior in vitro cytogenetic analysis and southern blots of these hepatocytes
showed karyotypes indicative of fusion between donor and host cells. Results from other groups sug-
gested that Purkinje neurons and hepatocytes could also derive from cell fusion [35]. Following this
possibility Helen Blau’s group studied brain biopsies from women who had received bone marrow
transplants (BMT) from male donors. Some of the Purkinje neurons in these biopsies were tetraploid
(XXXY), as detected by fluorescent in situ hybridization (FISH). The presence of both sets of chro-
mosomes strongly suggested that Purkinje neurons had fused with hematopoietic cells from the bone
marrow donor [19].

Despite these results, the scientific community was cautious about cell fusion. Liver observations
were obtained from a damaged tissue model that could influence in the process. In addition, the use of
virus by some groups to introduce the tracking markers in the donor cells could promote the presence
of viral particles in their membrane, what may induce the fusion. A set of experiments taking advance
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of the cre-lox technology came out to clarify these doubts [36]. The use of transgenic mouse lines that
conditionally express a reporter gene only after a fusion event allowed our group to unequivocally
discern fusion events from differentiation in any tissue and under any pathological condition [36]
(Fig. 10.1a–b). Our detection method used a mouse line expressing the Cre recombinase, and a second
line (R26R) carrying the LacZ reporter gene, that is exclusively expressed after the excision of a loxP-
flanked (floxed) stop cassette by Cre-mediated recombination. When Cre-expressing cells fuse with
R26R cells, Cre recombinase excises the floxed stop codon of the LacZ reporter gene. This allows an
easy detection of fused cells by X-gal staining. In this way, we performed transplants of BMDC into
R26R mice using as donor Cre-expressing mice that in addition expressed the GFP (Fig. 10.1d). So
we can distinguish fused cells (X-gal+/GFP+) from donor derived differentiated cells (X-gal–/GFP+).
The detection method contributed to confirm the presence of cell fusion events in several tissues

Fig. 10.1 Cell Fusion Detection System and examples of fusion products. (a) Schematic representation of the Cre
recombinase transgene expressed by one of the mouse lines used in the system. (b) Representation of the reporter
transgene expressed by the R26R mouse line and its modification after Cre mediated recombination. (c) When a cell
expressing Cre recombinase fuses with a cell carrying the LacZ reporter transgene, the floxed stop cassette is excised and
the LacZ reporter is expressed in the fused cell. LacZ expression can be detected by the generation of a blue precipitate
after X-gal staining. (d) BMT strategy to detect cell fusion in vivo. A R26R mouse line was used as recipient of BM
cells expressing GFP and Cre recombinase. Double detection of GFP and X-gal blue precipitate allows discerning
between cell fusion and transdifferentiation events. (e-f) X-gal detection of fusion products in the brain, liver and heart.
(e) Brightfield photomicrograph of a cerebellum (50 μm section) containing an X-gal positive fused Purkinje neuron.
(f) Semithing section (1 μm) of an X-gal positive fused hepatocyte (light blue) counterstained with toluidine blue
(magenta). Note the presence of three nuclei. (g) Semithing section (1 μm) of an X-gal positive cardiomyocyte (blue)
counterstained with toluidine blue (magenta). Scale bars: 50 μm in e; 10 μm in f and g
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under normal (healthy, but irradiated) conditions [36]. We observed the cell fusion of hepatocytes
and Purkinje cells with cells of the hematopoietic lineage (Fig. 10.1e–f). In addition, we showed the
fusion of cardiomyocytes (Fig. 10.1g). No evidence of differentiation was observed in these tissues,
except for the presence of macrophages, or macroglia in the case of the brain. These results were
corroborated by others in the following years by using variations of this method. Thus, Weimann
et al. showed that fused Purkinje neurons form stable heterokaryons that increase in number with age
[20]. The bone marrow derived nucleus within the heterokaryon was reprogrammed and activated the
expression of Purkinje neuron-specific genes. Cardiomyocytes were also confirmed to be generated at
a low frequency through cell fusion in infarcted hearts [37–39].

The growing evidence from experimental BMT, suggesting an active participation of cell fusion
after injury, led many groups to investigate the regenerative potential of this process against several
types of diseases/injuries that affect different organs. Some of them were especially successful to
correct certain pathologies through the mechanism of cell fusion. In the following sections, we will
recapitulate the advances in tissue regeneration and genetic complementation with the cell fusion
process as main protagonist.

10.3 Regenerative Potential of Cell Fusion

As we have seen, BMSC are able to generate very different cell types and fuse with others. These cells
are very accessible, as well; most of the hospitals have experience in their isolation, manipulation
and transplant. These features confers them a great therapeutic potential. An additional advantage
of BMSC mediated cell fusion regeneration is the preservation of the structural complexity in the
damaged tissue. Contrary to focal cell transplants that need to recreate the whole organ structure,
BMSC can travel freely through the blood stream and perform the cell fusion process within the
injured original organ scaffold.

On the other hand, cell fusion involves the mingling of genetic material. This characteristic is very
important, since it enables the complementation of recessive mutations and the reversion of the altered
phenotype. It also allows cell fusion to act as a modifier of gene program and cell fate [9, 12, 40–42].
After fusion, both sets of chromosomes interact and the resulted heterokaryon or synkaryon acquire
in occasions the identity of their partners, but in others, certain properties that formerly typified the
original cells disappear in the hybrids [41–45]. Cell fusion, at least in vitro, can reprogram cell fate
[41, 44]. Fusion reverses the developmental program of a mature cell towards a more immature cell
owing progenitor and proliferative properties, that would be of great importance during a regener-
ative process [12, 42]. Reversion or modification of cell fate/gene program by cell fusion can be
achieved not only by the genetic influence of one nucleus on the other, but also cytoplasmic fac-
tors might induce important epigenetic modifications [12, 44]. These observations strongly suggest
that cell fusion is a tool to modify gene expression patterns. This may confer new skills to the het-
erokaryons for better response against an injury, and is a powerful therapeutic strategy to complement
recessive mutations in post-mitotic tissue. In addition, considering that mammalian cells are exposed
to repeated episodes of stress/inflammation throughout life, heterokaryon formation may be impor-
tant in homeostasis and maintenance of specific postmitotic cell types. We have already mentioned
some examples of regenerative fusion in the text. Liver, muscle (skeletal and cardiac), brain, and lung
are the organs where cell fusion has been demonstrated more accurately to exert a therapeutic effect
[8, 10, 11].

10.3.1 Liver Regeneration by Cell Fusion

Liver regeneration by cell fusion is so far the best documented and largely accepted [46]. Two indepen-
dent groups, using a hepatic lethal mouse model with recessive mutations in the fumarylacetoacetate
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hydrolase (FAH) gene, showed the rescue of normal liver function after the transplant of wild-type
hematopoietic SC [33, 34]. Restoration of normal metabolism was due to repopulation of the liver
with hepatocytes expressing the wild-type gene after cell fusion. This was confirmed by cytogenetic
analysis and southern blots that showed karyotypes indicative of fusion between donor and host cells
[33, 34]. The hepatocyte repopulation and posterior improvement of the phenotype were thanks to a
selective survival advantage for propagation of the fused hepatocytes. Even though number of fusion
events was initially low, once the fused cells incorporated the wild-type gene they were able to sur-
vive in the degenerative environment and proliferate in response to it, allowing the replacement of the
mutant hepatocytes that were dying.

Most of the resulting fusion-derived polyploid hepatocytes were tetraploid and seem stable,
although part of them can proliferate and undergo later ploidy reductions to generate daughter cells
with one-half chromosomal content [47]. This was demonstrated by marker segregation using ss-
galactosidase and the Y-chromosome. Approximately 2–5% of fusion-derived FAH-positive nodules
were negative for one or more markers, as expected during ploidy reduction. This lead to the genera-
tion of genetically diverse daughter cells with about 50% reduction in nuclear content. The generation
of such daughter cells increases liver diversity. However, this may also increase the likelihood of
oncogenesis.

The exact subpopulation of bone marrow cells responsible for fusion in the liver was identified as
hematopoietic myelomonocytic macrophages [48, 49]. Human hematopoietic and umbilical cord SC
have been also tested for their capacity to generate hepatocytes by cell fusion [50–53]. Transplant of
human hematopoietic SC in the animal model of severe liver damage by carbon tetrachloride leads
to an improvement of the condition, a threefold increase in homing of human mononuclear cells, and
the formation of hybrid heterokaryons with mouse and human genetic contain [51]. Human umbilical
cord cells also generates hepatocytes through cell fusion after transplant in NOD/SCID null mice,
even without hepatotoxic treatment other than irradiation [50]. However, we should keep in mind
that in other models of liver injury, and under different experimental conditions these cells are able to
generate hepatocytes without the participation of cell fusion [54, 55]. This suggests that environmental
signals are important for physiological selection of the plasticity mechanism by SC.

10.3.2 Skeletal Muscle and Cell Fusion

Muscle is a tissue where cell fusion is basic for their development and regeneration. Mature muscle
fibers are generated by a dynamic process in which mononucleated undifferentiated myoblasts prolif-
erate, differentiate and fuse to form a syncytia [56]. Rescue of muscular function by cell fusion was for
the first time shown in mdx mice [30]. This mouse line has a condition that resembles Duchenne mus-
cular dystrophy. Gibson et al. transplanted wild-type dermal fibroblasts into mdx mice and observed
the formation of heterokaryons containing nuclei of mutant and wild-type fibroblasts [30]. This fusion
causes the phenotypic and functional reversion of muscular dysgenesis. To show it, the authors deter-
mined the isoenzyme allotypes of glucose-6-phosphate isomerase as a marker of the host and donor
cells [30]. Similarly, BMDC are also able to migrate and fuse with skeletal muscle, restoring the
expression of dystrophin in mdx mice, and recovering muscle function [29, 31, 32, 57]. In humans,
genetic complementation of muscle cells by SC fusion has also been reported [58]. As well as the abil-
ity of exogenous BMDC to fuse with skeletal muscle of patients with Duchenne muscular dystrophy
[31]. Cell fusion in the muscle not only works under pathological conditions derived from recessive
genetic alterations. Normal regeneration of a stress-induced or mechanically injured skeletal muscle
is also achieved by fusion with BMDC [59, 60]. The nature of the cell types involved in the fusion-
mediated regeneration was shown to be myelocytic (macrophages and neutrophils), and inflammatory
cell infiltration is required for their contribution [59, 61]. This indicates that circulating myeloid cells,
in response to injury and inflammatory cues, migrate to regenerate skeletal muscle and stochastically
incorporate into mature myofibers.
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10.3.3 Cell Fusion After Heart Infarct

Work on BMSC grafting in mdx mice indicated that, in addition to skeletal muscle, was also possi-
ble to generate cardiomyocytes from BMSC [57]. This opened the possibility to treat heart infarct
with the help of BMSC, what generated great enthusiasm in the field [62, 63]. Initial work from
Anversa’s group showed that hematopoietic SC are able to repair the infarcted myocardium [64].
According to these investigators, HSC injection into the myocardium of rats undergoing ischemia
could repair 60–70% of the damaged tissue by originating smooth muscle, endothelial and cardiomy-
ocytic cells [64]. This group also analyzed heart biopsies of female organ donors in male recipients
few weeks after heart transplant [65]. They found that the proportion of cells containing the Y chro-
mosome and expressing markers of smooth muscle, endothelium or cardiomyocytes was very high
(>20%). However, several attempts to reproduce these results by other groups concluded with a signif-
icant reduction in these percentages (<1%), probably due to differences in tissue histology detection
techniques and experimental conditions [66, 67]. In both cases, no analysis of X chromosome was
performed to search evidence of cell fusion. Differentiation was postulated as the main mechanism of
generation of these myocardial cell subtypes after BMSC grafting. In this context, the demonstration
of cell fusion contribution to cardiac muscle, under normal conditions or after heart infarct, gave rise to
a big controversy [8]. Our group showed for the first time that hematopoietic cells fuse with cardiomy-
ocytes after BMT under normal (except irradiation) conditions [36]. No evidences of differentiation
were found in our experiments and the fusion rate was very low (<1%). Later, direct demonstration
of cell fusion was confirmed as the most likely mechanism to explain the low frequency generation of
cardiomyocytes after heart infarct [37–39]. Differentiation seems to count better for the presence of
smooth muscle, and endothelium. The scarcity of fusion events, even after infarct, is a handicap for
its therapeutic application. However, fused cardiomyocytes are able to proliferate in vitro and in vivo
[68], what can give us clues to enhance their growth until reach an adequate number for regeneration.
In any case, nowadays neither cell fusion, nor generation of new cardiomyocytes from BMSC are able
to explain, alone or in conjunction, the observed improvement of cardiac function after BMSC trans-
plant. Current evidence reinforce the idea that, likely, these cells perform a paracrine action secreting
growth factors and molecules that have an anti-apoptotic effect on cardiomyocytes in vivo [69]. In
addition, BM cells contain endothelial precursors, which promote angiogenesis in the infarcted area,
improving myocardial perfusion and viability [70, 71].

10.3.4 From Blood to Brain

Several groups have reported the presence of donor-derived neurons and glia after BMT [15, 16,
18, 72]. However, cell fusion in the brain has been exclusively demonstrated in Purkinje neurons of
the cerebellum (Fig. 10.2a–c), including in humans [19, 20, 36]. The formed heterokaryons increase
in number with age and, more importantly, after damage [73–77]. These results suggest BMDC and
cell fusion as a potential mechanism to treat neurodegenerative pathologies, in especial those related
with Purkinje neurons, such as ataxias. Interestingly, focal implantation or intravenous delivery of
BMDC improve brain function in models of cerebral ischemia, trauma, Parkinson’s and Huntington’s
disease [78–82]. However, the partial recovery observed in most of these pathologies is likely due to
delivery of growth factors and cytokines by the transplanted cells, since the reported cell fusion events
are scarce. However, if the pathology courses with inflammation a 10-fold increase of fusion events
has been observed [74, 76].

Stroke is the brain pathology that accumulates more experimental works on the use of BMT for
its treatment [80, 83, 84]. Several groups have already reported a functional outcome when these
cells are transplanted 24 h after stroke, either by intracerebral, intravenous, or intra-arterial route. In
these experiments, occasional neuronal products of cell fusion has been observed after stroke [85].
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Fig. 10.2 Cell fusion in the brain. (a–b) Fluorescence photomicrograph of a GFP positive Purkinje neuron containing
two nuclei (yellow arrowheads), likely generated by fusion after intravenous transplant of GFP positive bone marrow
cells into a normal recipient. (c–e) Generation of fused cells after stroke. X-gal staining of brain sections from R26R/Cre
bone marrow chimeras (see Fig. 10.1) 2 weeks after stroke revealed a high number of X-gal positive cells (fused cells)
in the penumbra of the ischemic area, situated in the bottom of the photograph. (d) Detail of a blood vessel containing
fused cells in the penumbra area. (e) Immunohistochemical co-localization with X-gal showed that fused cells expressed
NG2, a specific marker of pericytes. Scale bars: 25 μm in a; 10 μm in b; 100 μm in c; 25 μm in d and e

This low rate of new neurons cannot explain by itself the reported improvements. It is more likely
that transplanted BMDC secrete a panoply of growth factors that contribute to neuronal survival after
stroke [86]. Furthermore, they are also able to generate endothelial cells (EC) and mural cells that
will help to revascularize the area [87]. It has been accurately shown that bone marrow-derived EC
are formed by differentiation and not by cell fusion [88]. However, recent data from our group show
that cell fusion also participate actively in the formation of vascular tissue [89]. In agreement with
the association of stroke and inflammation, our group reported an important increase of fused cells
within the vasculature in the penumbra area of stroke (Fig. 10.2d–f). Most of the fused cells expressed
pericyte markers, while relatively few expressed bone-marrow markers, indicating the dominance of
mural cell fate in the fused cells. Pericytes are implicated in the initiation of vasculogenesis [90, 91],
and the regulation of EC proliferation and differentiation [92, 93]. Therefore, these findings suggest
an active physiological role for cell fusion during angiogenesis, and may open new therapeutic per-
spectives in the application of BMDC and cell fusion for stroke treatment and revascularization in the
brain.

Inherited metabolic diseases that affect the nervous system are also susceptible to be treated with
bone marrow and umbilical cord SC [94]. This strategy contributes with enzyme-producing cells that
migrate to the brain and other organs providing a permanent enzyme replacement therapy. SC may
also mediate cell regeneration and genetic complementation through cell fusion. A good example is
the transplant of mesenchymal SC directly into the brain of a mouse model for Niemann-Pick dis-
ease (NPD) [95, 96]. This mice show progressive degeneration of cerebellar Purkinje neurons due to
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the deficiency of the acid sphingomyelinase. When mesenchymal SC, previously transduced with a
retroviral vector to overexpress and release human acid sphingomyelinase, were transplanted into the
NPD mice they fused with the degenerated Purkinje neurons and improved cerebellar motor function
[96]. Treated NPD mice presented transiently near-normal levels of acid sphingomyelinase activ-
ity in their tissues, and the number of Purkinje cells improved remarkably [96]. A different group,
with a similar experimental approach, but the use of viral transduction, reported comparable results
[95]. Interestingly, the rescued fused Purkinje neurons were electrically active and presented a func-
tional synaptic formation [97]. These results indicate that BMSC transplantation can be an effective
therapeutic vehicle to deliver genetic material to Purkinje neurons via cell fusion.

10.3.5 Breathing Cell Fusion

Growing evidence exists on the ability of BMDC to adopt the morphology and protein expression
pattern of lung epithelial cells [98]. Fusion of BMDC with human pulmonary epithelium was first
demonstrated in vitro by Spees et al., who co-cultured human mesenchymal SC with heat-shocked
small airway epithelial cells [99]. Time lapse photography revealed both, fusion events as well as
nonfused mesenchymal SC-derived airway epithelia. Up to 1% of fused cells expressing epithelial
markers were found in the co-culture system. Some of the fused cells also underwent nuclear fusion
and presented a new gene expression profile [99]. Soon after, Wong et al. studied the in vivo pul-
monary contribution of transtracheally delivered BMDC in a mouse model of mild airway injury
induced by naphthalene [100]. For at least 120 days following cell delivery, they observed BMDC
that acquired phenotypic characteristics of the injured cell type in the airway and alveolar epithelium.
Approximately, 1% of the engrafted cells were the result of cell fusion, as they could demonstrate by
FISH. More recently, bone marrow progenitor cells were transplanted in a rat model of progressive
pulmonary hypertension [101]. Immunohistochemistry demonstrated the presence of donor-derived
interstitial fibroblasts or myofibroblasts, pulmonary epithelial cells (Clara cells), vascular endothe-
lial cells, and smooth muscle cells. Fusion with pulmonary cells was observed at low frequency
(0.52–0.59%). From them 0.3–0.5% had undergone nuclear fusion during mitosis, as assessed by
FISH of chromosome 1 and 4.

10.3.6 Other Tissues

Negative evidence of fusion has been reported in pancreas [102], epithelial tissue [98, 103], and vascu-
lar endothelium [88]. On the other hand, fused cells have been found in the gastrointestinal tract [104,
105], as well as in the kidney [106], and skin [107], after bone marrow transplantation. Fusion in skin
and kidney is infrequent and its significance or consequences remains unresolved. In contrast, fusion
of BMDC have an active role in intestinal regeneration [104, 105]. Transplanted BMDC can fuse
with intestinal epithelium cells of the injured intestine in mice that had received gamma-irradiation.
The hybrid cells were able to repopulate the intestine and gave rise to the cells of all of the principal
components of the gut epithelium, including goblet cells, Paneth cells and enterocytes [105]. This
wide repopulation was thought to be due to fusion of the BMDC with intestinal progenitors, with the
resulting reprogrammed hybrids acquiring features of intestinal stem cells, and therefore being able
to differentiate into different cell types. In the absence of injury or inflammation the baseline level
of fusion is low [104]. However, inflammation and direct induction of epithelial proliferation result
in a significant increase in intestinal cell fusion. The physiologic impact of this fusion has pros and
cons. The mediated regeneration after irradiation-induced injury is clearly beneficial. However, the
increased incidence in an inflammatory and proliferative microenvironment suggests a potential role
in mediating the progression of intestinal inflammatory diseases and cancer [105, 108].
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10.4 The Challenges of Cell Fusion to Become a Therapy

Cell fusion needs to face many challenges before being considered for clinical purposes [8]. The
first of such challenges is its controlled induction up to therapeutic levels, since one of their biggest
caveats is the scarcity of fusion events observed in the organs under different conditions. We need to
fully understand the cell fusion mechanisms and study the tissue-specific and injury-related signals
that recruit, stimulate and regulate this process in order to get control on it. A better characterization
and expansion of the cell populations with fusogenic properties would be necessary, as well. Finally,
it is basic to keep in mind different aspects of cell safety after a fusion event.

10.4.1 Fusion Induction

Therapeutically, unspecific induction of cell fusion could bring problems. General in vitro fusogens
(polyethylene glycol, electrofusion, and viruses) are not applicable in vivo and/or present serious
drawbacks, such as toxicity, and immune rejection. A controlled fusion process between specific
cell types should be more desirable. For this, we should pay attention to how cell fusion occurs
naturally and then try to recapitulate and enhance it. To review aspects of natural fusion mecha-
nism and receptors you can read [1, 11, 109, 110]. It will be only mentioned some examples of
intracellular proteins (e.g., calmodulin and calpain), membrane proteins (e.g., CD200, vascular cell
adhesion molecule [VCAM]-I, ADAM12, Caveolin-3, and DC-STAMP), and secreted factors (e.g.,
SDF-1 and IL-4) [4] implicated in cell fusion. Although all of these may be necessary for fusion
of specific cells, none are, by themselves, sufficient to induce this process. Another example during
muscle development and regeneration is calcineurin/NFAT (nuclear factor of activated T cells), that is
involved in fusion between myotubes or mesenchymal SC with myoblasts by controlling IL-4 activ-
ity [111]. Molecules such as Brag2 and Dock180 also have functions in the fusion of mammalian
myoblasts and macrophages [112]. Damage in muscle can also increase the frequency of stem cells
involved in tissue repair mediated by fusion [60]. Signaling from damaged tissue could be mimicked
by introduction of insulin-like growth factor (IGF-1) into stem cells, with a fourfold increase in the
participation of satellite cells in muscle formation via fusion events [113]. In the brain and heart
infarction several factors are delivered that may influence cell fusion process. The microenvironment
in the periphery of the lesion and their microvasculature is hypoxic. This local hypoxia may induce an
upregulation in the active levels of local chemoattractants and growth factors, such as SDF-1 [114],
or induce the fusion of vascular cells, such us pericytes [89]. These observations and the fact that
injury-related signals can attract stem cells, and therefore increase the chance of fusion events in
the damaged area, suggest a potential use of these mechanisms for targeted gene or drug delivery
[115, 116].

As we have seen, stem and progenitor cells fuse preferentially when tissue is damaged, stressed,
or diseased. We have already mentioned examples of this in muscle, brain, intestine and liver.
Inflammation is commonly associated to these processes. Interestingly, it has been recently shown
that chronic inflammation induces a 10–100-fold increase of the cell fusion events in liver, brain and
intestine [74, 76, 104]. Induction of inflammation by severe autoimmune experimental encephalitis
resulted in a 100-fold increase of fused Purkinje neurons in the cerebellum. Also irradiation, a process
that can damage the brain-blood-barrier and courses with inflammation, induces cell fusion events
[73, 76]. However, when anti-inflammatory drug prednisolone or antibiotics are administered, the
irradiation-induced cell fusion is inhibited [76]. This strongly suggests that factors implicated in the
inflammatory response directly induce cell fusion, or promote changes in the cell fusion partners, such
as the expression of membrane molecules, that allow their fusion. Here we should search the future
fusion inducers.
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10.4.2 Fusion Partners and Delivery

An exhaustive characterization and expansion of the cell populations with fusogenic properties would
be also necessary to get control and exploit the fusion process. Macrophages are the most common of
the fusogenic populations, at least in the liver, whereas monomyelocytic progenitors are in the muscle
[48, 49, 59, 61]. In the brain, the exact population remains elusive. Macrophages naturally migrate to
injuries and activate their fusogenic machinery for syncitia formation, developing giant multinucle-
ated cells in response to infections and to eliminate necrosed tissue or foreign bodies [7]. Molecular
machinery implicated in macrophage syncytia formation includes adhesion molecules, ligand inter-
actions, and the induction of fusion by cytokines such as IL-3, IL-4, IL-13, interferon-γ (IFN-γ), and
granulocyte-macrophage colony stimulating factor (GM-CSF) [7]. These molecules play an important
role in organogenesis and inflammation, and interestingly, their expression is shared by neurons, car-
diomyocytes, and hepatocytes during development [117, 118]. Currently, our lab is studying the role
of these IL in therapeutic cell fusion induction.

Another issue is to establish how the donor fusing cells should be delivered to the target area of
injury. Bone marrow cells can travel freely through blood stream and penetrate the parenchyma in
the target area. However, the exact mechanisms by which these events occurred, especially in human
patients, is unknown. The search for chemotactic factors in the damaged tissues should be a priority. In
this sense, SDF-1 plays an important role in the homing/retention of HSC [114]. It works as a potent
chemoattractant of CXCR4-positive cells, including macrophages and BMSC [114, 119], and it has
been reported as a mediator in the fusion of HIV-1 virus to macrophages [120]. IGF-1 also mimics the
signaling from damaged tissue and promotes a fourfold increase in the participation of satellite cells
in muscle formation via fusion events [113].

10.4.3 Safety

The benefits of using fusion in cell-based therapy should not hide the possible risks of this procedure
[2, 8, 121, 122]. Fusion products should be more carefully studied and controlled. In especial, their
functionality and putative pathological effects must be tested. Transplanted cells fuse with a wide
variety of cell types in the body, maybe more than what has been already observed, since detection
systems have some limitations and reporter genes may suffer silencing [123]. Therefore, we should
control locally the fusion procedure to avoid undesirable events in other areas.

A generalized prejudice is that fusion products have no therapeutic potential because they are
tetraploid. This may have chromosomic aberrant consequences and induce transformation [124].
However, there is currently no evidence of direct transformation as result of a simple fusion event. It
is necessary an additional mutation in p53 or aberrant aneuploidy after proliferation to render a malig-
nant cell [122, 125]. In addition, tetraploid cells can behave in a fashion that is analogous to diploid
cells during many developmental processes, and our body present tetraploid cells in liver, muscle,
or placenta working normally. Interestingly, when fusion products between SC and other cells have
been injected into blastocysts, no cancer formation was observed [28]. Moreover, some polyploid ani-
mals are viable [126], and human infants with a large proportion of tetraploid cells have been born
and have even survived for up to 15 months after birth [127, 128]. Finally, reductive/multipolar mito-
sis or ploidy reductions can take place and stabilize the cell [47, 129]. It has been shown that the
fusion-derived polyploid hepatocytes can undergo ploidy reductions to generate daughter cells with
one-half chromosomal content [47]. Nevertheless, the relationship between cell fusion and cancer for-
mation is really a serious concern [122]. Despite cell fusion is not a direct cancer generator, its role
in tumor progression has been extensively documented [2, 121]. Fusion may confer new properties
to the already transformed cells [121, 122]. It promotes tumor progression by increasing malig-
nancy in the resulted hybrid cell, amplifying its drug resistance and contributing to tumoral diversity
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[130–133]. It has been also shown that fusion of tumor cells with lymphocytes or macrophages can
render a tumor metastatic [134, 135]. Finally, cell fusion may be in the origin of cancer stem cells
[122, 136].

Viral transfer has been also related to cell fusion. Hybrid cells of different species, generated during
xenotransplants, are able to transmit virus to human cells and could explain the generation of novel
viral pathogens by recombination of selected DNA sequences [10, 137]. There is also a strong link
between viruses and cancer by cell fusion [2, 3]. This relationship between cell fusion, virus and
tumor progression recommends the implementation of safety systems in the donor fusogenic cells to
turn off cell fusion or their consequences if necessary.

10.5 Conclusions

Cell fusion is a powerful process with implications in normal development, tissue formation and with
a prominent role in SC plasticity. Cell fusion opens new expectations in regenerative medicine and the
possible correction of recessive genetic alterations, what have a great clinical potential. Cell fusion
has been shown to regenerate liver, brain, muscle, lung and gut under certain conditions. However,
we should be cautious, given the relationship of cell fusion with several diseases, such as cancer. We
need to fully understand the cell fusion process before to consider it as clinically relevant. For this,
we should face a rigorous identification of the tissue-specific and injury-related signals that recruit,
stimulate or regulate it. Effectiveness and safety must be warranted before cell fusion can be used as
a therapy for human diseases. Cell fusion is an exciting and promising research field. Further efforts
should be devoted to investigate the mechanisms that govern it.
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Chapter 11
Dendritic Cell-Tumor Cell Fusion Vaccines

Walter T. Lee

Abstract The use of cell fusion has been applied to the development of immunotherapy cancer vac-
cines. This has typically involved the fusion of dendritic cells and tumor cells. The resultant hybrid
uses the specialized antigen presentation properties supplied by the dendritic cell fusion partner to
present tumor antigens, both known and yet undefined, to the immune system. This chapter critically
examines the scientific foundation of this approach mainly focusing on studies over the last decade.
This will include basic principles of tumor fusion vaccines, summary of pre-clinical and clinical data,
concluding with remaining challenges and directions.

11.1 Introduction

In 2000, Nature Medicine published a report examining the impact of a fusion tumor vaccine gener-
ated from allogeneic DC and autologous tumor cells [1]. The study reported tumor regression in 7/17
patients with metastatic renal cell carcinoma. This was one of the first clinical trials reported using
a fusion cell vaccine and it generated much excitement and attention to this novel cancer treatment
strategy. Unfortunately, this article was retracted in 2003 following an investigation from the lead
author’s institution concluding gross negligence and “failure to meet the requirements of good scien-
tific practice” [2]. Specifically, it appears that data was not properly managed and collected thereby
impacting the conclusions of the vaccine’s efficacy.

Although this infamous incident has led many to view fusion cell based immunotherapy with sus-
picion and skepticism, others have continued to rigorously investigate this immunotherapy approach.
This chapter critically examines the scientific foundation of this approach mainly focusing on stud-
ies over the last decade. This will include summary of pre-clinical and clinical data, concluding with
remaining challenges and directions.

11.2 Dendritic Cell Based Immunotherapy

Cancer immunotherapy seeks to sensitize effector T cells to recognize and eliminate cancer cells. It is
now clear that an immune response is critically dependent on antigen presentation to the T-cell which
involves the engagement of the T cell receptor with its specific MHC-antigen complex (Signal 1) and
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the interactions of the co-stimulatory molecules on antigen presenting cells (APC) with receptors on
T cells (Signal 2). The dendritic cell (DC) has been identified to be the most potent of all APC. DC
exhibit high levels of MHC Class I and II molecules, and co-stimulatory molecules [3, 4]. Cytokines
secreted by DC, such as IL-12 and IL-6, result in growth of cytotoxic and helper T-cells [5, 6].

The maturation state of the DC is also critical for stimulating anti-tumor CTL responses during
DC-based immunotherapy and for inducing immune responses against a variety of pathogenic agents
[7]. In contrast to mature DC, immature DC can induce immunologic tolerance, a state undesirable
in a host responding to infection or tumor immunotherapy [8]. The enhanced immunostimulatory
properties of mature DC are due to increased expression of MHC molecules, co-stimulatory molecules
(e.g. CD80, CD86) as well as the secretion of cytokines [9, 10]. For the MHC class II restricted antigen
presentation pathway, DC harbor lysosomes that enable rapid processing of exogenous proteins into
MHC-binding peptides and subsequent transportation of MHC II/peptide complexes to the plasma
membrane after maturation [11–13]. Mature DC also possess the ability to cross-present exogenous
antigens to naïve CD8+ T cells [14].

One key difference between immature, tolerogenic DC and mature, immunogenic DC is their abil-
ity to produce proinflammatory cytokines (Signal 3). IL-12 is among the major cytokines that are
important for an immunological response. It has been demonstrated that production of IL-12 and
other unidentified cytokines by stimulated DC was important for the ability to enhance CD8+ T-cell
responses [15, 16]. IL-12 can enhance effector T-cell expression of Bcl-3, which is associated with
enhanced survival [17]. Furthermore, IL-12 is a key Th1 cytokine that activates STAT4 and drives
naïve CD4+ T cells to become Th1 cells [18]. These cells in turn produce IFN-g. Therefore, mature
DC not only increase the antigen presentation (Signal 1) and co-stimulation (Signal 2) capacity that
lead to expansion of T cells, but also generates a cytokine milieu (Signal 3) that influences T-cell
differentiation.

Numerous strategies trying to harness the antigen presenting capabilities of DC have been studied.
This includes pulsing DC with peptides, tumor lysates, or RNA from tumor cells [19–21]. As a whole,
clinical trials using DC based approaches have lack consistent anti-tumor responses. In a review of DC
based immunotherapies administered by the Surgery Branch at the National Cancer Institute, National
Institutes of Health, there was an overall response rate of 7.1% [22]. This emphasizes the point that
although DC based strategies hold promise, significant clinical responses have yet to be achieved.
Efforts to augment and optimize these DC strategies are ongoing.

11.3 Principle of Dendritic Cell-Tumor Fusion Hybrids

One of these efforts that builds on the current understanding of DC is the fusion of mature DC with
intact tumor cells. These tumor cells, inactivated by radiation or mitomycin-C treatment, can provide
the full complement of tumor antigens for immunization. Vaccination by these treated whole tumor
vaccines have been studied and described since early in the immunotherapy literature. DC-tumor
fusion hybrids seek to improve on the advantages of using whole tumor cells. It is already established
on a fundamental level that fusion hybrid cells maintain characteristics of both parent cells [23, 24].
Therefore, the resultant DC-tumor fusion hybrid should utilize the potent antigen presentation capa-
bilities of the DC to present the full complement of tumor antigens. These tumors antigens include
those that have been characterized as well as those that are yet undefined. Furthermore, such a fusion
hybrid should be potent in presenting antigens to both MHC class I- and class II- restricted pathways.
It should also provide the critical co-stimulatory molecules needed for inducing tumor specific CD8+
and CD4+ T cells.

This capacity to provide a complement of tumor antigens is in contrast with antigen specific DC
immunotherapy strategies such as peptide pulsing. These antigen specific strategies have a number of
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potential disadvantages. First, tumor cells are genetically unstable and may have down regulation or
mutation of the targeted antigen. This would decrease treatment efficacy. Furthermore, some cancers
may have a limited number of defined tumor antigens with unknown immunogenicity when presented
in vivo. DC-fusion hybrids provide a promising strategy to overcome these antigen specific challenges
[25, 26].

11.4 Generating DC-Tumor Hybrids

There are several methods for creating DC-tumor hybrids. These include chemical (i.e. polyethylene
glycol), physical (i.e. electrofusion), and viral (i.e. viral fusion proteins). Viral methods are the most
recently described method for producing DC-tumor fusion hybrids. This method uses a viral fusogenic
membrane glycoprotein (FMG) [27]. Briefly, tumor cells were transfected with the viral FMG and
pelleted along with DC. Resultant hybrids had 2–4 nuclei each. These fusion cells were reported to
be smaller in size and thus able to migrate to draining lymph nodes after subcutaneous injection [28].
As PEG fusion and electrofusion methods have been around for decades, the vast majority of data and
studies utilize these two methods.

Polyethelene glycol (PEG), a polymer of ethylene oxide, has been used for cell fusion. The exact
method of how PEG induces cell fusion is not completely known. It is theorized that the polymer
may cause dehydration of the lipid membrane by binding water molecules. This disrupts the mem-
brane lipid bilayer of cells and induces cell fusion through osmotic forces [29, 30]. The PEG fusion
procedure essentially involves controlled exposure of DC and tumor cells in PEG. It is of historical
interest that PEG was used in the method of producing hybridomas originally described by Kohler
and Milstein in 1976 [31]. This foundational work towards producing monoclonal antibodies was
recognized by the 1984 Nobel Prize in Physiology or Medicine.

Finally, DC and tumor cell fusion can be accomplished through electrofusion [32]. This method
is based on reversible membrane breakdown between closely adjacent cells. Electrofusion requires
two steps. The first step involves alignment of cells by applying an alternating current (ac) to a cell
suspension between two electrodes. The cells will generate an alternating dipole and move towards
one of the electrodes. Due to the attraction of cellular dipoles, the cells will then align themselves end
to end, parallel to the applied field. This alignment is referred to as “pearl-chaining” [33]. The second
step is inducing a reversible membrane breakdown. A short direct current (dc) pulse is applied to the
cell suspension after the cells have aligned themselves in “pearl-chains.” This pulse causes reversible
membrane breakdown and as the membranes reform, adjacent cell membrane will coalesce, forming
a new hybrid cell [34].

There are some studies that have compared the methods of DC-tumor fusion [35]. In some studies,
electrofusion was reported to generate a higher fusion efficiency rate [36]. Expression of parental cell
characteristics also seem to be more desirable from hybrids formed from electrofusion compared to
PEG [37]. These comparison studies however are ultimately limited to the researchers’ expertise and
experience of the method being used and an unbiased controlled comparison may be difficult.

11.5 Verification of True DC-Tumor Fusion

Regardless of the method used, verification of producing true DC-tumor fusion hybrids is critical to
accurately assess their immunological impact. Florescence activated cell sorting (FACS) is the most
commonly used method for fusion verification. Researchers generally stain for DC specific markers
against tumor specific markers or intracellular staining of tumor cells. Successful DC-tumor fusion
population will be indicated by double positive staining. However, there are conditions that may result
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in misleading FACS data. For example, a DC that is adhered to a tumor cell may show double positive
signature but does not represent true cell fusion. Furthermore, depending on the cellular marker being
identified, a double positive FACS signal may indicate DC uptake of tumor cell fragments rather than
true cellular fusion [27]. As a result of these and other potential issues, FACS analysis should not be
the sole verification of DC-tumor fusion. Rather, other means to ascertain true cellular fusion should
be documented for the technique used by the research team. This can include Giemsa stained cytospin
to demonstrate multinucleated cells and florescence microscopy after staining parental cells to show
true integration and formation of DC-tumor fusion cells.

Although the exact mechanisms behind DC-tumor fusion immunotherapy continue to be investi-
gated, the true DC-tumor fusion hybrid has the ability of DC to process and present the complement of
tumor antigens provided by the tumor fusion partner. In a comprehensive review of the fusion hybrid
literature, many publications were found to lack rigorous verification of true DC-tumor heterokaryons
[38]. This review of fusion techniques involved PEG as well as electrofusion. The authors concluded
that verification needs to include a number of methods that independently demonstrate successful
DC-tumor fusion. Regardless of fusion techniques, without such DC-tumor verification, the efficacy
of this immunotherapy approach cannot be properly assessed.

It is important to note that experiments using a variety of controls have been performed that sup-
port verified DC-tumor fusion cells as a potent immunotherapy strategy. These controls have included
mixture of DC and tumor cells, and subpopulations of DC-tumor fusion cells (i.e. nonadherent pop-
ulation). Antigen specific responses were also controlled for by using fusions of non-relevant tumor
[39–41].

11.6 Pre-clinical Studies

There is solid pre-clinical evidence of the potent efficacy of this approach in a number of animal
tumor models. This includes glioma, melanoma, colon, squamous cell carcinoma, sarcoma, and breast
cancers [26, 39, 40, 42, 43]. It is expected that with verified DC-tumor fusion cells, there should be pre-
sentation of the complement of tumor antigens as provided by the tumor fusion partner by the antigen
presentation machinery provided by the DC fusion partner. Therefore DC-tumor fusion hybrids will
present antigens though both MHC class I and II (Signal 1) as well as highly express co-stimulatory
molecules (Signal 2) [44]. Fusion cells formed through viral FMG was reported to promote cross pre-
sentation of antigens by the DC fusion partner [45]. In a melanoma murine model, both CD8+ and
CD4+ cells are activated by DC-tumor fusion cells. Furthermore, both cell populations are required
to eliminate established tumor burdens. Abrogating either population with monoclonal blocking anti-
body resulted in severe attenuation of these potent anti-tumor effects [41]. This is congruent with
other studies that have shown a more potent immunotherapeutic effect by vaccines that sensitize both
CD8+ and CD4+ cells than either one alone [46].

These findings were also demonstrated in human in vitro studies. Multiple studies have established
the feasibility of this approach using human DC and tumors [47–52]. Fusion cells were able to present
antigens via both MHC Class I and II molecules [53, 54]. Melanoma antigens from allogeneic tumors
were reported to be presented on DC MHC Class I and II when used as a fusion partner [55, 56].

11.7 Additional 3rd Signal with DC-Tumor Hybrids

A number of studies showed that a single dose of DC-tumor fusion cells were able to significantly
decrease established tumors. For some, these results were critically dependent on an immunostimlula-
tory 3rd signal [40, 57, 58]. For example, in a 3 day pulmonary metastasis model of murine melanoma,
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immunotherapy with fusion cells or 3rd signal (i.e. IL-12) alone was not significantly different from
non-treated mice. However, a single does of fusion cells with a 3rd signal were able to significantly
eliminate these pulmonary metastasis [58].

Investigations into the improvement seen with additional 3rd signals have elucidated some mecha-
nisms behind this observation. It was demonstrated the administration of fusion cells alone in a murine
model resulted in increased IL-10 secretion and a lack of IFN-γ secreting effector cells from activated
T cells [43, 59]. Furthermore, a recent publication by Vasir et al., demonstrated that PEG fused human
DC-breast carcinoma fusion resulted in Treg expansion in vitro [60]. However, if these fusion cells
were concomitantly exposed to 3rd signals (i.e. IL-12, TLR 9 agonists), Treg expansion was reduced
with a subsequent increase in activated effector cells. Others have reported that stimulation of the IL-
12 pathway is critical to the immunotherapy observed with 3rd signals [59]. Other groups have noted
an augmented efficacy when 3rd signals are provided in combination with DC-T fusion hybrids. This
has included generating DC-tumor secreting 3rd signals such as heat shock proteins, enterotoxin, and
stimulatory cytokines [61–65]. These publications as a whole support the assertion that a 3rd signal is
a vital component in optimizing DC-tumor fusion based immunotherapy.

11.8 Allogeneic Fusion Partners

11.8.1 Allogeneic Tumor

Immunotherapy prefers the use of autologous tumor as the source for antigens because these cells
are best matched to induce an immune response against unique shared as well as undefined tumor
antigens. However, using autologous tumors in clinical immunotherapy is problematic due to the time
consuming, labor intensive efforts needed to establish cell lines from surgical specimens in virtually all
solid tumors. Other difficulties include tumor accessibility and contaminated patient tumor specimens
as is the case from most head and neck cancers and other mucosal tumors. These issues limit the
widespread clinical use of autologous tumors.

It is known that tumors of the same or even different histological origin often express shared com-
mon tumor-associated antigens (TAA). Immunologically relevant antigens may also be a result of
reactivation of genes normally silent in adult tissues [66]. If standardized, established cell lines that
share immunologically relevant tumor antigens could be used. This may then obviate many of the
practical problems associated with using autologous tumors.

Many murine models exist to investigate autologous based tumor immunotherapy. In these models,
syngeneic tumors provide common shared and unique antigens that provide unequivocal interpretation
of experimental results. Employing selected established allogeneic tumor lines expressing common
TAA is theoretically attractive. The greatest concern of this approach is the impact of allogeneic
MHC reaction on the immune response to tumor antigens.

Studies have examined the use of allogeneic tumor sharing TAA as fusion partner. Shared antigens
were able to be immunized against using DC-allogeneic tumor fusion cells [67]. DC-allogeneic tumor
fusion cells were able to activate cytotoxic T lymphocyte (CTL) responses against autologous tumor
and TAA [68–70]. Furthemore, despite having allogeneic antigens, these allogeneic tumor-DC fusion
cells were also able to activate both CD4+ and CD8+ cells against TAA [71].

11.8.2 Allogeneic DC

In addition to allogeneic tumor cells, allogeneic DC have also be used to form fusion hybrids. The
principle underlying their use is that DC from cancer bearing patients may not be optimal to present
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tumor antigens. Rather DC from health donors may be optimal. Several studies have used allogeneic
DC as a fusion partner in forming DC-tumor hybrids. These allogeneic DC- tumor fusion cells were
able to induce a CTL response the tumor used as a fusion partner [72, 73]. Furthermore, there was
development of immunity against lethal tumor challenge when either allogeneic tumor or allogeneic
DC was used as a fusion partner [74].

What is unclear with this approach is how induction of a T cell response occurs with a lack of
MHC class match between the allogeneic DC and autologous T cell. An established tenet of tumor
immunology is that antigens are processed and presented via MHC class I- and II- molecules by DC.
These MHC class molecules interact directly with CD8+ and CD4+ T cells respectively. By using
allogeneic DC as a fusion partner, it is ambiguous how CD8+ and CD4+ cells can be sensitized
against the tumor antigens as there is a MHC mismatch between the DC and T cells. If syngeneic
tumor is used, it is possible that tumor antigens are presented in the context of tumor MHC Class
I molecules would induce T cell responses. However, tumors often express little if any MHC Class
I molecules as this is one method the tumor can evade immune elimination. The absence of MHC
Class II molecules by tumor cells would further inhibit a tumor response by allogeneic DC – tumor
fusion cells by the lack of CD4+ T cells responses. Finally, although it is known that unprimed T cells
will react against an allogeneic MHC molecule, how this results in subsequent antigen-specific tumor
elimination remains unclear.

11.9 Delivery Method

Consideration needs to also be given to the route of DC-tumor fusion cell delivery. Immature DC are
specialized in uptake of antigens. These antigens are processed, during which the DC migrates to LN
for interactions with host immune cells. Maturation of these DC result in potent antigen presentation
with co-stimulatory molecules and immunostimulatory cytokines [4].

DC-tumor fusion cells may interfere with this sequence of events. For example, DC-tumor fusion
cells can be large multinucleated cells whose size may hinder migration to lymph nodes. Others have
reported downregulation of chemokine and chemokine receptors in DC-tumor fusion cells that may
hinder migration [75]. Furthermore, as mature DC are generally used as a fusion partner, DC-tumor
fusion cells that are not in secondary lymph organs may not be in a optimal environment for stimu-
lation of host immune cells. It has been shown that the lymph node is a location where mature DC
interact with immune cells [76, 77]. Indeed, some studies have required delivery of fusion cells into
secondary lymph organs, such as the lymph node and spleen, to induce significant anti-tumor effects.
This was compared with results with the DC-tumor vaccine was given subcutaneously [40].

Based on the pre-clinical data, it is currently felt that a DC-tumor fusion cell vaccine design
should consider instituting all three signals in producing the optimal anti-tumor response. The use
of DC-tumor fusion cells as an immunotherapy strategy forms the foundation for other methods to
optimize its use. This will likely be in the form of providing 3rd signals as well as defining the most
immunological and clinically practical fusion partners (i.e. allogeneic vs. autologous).

11.10 Clinical Studies

There have been a number of clinical trials involving DC-tumor fusion cells. These clinical studies
have used both autologous as well as allogeneic DC as a fusion partner with a variety of autolo-
gous tumors including melanoma, renal cell carcinoma, breast cancer, hepatocellular carcinoma, and
glioma [52, 78–81]. These studies have universally reported the safety of this approach. Although
the tumor response various, the majority of them report a complete or partial response in a minority
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of patients. Taken all together, the response rate for DC-tumor fusion clinical studies is estimated at
10.9% [38].

For the responses reported from using allogeneic DC-tumor fusion cells, further critical investiga-
tions are needed to better elucidate the underlying mechanisms. Unlike fusion hybrids using allogeneic
DC as a fusion partner, there has been little clinical work using DC-allogeneic tumor fusion cells tar-
geting TAA. There have been vaccine trials that are based upon allogeneic tumor. These include using
mixture of allogeneic cell lines and modification of these cell lines. Research is on-going that leverages
the research finding of fusion cells with those using allogeneic tumor cells in immunotherapy.

11.11 Future Challenges and Directions

Despite the demonstrated advantages of DC-tumor fusion hybrids, vaccine trials as a whole have not
demonstrated significant anti-tumor responses. This may be due to a number of remaining issues. First,
genuine DC-tumor fusion cells need to be verified. A number of clinical studies did not demonstrate
clear verification of DC-tumor fusion cells making assessment of resultant clinical impact difficult.
One issue that remains unclear is the optimal dosing schedule and number of fusion cells per injec-
tion. This may differ in patients with different tumor burdens and immunological status (i.e. small
metastatic pulmonary lesions vs. unresectable local recurrence). Furthermore, the site of vaccine deliv-
ery may affect treatment response. This is based on clinical data showing DC based vaccine injection
into lymph nodes resulted in superior anti-tumor response compared with other routes [82]. There is
significant pre-clinical data supporting the need for a 3rd signal in conjunction with DC-tumor fusion
cell administration. Current strategies are being investigated to produce and safely deliver these 3rd
signals with a fusion vaccine.

Finally, the use of a DC-tumor fusion vaccine may demonstrate significant efficacy when combined
with other treatment modalities. There is evidence that radiation synergizes with immunotherapy vac-
cines [83, 84]. Chemotherapy has also been reported to augment the anti-tumor response observed
with vaccine [85, 86]. Targeting immunosuppressive immune mechanisms such as regulatory T cells
(Treg) and myeloid derived suppressor cells (MDSC) may also improve the immunotherapeutic
efficacy of a DC-tumor vaccine [87, 88].

The immune system and its interaction with tumor and normal cells is complex and the advances
that are being made in the field of immunotherapy are numerous. Although these advances have been
rare in significant clinical responses, the potential of harnessing and directing the immune system to
eliminate tumors remains the goal of many researchers. DC-tumor fusion cells represent one of the
promising efforts in realizing this goal.
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