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Abstract
Myoblast fusion is a critical process that contributes to the growth of muscle during development
and to the regeneration of myofibers upon injury. Myoblasts fuse with each other as well as with
multinucleated myotubes to enlarge the myofiber. Initial studies demonstrated that myoblast
fusion requires extracellular calcium and changes in cell membrane topography and cytoskeletal
organization. More recent studies have identified several cell-surface and intracellular proteins
that mediate myoblast fusion. Furthermore, emerging evidence suggests that myoblast fusion is
also regulated by the activation of specific cell-signaling pathways that lead to the expression of
genes whose products are essential for the fusion process and for modulating the activity of
molecules that are involved in cytoskeletal rearrangement. Here, we review the roles of the major
signaling pathways in mammalian myoblast fusion.

Introduction
Skeletal muscle fibers are syncytia that arise from the fusion of myoblasts during
development. In adults, fusion of myogenic cells is required to facilitate the growth and
repair of myofibers after injury. At the cellular level, the fusion process is characterized by
the alignment of myoblast and myotube membranes and rearrangements of actin
cytoskeleton at contact sites followed by membrane fusion, which occurs in two stages.
Initially, myoblast-myoblast fusion (which is referred to as “primary fusion”) results in the
formation of nascent myotubes. In the second phase, myoblasts fuse with nascent myotubes
(in a process henceforth known as “secondary fusion”), which results in nuclear accretion
and growth of the myotube (1, 2). Most of the progress in understanding the process of
myoblast fusion during development has been made by studies of the fruit fly Drosophila
melanogaster in which genetic screening has identified the specific molecular machinery
involved (1, 2). Research over the past decade has suggested several candidate gene
products whose function might be conserved in mammals (1, 3, 4). The current
understanding of myoblast fusion in mammals comes largely from experiments with a
myoblast cell culture model in which the fusion steps can be recapitulated in vitro. These
studies have suggested that myoblast fusion in mammals is regulated by various cell
adhesion proteins, including the α3-, α9-, and β-integrin subunits, neogenin, M- and N-
cadherin, CD36, and a disintegrin and metalloprotease12 (ADAM12); transmembrane lipids,
including cholesterol and phosphatidylserine; and intracellular domain-associated signaling
or adaptor proteins, including β-catenin, end binding 3 (EB3), kindlin-2, myoferlin, creatine
kinase B, diacylglycerol kinase ξ, Rac1, focal adhesion kinase (FAK), and syntrophin,
which accumulate at sites of contact between two myogenic cells either in a symmetrical or
an asymmetrical manner (1, 3). Furthermore, it is now increasingly evident that an array of
cell signaling pathways plays critical roles in myoblast fusion (Fig. 1). Some of these
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pathways are activated as a result of the recruitment of specific cell-surface proteins between
fusion partners, whereas others are activated as part of the myogenic differentiation
program, but they contribute to the fusion process (Fig. 1). Here, we review the roles of the
major signaling pathways involved in mammalian myoblast fusion.

Integrins and focal adhesion kinase
Integrins are hetrodimeric proteins consisting of α and β subunits that are found in the
plasma membrane of mammalian cells. Integrins enable cells to adhere to the extracellular
matrix and bind to various intracellular proteins, connecting the cell’s exterior and interior.
Genetic studies have shown that the β1 integrin subunit in myogenic cells is an essential
component for primary myoblast fusion and sarcomere assembly in mice (5). One of the
molecules that mediate integrin signaling is the nonreceptor protein tyrosine kinase FAK (6).
Binding of integrins to extracellular matrix ligands—such as fibronectin, vitronectin,
vascular cell adhesion molecule 1 (VCAM1), collagen, and laminin—induces integrin
clustering and the recruitment and autophosphorylation of FAK and its association with
other signaling proteins, such as Src, Cas, and paxillin, which results in the activation of
downstream signaling pathways (6).

FAK is involved in mammalian myoblast fusion both in vitro and in vivo (7). The
phosphorylation of FAK is transiently increased during myogenic differentiation, and
inhibition of this process blocks myoblast fusion without affecting the expression of
differentiation-related genes, which suggests that FAK controls the morphological
parameters of myogenesis (7). In addition, targeted deletion of FAK in satellite cells of adult
mice attenuates myofiber regeneration in response to BaCl2-mediated injury. Although no
difference was noticed in the numbers of regenerating myofibers in this study, the diameter
of newly formed fibers was considerably smaller in mice with satellite cell–specific deletion
of FAK 5 days after injury as compared with that in wild-type mice, potentially as a result of
reduced myoblast fusion (7). Although FAK appears to mediate myoblast fusion in vitro and
in response to muscle injury, it remains to be investigated whether FAK is also involved in
fusion during embryogenesis.

Signaling through FAK affects the abundances of several molecules that are involved in the
regulation of actin cytoskeletal, focal adhesion, Wnt, mitogen-activated protein kinase
(MAPK), and insulin signaling pathways (7). Caveolin-3 and the β1D-integrin are some of
the proteins that are involved in myoblast fusion whose amounts are increased as a result of
FAK-mediated signaling. The β1D integrin subunit is upstream of FAK, which suggests that
bidirectional signaling exists in the β1D-integrin–FAK pathway during myoblast fusion (7).
The precise mechanisms that lead to the activation and recruitment of FAK to integrins
remain enigmatic; however, this process may involve other second messengers. One such
candidate is the protein kinase C (PKC) isoform PKCθ, which is highly abundant in cells of
myogenic lineage. Forced activation of PKCθ enhances the phosphorylation of FAK, the
amounts of caveolin-3 and the β1D integrin, as well as the extent of myoblast fusion (7, 8).

In addition to its interactions with integrins, FAK may also promote fusion through its
interaction with other cell-surface receptors, such as neogenin (9). Neogenin (which is
encoded by Neo1) and its ligands, the netrins, are present in dorsal somites and during the
development of skeletal muscle of mice (10). Netrin2 causes the activation of FAK in
cultured primary myoblasts in a neogenin-dependent manner (10). Although skeletal muscle
develops normally, gene trap mutations in the Neo1 locus (Neo1Gt/Gt mice) result in the
formation of thin myofibers. Moreover, phosphorylation of FAK is considerably reduced in
the developing muscle of Neo1Gt/Gt mice compared with that in wild-type mice, which
suggests that the netrin-neogenin dyad is a physiological stimulus of FAK during muscle
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development (10). Although these studies suggest that both integrin and neogenin signaling
involves FAK, it remains to be determined whether FAK is activated independently in
response to integrin and neogenin or whether the functional activation of FAK requires an
interaction between these two receptors. The functions of FAK are not conserved between
vertebrates and invertebrates. DFak56 is a Drosophila homolog of mammalian FAK. Unlike
FAK-deficient mice, which are embryonically lethal (11), Drosophila lacking DFak56 are
viable and fertile. Moreover, DFak56 is not required for integrin functions in cell adhesion,
migration, or signaling in vivo (12).

Rho guanosine triphosphatases
The Rho family of guanosine triphosphatases (GTPases) plays crucial roles in various
cellular processes, including cytoskeletal reorganization and the activation of downstream
kinases. C2C12 is mouse myoblastic cell line that rapidly differentiates into myotubes under
low-serum conditions (13, 14). These cells have been widely used to study myogenesis in
vitro, although evidence suggests that they may not recapitulate all of the steps of
myogenesis that occur in vivo during development or the differentiation of primary
myoblasts in vitro. Studies of C2C12 myoblasts have identified RhoA, Rac1, and Cdc42 as
important regulators of myogenesis (15–19). These GTPases function through modulating
the activity of downstream kinases and transcription factors, such as p38 MAPK, c-Jun N-
terminal kinases (JNKs), and serum response factor (SRF) (15, 16, 19). RhoA activity is
rapidly and transiently increased in myoblasts upon their incubation in differentiation
medium. Whereas RhoA is required for the initial induction of myogenesis (20), it must be
deactivated before myoblast fusion. Active RhoA reduces the stability and perturbs the
localization of M-cadherin, a cell adhesion molecule that has an essential role in myoblast
fusion (21). RhoE (22) and a Rho GTPase-activating protein GRAF1 (GTPase regulator
associated with focal adhesion kinase-1) suppress RhoA activity in differentiating myoblasts
(23). The importance of GRAF1 in RhoA inhibition and myoblast fusion in vivo has been
demonstrated in studies of Xenopus laevis. GRAF1-depleted embryos show increased RhoA
activity and defective myofibrillogenesis that result in progressive muscle degeneration,
defective motility, and embryonic lethality (23).

In contrast to the inhibition mediated by RhoA, other members of the Rho GTPase family—
Rac1 and Cdc42—stimulate the fusion machinery both in vitro and in vivo (15). In
Drosophilatwo closely related Rac GTPases, Rac1 and Rac2 (but not Cdc42), are activated
in response to cellular adhesion and act redundantly to promote myoblast fusion (2, 24);
however, the fusion of mammalian myoblasts requires both Rac1 and Cdc42 (25). Vasyutina
et al. investigated the roles of Rac1 and Cdc42 in the fusion process in experiments with
muscle precursor–specific conditional knockout mice (25). Analysis of muscle in mice at
embryonic day 11.5 (E11.5) and E12.5 showed that deletion of either of these GTPases does
not have any effect on the migration, proliferation, or differentiation of muscle progenitor
cells. However, at later stages (for example, at E14.5 and E18.5), muscle development is
impaired, as noted by the appearance of short- and thin-limb myofibers. Deletion of the
genes encoding either Rac1 or Cdc42 substantially reduces the fusion index and the number
of nuclei in developing muscle (25). Similarly, cultured primary myoblasts from Rac1- or
Cdc42-deficient mice show a marked reduction in their fusion capacity. Moreover, the
activities of both Rac1 and Cdc42 are required in both fusion partners (25). Although
deficiency in Rac1 or Cdc42 does not affect myoblast adherence or the recruitment of α-
and β-catenin to contact sites between fusion partners, the recruitment of vinculin, F-actin,
and Vasp is substantially reduced at contact sites. Notably, the recruitment of Arp2/3, the
actin polymerization-inducing complex, is reduced only in Rac1-deficient myoblasts,
implying that Rac1 and Cdc42 may have nonredundant functions (25).

Hindi et al. Page 3

Sci Signal. Author manuscript; available in PMC 2013 October 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



One of the first genes identified to regulate myoblast fusion in Drosophila was mbc (26, 27),
which encodes a guanine nucleotide exchange factor (GEF) that acts upstream of the Rac
GTPase in this process (28). Myoblast city (MBC) is the Drosophila ortholog of the
mammalian protein Dock1. In mammals, Dock2 and Dock5 are additional members of the
same subfamily of Dock1-related proteins (29). Although both Dock1 and Dock5 and their
adaptor proteins Crk and Crk-like 1 (Crkl) are required for the fusion of fast-type myoblasts
in Zebrafish (30), Dock1 is the primary GEF whose absence causes inhibition of skeletal
muscle development because of a deficiency in primary myoblast fusion (31). Dock1−/−

mice die within minutes after birth because of respiratory failure and have diaphragms that
are strikingly thinner (and have impaired attachment to the intercostal muscle) than those of
their wild-type counterparts.

A similar reduction in mass was noticeable in the deep back muscles, tongue, and limb
muscles of Dock1−/− mice. This reduction in muscle mass correlates with a substantial
reduction in fiber diameter at E18.5 in Dock1−/− mice. Further analysis of myogenesis
defects in Dock1−/− mice showed that myosin heavy chain (MyHC)–containing fibers align
with one another but remain mononucleated, which suggests that Dock1 plays an obligatory
role in primary myoblast fusion (31). In contrast, the myotome develops normally in
Dock5−/− and Dock1+/−Dock5+/− mice during embryogenesis. However, in
Dock1−/−Dock5+/− mice, differentiated myoblasts remain mononucleated, similar to those in
Dock1−/− mice, but show additional defects in MyHC organization, cell elongation, and
alignment, indicating that Dock5 plays an important role in myofiber development at later
stages (31). These findings also established that the role of Dock1 is conserved during
myoblast fusion between vertebrates and invertebrates.

A previous study showed that Trio, a dual GEF for RhoA and Rac1, is essential for late
embryonic development and that it plays a role in skeletal muscle formation (32). However,
the myogenic defects in Trio−/− mice are different from those observed in Dock1−/− mice
(31, 32). In addition, M-cadherin–dependent adhesion activates Rac1 through Trio during
C2C12 myoblast fusion (33). These findings raise the possibility that although Dock1 is
required for myoblast fusion during primary myogenesis, Trio may play a role during
secondary myogenesis (Fig. 1). In contrast to its role in vertebrates, Trio appears to have no
role in myoblast fusion during Drosophila development (24). Although more work is
required to fully appreciate their roles, the available evidence suggests that different GEFs
cause spatial and temporal regulation of Rac1 that promotes myoblast fusion during
embryonic development and postnatal myogenesis through downstream regulation of actin
cytoskeletal rearrangements at the sites of contact between myoblasts.

MAPKs
The signaling pathways of four MAPKs, extracellular signal–regulated kinase 1/2 (ERK1/2),
JNK, p38, and ERK5 are among the most well-characterized cell-signaling pathways that
are activated in response to various extracellular stimuli and regulate pluripotent cellular
function (34). Although the stimulatory role of p38 MAPK in myogenesis has been
established (35–37), both positive and negative roles for ERK1/2 and JNK have been
suggested (15, 38–40). Further experimental evidence regarding the roles of ERK1/2, JNK,
and p38 MAPK in myoblast fusion is still lacking. An early study demonstrated that the
activity of ERK5 is increased within minutes upon exposure of C2C12 myoblasts to low-
serum conditions and that it is sustained during terminal differentiation (41). Stimulation of
ERK5 increases the activity of E-box–containing promoters, including those of Cdkn1a and
Myl1 (41). Furthermore, ERK5 phosphorylates the proteins myoblast determination protein
1 (MyoD) and myocyte enhancer factor 2C (Mef2C) in vitro, and it synergistically increases
the transactivation potential of MyoD (41). Blocking ERK5 through the expression of
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antisense mRNA abolishes myoblast fusion and the formation of multinucleated myotubes
and moderately reduces the expression of differentiation-related genes, such as those that
encode MyoD, myogenin, and p21 (41). Sunadome et al. evaluated the role of ERK1/2 and
ERK5 in myoblast fusion and myogenic differentiation in experiments with both
pharmacological and molecular approaches (42). Specific inhibition of ERK1/2 does not
affect either the fusion or differentiation of C2C12 myoblasts (42). In contrast, ERK5 is
critical for myoblast fusion, but not for the progression of myogenic differentiation (42).
Overexpression of a dominant-negative mutant of ERK5 or short interfering RNA (siRNA)–
mediated knockdown of ERK5 substantially reduces the extent of myoblast fusion, with
resultant mononucleated myoblasts, which suggests that ERK5 is essential for primary
myoblast fusion (42). However, in contrast to a previous study by Dinev et al. (31),
Sunadome et al. reported that the inhibition of ERK5 has no effect on the expression of
muscle-specific genes, such as those encoding MyoD, Mef2a, p21, MyHC, and muscle
creatine kinase, although a slight reduction in the expression of genes encoding myogenin
and Mef2c is observed at later stages of differentiation (32). These observed differences
regarding the expression of muscle-specific genes in two studies could be attributed to the
approaches that were used to inhibit ERK5 (41, 42). For example, it is possible that the
overexpression of ERK5-specific antisense mRNA used in the first study (31) also led to its
binding to other mRNAs that have homology to ERK5, resulting in more pronounced effects
on the expression of muscle-specific genes than are seen with ERK5-specific siRNA.

The mechanisms by which ERK5 regulates myoblast fusion have also been studied. ERK5
promotes myoblast fusion through downstream activation of the transcription factor
specificity protein 1 (SP1), which in turn binds to the promoters of genes encoding the
transcription factors Kruppel-like factor (Klf)2 and Klf4, leading to their increased
expression (42). The amounts of both Klf2 and Klf4 are increased in C2C12 myoblasts after
serum withdrawal in an ERK5-dependent manner, and the inhibition or overexpression of
Klf2 and Klf4 affects myoblast fusion in a similar fashion as observed with inhibition or
overexpression of ERK5 (42). It is noteworthy that the increased activities of ERK5 or Klf2
and Klf4 alone are not sufficient to induce myoblast fusion; they promote myoblast fusion
under conditions in which myogenic transcription factors, such as MyoD and Mef2C, are
active and the myoblasts are undergoing differentiation (42). Nephronectin (which is
encoded by Npnt), an extracellular matrix protein involved in cell-matrix adhesion,
associates with the β1 integrin subunit in embryonic kidney (43). The abundance of
nephronectin is increased during myogenic differentiation and stimulates primary myoblast
fusion (42). The promoter region of Npnt contains multiple consensus Klf2- and Klf4-
binding sites, and these transcription factors induce the expression of Npnt during myoblast
fusion (42). Evidently, the MEK5-ERK5-SP1-Klf2/4-Npnt pathway represents one of the
best characterized signaling pathways that promote mammalian myoblast fusion (Fig. 2).
Future studies should focus on finding the stimuli and the proximal signaling events that
lead to ERK5 activation during myogenesis and determining whether this pathway is also
involved in myoblast fusion during embryonic development and the regeneration of injured
myofibers.

Calcineurin-NFATc2
The fusion of myoblasts into multinucleated myotubes is regulated by calcium-dependent
signaling (44–46). Among the downstream targets of calcium-induced signaling are the
NFAT family of transcription factors (NFATc1 to -c4), which regulate gene transcription to
coordinate proliferation, survival, and differentiation in a wide range of cell types (47, 48).
Increases in the intracellular calcium concentration causes the activation of the serine and
threonine phosphatase calcineurin, which dephosphorylates NFATc, enabling the nuclear
translocation of NFATc and the regulation of gene transcription (48). Among the four
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isoforms, NFATc2 stimulates secondary myoblast fusion (49). NFATc2 translocates to the
nucleus after primary fusion and is essential for subsequent myonuclear accretion. Although
cultured primary myoblasts of Nfatc2−/− mice have no noticeable defect in their expression
of differentiation markers, their myotubes are smaller in size and contain fewer myonuclei.
Fusion defects in Nfatc2−/− myoblasts are rescued through the overexpression of NFATc2,
which suggests that it plays a critical role in myoblast fusion (49). Consistent with the role
of NFATc2 in secondary fusion, skeletal muscle mass and myofiber diameter are reduced in
Nfatc2−/− mice compared with those in wild-type mice, without any change in number of
myofibers. One of the mechanisms by which NFATc2 controls myoblast fusion is through
regulating the production of the cytokine interleukin-4 (IL-4) (50). Whereas the IL-4
receptor (IL-4R) is present at all the stages of differentiation in myoblast cultures, IL-4 is
produced only after primary fusion and in an NFATc2-dependent manner (50). The role of
IL-4 in myoblast fusion is also evident by findings that myofiber diameter is smaller in mice
deficient in either Il4 or Il4r than in wild-type mice; these mice show retardation in muscle
growth after freeze injury, and primary myoblasts from Il4−/− or Il4r−/− mice have defects in
secondary fusion similar to those observed in Nfatc2−/− myoblasts (50). The mechanisms by
which IL-4 induces myoblast fusion remain poorly understood; however, based on its role in
other cell types, such as macrophages, it is likely that IL-4 induces myoblast fusion by
increasing the production of cell-adhesion molecules and by inducing chemotaxis (50).
Another molecule regulated through NFATc2-dependent mechanisms is myoferlin (which is
encoded by Myof), a membrane protein essential for myoblast fusion (51). The Myof
promoter contains multiple NFAT-binding sites, and the production of myoferlin is
regulated in a manner similar to that of NFATc2 in healthy and damaged myofibers (51).

In addition to increased amounts of calcium, several other stimuli may activate NFATc2 in
fusing myoblasts. One such factor is prostaglandin F2α (PGF2α), which augments muscle
growth (52). Whereas PGF2α induces myotube formation in IL-4–deficient cells, it does not
increase the production of IL-4 by wild-type myoblasts, suggesting that NFATc2 might
induce fusion through mechanisms independent of IL-4 (53). Furthermore, growth hormone
(GH) also augments the activity of NFATc2 in cultured myoblasts (54). GH does not induce
hypertrophy in NFATc2−/− myotubes, signifying the role of NFATc2 in GH-mediated
signaling in myogenic cells (55). GH also induces the production of IL-4, which suggests
that GH may be the stimulus for the activation of the NFATc2–IL-4 pathway during
myoblast fusion (54).

Secondary myoblast fusion also plays an important role in muscle growth and hypertrophy
in response to resistance exercise and mechanical loading. Guerci et al. investigated the
mechanisms of overload-induced hypertrophy and discovered a role for the transcription
factor SRF (56). Targeted deletion of Srf (which encodes SRF) in adult myofibers (but not
in satellite cells) inhibits overload-induced hypertrophy and impairs the proliferation of
satellite cells and of their fusion with preexisting myofibers. SRF is not required for the
activation of insulin growth factor-like 1 (IGF1)–Akt signaling, which mediates overload-
induced hypertrophy. In contrast, SRF promotes the proliferation and the fusion of
myoblasts in a paracrine fashion. Specifically, activation of SRF in myofibers in response to
overload leads to the increased production of IL-6 and IL-4, which enhance the proliferation
of satellite cells and of their fusion to existing myofibers, respectively. SRF does not
regulate Il4 expression directly; it does so through enhancing the expression of the gene
encoding cyclooxygenase-2 (Cox2). This study also provided the initial evidence that
satellite cell fusion is a major limiting cellular event in overload-induced muscle
hypertrophy (56).
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NF-κB
The NF-κB family contains five members: RelA (also known as p65), RelB, c-Rel, p105/
p50, and p100/p52, which make homo- and heterodimers (57, 58). Depending on the type of
stimulus, the activation of NF-κB occurs through canonical or noncanonical signaling
pathways. Canonical NF-κB signaling involves the activation of inhibitor of κB (IκB)
kinase-β (IKKβ) and the subsequent phosphorylation and degradation of the IκB protein. In
contrast, activation of the noncanonical NF-κB pathway requires the activation of NF-κB–
inducing kinase (NIK) and IKKα, leading to the phosphorylation and proteolytic processing
of the p100 subunit to generate p52 (57). Cellular inhibitor of apoptosis 1 (cIAP1) and
cIAP2 are some of the important upstream regulators of both the canonical and noncanonical
arms of NF-κB signaling. The cIAPs are also E3 ubiquitin ligases that mediate both Lys48

(K48)– and (K63)–linked ubiquitination. In response to activating stimuli, the adaptor
protein tumor necrosis factor (TNF) receptor–associated factor 2 (TRAF2) recruits cIAPs to
a receptor-associated signaling complex, which causes K63-linked ubiquitination of
receptor-interacting kinase (RIP), resulting in downstream activation of IKKβ. The cIAPs
also inhibit the noncanonical branch of the NF-κB pathway by facilitating K48-linked
ubiquitination of NIK, targeting it for proteasomal degradation (59). Under basal conditions,
cIAP, NIK, TRAF2, and TRAF3 form a complex that leads to the constitutive degradation
of NIK through a proteasome-dependent pathway. In response to activating stimuli, the
TRAF2-TRAF3-cIAP complex is recruited to the receptor where TRAF2-mediated, K63-
linked ubiquitination of cIAP1 and cIAP2 switches its K48 ubiquitin ligase activity from
NIK to TRAF3. The degradation of TRAF3 destabilizes the TRAF-cIAP complex, thus
enabling the accumulation of newly synthesized NIK and the downstream activation of
IKKα and subsequent processing of p100 to generate p52 (60–62).

Several independent studies have shown that canonical NF-κB signaling inhibits myogenic
differentiation (58, 63); however, the role of noncanonical NF-κB signaling in muscle
formation has received less attention. Enwere and colleagues (64) reported that
noncanonical NF-κB signaling promotes myoblast fusion. Cultured myoblasts from mice
deficient in cIAP1 (which is encoded by Birc2) show an increased fusion capacity compared
with that of wild-type mice when incubated in low-serum conditions. Although deletion of
Birc2 enhances myoblast fusion and activates both the canonical and noncanonical
pathways, it inhibits cell cycle withdrawal and the expression of various differentiation
markers in myoblast cultures (64). The increased fusion of myoblasts is attributed to
derepression of noncanonical NF-κB signaling, which is also supported by the findings that
siRNA-mediated depletion of p100, IKKα, or RelB—all of which are components of the
noncanonical pathway—diminishes nuclear accretion and hypertrophy in cultures of
cIAP1–/– cells (64). Conversely, overexpression of p52 and RelB augments primary
myoblast fusion in low-serum conditions. Together, these findings suggest that the loss of
cIAP1 causes the activation of both the canonical and noncanonical NF-κB pathways; the
former inhibits myogenic differentiation, whereas the later promotes myoblast fusion.

Bakkar et al. (63) previously investigated the role of noncanonical NF-κB signaling in
myogenesis. They reported that the activity of the canonical pathway is reduced during
C2C12 myoblast differentiation, with a gradual increase in noncanonical NF-κB signaling
through upstream activation of IKKα. In experiments with IKKα−/− and RelB−/− mouse
embryonic fibroblasts (MEFs), the authors found that MyoD-induced myogenic
differentiation was somewhat reduced in these cells compared with that in wild-type MEFs.
However, overexpression of IKKα does not enhance myogenic differentiation in C2C12
myoblasts or in MyoD-expressing fibroblasts. These somewhat contradictory findings in the
two studies about the role of the NF-κB noncanonical pathway in myoblast fusion and
myogenesis can be explained to some extent by the different experimental conditions used.
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Studies performed by Bakkar et al. (63) used cell lines for some of the experiments that may
behave differently from the primary myoblasts that were used in the studies performed by
Enwere et al. (64). Indeed, primary myoblasts have considerably higher fusion capacity than
do C2C12 cells, and a small and transient increase in the activity of noncanonical NF-κB
signaling may be sufficient to promote myoblast fusion. This is also evident by the findings
that pharmacological inhibition of cIAP1 does not augment fusion in C2C12 cultures;
instead, it attenuates fusion, further demonstrating differences in the fusion mechanisms
between primary myoblasts and C2C12 myoblasts (64). Moreover, Bakkar et al. did not
specifically evaluate fusion in IKKα-overexpressing C2C12 myoblasts or in primary
myoblasts from IKKα−/− mice (63). Indeed, no noticeable muscle phenotype is evident
between wild-type and IKKα−/− mice at the perinatal stage (63), indicating that the role of
noncanonical NF-κB signaling may be compensated by other factors during embryonic
development of skeletal muscle in vivo. Nevertheless, specific roles of IKKα should be
further examined by studying the muscles of IKKα−/− mice during embryonic development
as well as the fusion of cultured primary myoblasts from these mice. However, it is now
evident that noncanonical NF-κB signaling improves mitochondrial biogenesis in
differentiated myotubes through the induction of peroxisome proliferator-activated receptor-
γ coactivator 1β (65).

The role of noncanonical NF-κB pathway in myoblast fusion has also been evaluated in a
study of the cytokine TNF-like weak inducer of apoptosis (TWEAK). TWEAK activates
both canonical and noncanonical NF-κB signaling in different cell types, including
myogenic cells (66). Enwere et al. reported that low concentrations of TWEAK
predominately activate noncanonical NF-κB signaling and augment the fusion of cultured
primary myoblasts (64). These findings are consistent with published reports that the
TWEAK receptor Fn14 is essential for myotube formation in cultures and for the
regeneration of adult skeletal muscle in response to injury (67, 68). Previously, the effects of
TWEAK in myogenesis were studied with the C2C12 cell line, which showed that large
amounts of TWEAK activate the canonical NF-κB pathway and inhibit myogenic
differentiation (69). Although the activation of the noncanonical NF-κB pathway was not
specifically studied in undifferentiated C2C12 myoblasts, it has also been reported that large
(but not small) amounts of TWEAK activate noncanonical NF-κB signaling in differentiated
C2C12 myotube cultures (66, 70). These findings suggest that the C2C12 cell line and
mouse primary myoblasts respond differentially to the same activating stimulus with respect
to activation of the canonical and noncanonical branches of NF-κB signaling.

Whereas low doses of TWEAK may enhance myoblast fusion, it is noteworthy that the
continued presence of TWEAK can lead to deleterious effects on nascent myotubes. A low
concentration of TWEAK not only causes atrophy, its continuous presence can also reduce
the survival of differentiated myotubes (70). Moreover, muscle regeneration after
cardiotoxin-mediated injury is considerably reduced in TWEAK-transgenic mice, which is
potentially a result of the chronic presence of increased concentrations of TWEAK in these
mice (71). Another study showed that sporadic inclusion-body myositis (IBM)
mesoangioblasts, which are defective in myogenic differentiation, produce increased
amounts of TWEAK in differentiation medium, and that neutralization of TWEAK
improves differentiation in IBM mesoangioblast cultures (72). Moreover, the membrane-
bound form of TWEAK is more potent than its soluble variant with respect to activation of
the canonical NF-κB pathway (73), which further explains why transgenic overexpression or
increased production of membrane-bound TWEAK in disease conditions produces
deleterious effects on muscle regeneration. Despite this recent progress, the mechanisms by
which noncanonical NF-κB signaling drives myoblast fusion, and its roles in vivo remain
unknown. More studies are required to further understand the role of noncanonical NF-κB
signaling in skeletal muscle development and the regeneration of myofibers in response to
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injury. Nevertheless, the available literature provides initial evidence that the activation of
noncanonical NF-κB signaling improves muscle health by augmenting myoblast fusion and
improving muscle oxidative metabolism.

Wnt signaling
Wnt proteins are secreted ligands that transmit their signals across the plasma membrane by
interacting with Frizzled receptors and their coreceptors low-density lipoprotein receptor-
related protein 5 (LRP5) and LRP6 (74). Upon binding to their receptors, Wnt proteins
induce a cascade of intracellular signaling events, involving proteins such as Disheveled,
axin, adenomatosis polyposis coli (APC), and glycogen synthase kinase-3β (GSK-3β),
which culminate in the stabilization of β-catenin and its translocation to the nucleus, where
it binds to T-cell factor/lymphoid enhancer-binding factor (Tcf/Lef) to induce the
transcription of Wnt target genes (74). In addition to this canonical pathway, certain Wnt
proteins exert their effects by activation of the planar cell polarity (PCP) pathway (also
known as the noncanonical Wnt pathway) and the calcium/calmodulin-dependent kinase
pathway (74, 75).

Wnt signaling is essential both for embryonic muscle development and postnatal
myogenesis (75). GSK-3β is a critical component of the classical Wnt signaling pathway
because its inactivation leads to the stabilization and nuclear translocation of β-catenin (75).
Initial evidence about the role of Wnt signaling in myoblast fusion came from the study by
Rochat and colleagues (76) in which they found that the inhibition of GSK-3β with LiCl or
coculturing with Wnt1-expressing 3T3 fibroblasts enhances the nuclear accumulation of β-
catenin and the insulin-induced differentiation of quiescent C2C12 myoblasts (76). The
addition of LiCl to the medium 36 to 48 hours after the induction of differentiation results in
a marked increase in myotube diameter as well as in the number of nuclei in each myotube
(76). Similarly, treatment with Wnt1 alone is sufficient to stimulate the fusion of myogenic
cells (76). It was also reported that treatment with another Wnt ligand, Wnt3a, enhances
C2C12 myoblast fusion (77), further suggesting that classical Wnt signaling promotes the
fusion of cultured myoblasts.

The roles of canonical and noncanonical Wnt signaling in myoblast fusion in vivo have also
been elucidated (78, 79). Canonical Wnt signaling is induced in muscle progenitor cells
within 2 to 5 days of muscle injury (79). Injection of Wnt3a protein to injured muscle
increases the size of regenerating myofibers without changing myofiber number, potentially
by augmenting myoblast fusion (79). In addition, the Sulfs (6-O–endosulfatases) activate
canonical but inhibit noncanonical Wnt signaling in injured myofibers (78). Sulf1 and Sulf2
selectively remove the 6-O-sulfate group from heparin sulfate (HS), which enables HS
proteoglycan (HSPG)–mediated signaling. Sulf-mediated HS 6-O–desulfation represses
fibroblast growth factor (FGF) signaling by disrupting the HS-FGF2-FGF receptor (FGFR)
complex in satellite cells, which enables their differentiation and hence the formation of new
myofibers (80). Muscle-specific deletion of both Sulf1 and Sulf2 considerably delays
myofiber formation after injury because of defects in myoblast fusion (78). Similarly,
cultured myoblasts from muscle-specific Sulf1−/−Sulf2−/−mice show reduced fusion after
removal of FGF2 from the culture medium. This study also provided initial evidence that
noncanonical Wnt signaling is activated in response to muscle injury and that it inhibits
myoblast fusion (78). Notably, Sulfs repress noncanonical Wnt signaling during muscle
regeneration by enhancing antagonistic canonical Wnt signaling (78). Because Wnt3a, but
not Wnt7a, contains HS-binding Weintraub sequences, Sulfs might function by decreasing
the extent of binding of Wnt3a to HS, increasing the availability of Wnt3a to activate
canonical Wnt signaling. In addition, Sulfs stimulate the activation and membrane
localization of FAK during myoblast fusion. In contrast, Wnt7a-mediated noncanonical Wnt
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signaling causes aberrant subcellular distribution of FAK (78). Together, these data provide
new insights regarding the role of Sulfs and canonical and noncanonical Wnt signaling in
myoblast fusion.

Other signaling pathways
Myoblast fusion also involves the activation of a number of other signaling molecules. For
example, canonical transforming growth factor-β (TGF-β) signaling, which functions
through the activation of Smad4 protein, inhibits both the proliferation and fusion of C2C12
myoblasts (81). Interestingly, Han et al. demonstrated that targeted ablation of Smad4
inhibits the terminal differentiation and fusion of myogenic cells during tongue development
by inhibiting the expression of Fgf6 (82). Treatment with exogenous FGF6 protein partially
rescues myoblast fusion defects in Smad4-deficient primary myoblasts (82). The opposing
functions of TGF-β and Smad4 signaling in myoblast fusion observed in these two studies
suggest that other members of the TGF-β superfamily are also involved and that they might
function through the regulation of differential downstream target genes to control myoblast
fusion. This could also be attributed to differences in the fusion mechanisms between
primary myoblasts and C2C12 myoblasts. Nitric oxide (NO) is produced by the enzyme
nitric oxide synthase in various cell types, including vascular endothelial cells,
macrophages, fibroblasts, neurons, and injured myofibers. NO is one of the crucial
messengers that promote myoblast fusion (83). Dahlman et al. have further shown that
during development, the abundance of NOS within stromal fibroblasts is increased through
NF-κB–dependent mechanisms to stimulate myoblast fusion and muscle hypertrophy (84).

Concluding remarks
Our understanding of the process of myoblast fusion has taken a quantum jump in recent
years. It is increasingly clear that the fusion process is a highly complex and elaborate
network involving the coordination and crosstalk of many signaling pathways and that it
involves both extracellular and intracellular events. These signaling molecules and
transcription factors act in synergy or antagonism in feed-back and feed-forward loops.
Future investigations should focus on identifying the extracellular stimuli that lead to the
activation of signaling pathways that stimulate myoblast fusion and whether the activation
of some of these involved pathways is perturbed in various muscle-degenerative disorders,
such as muscular dystrophy. Furthermore, fusion-related target genes regulated through the
activation of these signaling pathways need to be identified. Recent technological advances
are paving the way for further investigation of the signaling networks that control myoblast
fusion on a proteome- and genome-wide scale.
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Fig. 1. The roles of different signaling molecules in primary and secondary myoblast fusion
during myogenesis
Muscle progenitor cells first undergo myogenic commitment and differentiation to become
fusion-competent myoblasts. The initial commitment to differentiation requires the activity
of the RhoA GTPase. Active RhoA interferes with myoblast fusion, and so it is deactivated
before fusion occurs. A number of signaling molecules and pathways are activated in fusion-
competent myoblasts that regulate primary myoblast fusion, which results in nascent
myotubes. Additional signaling molecules are then recruited, which lead to fusion of
additional mononucleated myoblasts with nascent myotubes. Secondary fusion also plays a
critical role in the regeneration of injured myofibers. Major signaling molecules involved in
primary and secondary myoblast fusion based on experimental evidence are depicted along
the top. Specific myogenic markers expressed at different stages in cells of myogenic
lineage during myogenesis are noted along the bottom.
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Fig. 2. The signaling mechanisms that stimulate myoblast fusion
Emphasis is placed on ligands and receptors that activate pathways, the main effectors of
each pathway, and their target molecules. The interactions of integrins with their ligands,
such as fibronectin (FN), causes the autophosphorylation of FAK by PKC-θ, which leads to
the activation of downstream signaling that results in the increased expression of the genes
encoding caveolin-3 and the β1D integrin. Neogenin-netrin signaling also causes FAK
activation. Ligation of M-cadherin activates Rac1 in a Trio- and Dock1-dependent manner.
Cdc42 and Rac1 are major activators of vinculin, F-actin, Vasp, and the Arp2/3 complex for
the cytoskeletal remodeling that occurs before myoblast fusion. The MEK5-dependent
activation of ERK5 promotes binding of the transcription factor SP1 to the promoter of the
genes encoding the transcription factors Klf2 and Klf4, leading to their increased abundance.
Subsequently, Klf2 and Klf4 bind to the Npnt promoter and induce the production of
nephronectin during myoblast fusion. Increases in intracellular calcium concentration lead to
activation of the serine-threonine protein phosphatase calcineurin, which dephosphorylates
and activates the transcription factor NFATc2. Activated NFATc2 stimulates myoblast
fusion through the increased production of IL-4 and myoferlin. Possible stimuli for NFATc2
activation are PGF2α and GH. In response to mechanical overload, the transcription factor
SRF becomes activated, which leads to the increased abundance of IL-4 though COX2-
dependent mechanisms. Low amounts of the cytokine TWEAK activate the noncanonical
NF-κB pathway through activation of NIK and IKKα. IKKα-mediated phosphorylation of
p100 results in its proteolytic processing to generate the p52 subunit and the subsequent
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nuclear accumulation of p52-RelB heterodimers. Binding of Wnt to Frizzled and LRP5/6
disrupts the binding of GSK-3β to β-catenin, thus preventing the phosphorylation and
degradation of β-catenin. β-catenin then translocates to the nucleus and acts as a
transcriptional coactivator for Tcf/Lef target genes. Recruitment of TGF-β to its cell-surface
receptor leads to the activation of Smad4, which translocates to the nucleus and recruits
other transcription factors to collectively induce the expression of target genes, such as Fgf6.
The dashed arrows indicate that direct interactions have not yet been shown.

Hindi et al. Page 18

Sci Signal. Author manuscript; available in PMC 2013 October 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


