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Abstract

Mature skeletal muscle forms from the fusion of skeletal muscle precursor cells, myoblasts. 

Myoblasts fuse to other myoblasts to generate multinucleate myotubes during myogenesis, and 

myoblasts also fuse to other myotubes during muscle growth and repair. Proteins within myoblasts 

and myotubes regulate complex processes such as elongation, migration, cell adherence, 

cytoskeletal reorganization, membrane coalescence, and ultimately fusion. Recent studies have 

identified cell surface proteins, intracellular proteins, and extracellular signaling molecules 

required for the proper fusion of muscle. Many proteins that actively participate in myoblast 

fusion also coordinate membrane repair. Here we will review mammalian membrane fusion with 

specific attention to proteins that mediate myoblast fusion and muscle repair.
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1. Introduction

Striated muscle is characterized by a highly ordered intracellular array of sarcomeres 

optimized for contraction (Figure 1). The sarcolemma protects myofibers and is contiguous 

with the Transverse (T)-tubules, a network responsible for coordinating excitation and 

contraction by tightly regulating Ca2+ release into the myoplasm [1]. Ca2+ channels and 

exchangers reside in the T-tubules, and the T-tubules are flanked by the sarcoplasmic 

reticulum (SR), a reservoir for the majority of intracellular Ca2+. Protein complexes 

enriched in the sarcolemma are specialized for attachment to the surrounding matrix, and 

include the integrins and dystrophin glycoprotein complex (DGC) [2]. The stem cells of 

muscle, the satellite cells, are located between the sarcolemma and the basal lamina. Upon 

muscle injury, this regenerative cell population divides and differentiates into myoblasts, 
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which then fuse to regenerate the muscle [3]. Herein, we review membrane fusion events in 

myoblast fusion, in development and repair.

Membrane repair and disease

The highly ordered nature of striated muscle is conserved throughout evolution. Skeletal 

muscle in these organisms mirrors what is found in human muscle, with thick and thin 

filaments anchored in the Z disc (Figure 1). Improper expression or function of membrane 

components during development can lead to defects in myoblast fusion and repair, resulting 

in myopathy. Loss-of function mutations in dystrophin, a membrane stabilizer, result in 

Duchenne muscular dystrophy (DMD), a progressive muscle wasting disorder characterized 

by a fragile sarcolemma. Loss-of function mutations in dysferlin, a distinct membrane-

associated protein, cause Limb Girdle Muscular Dystrophy Type 2B and other myopathies 

[4]. In muscular dystrophy, the reparative and regenerative properties of muscle cannot keep 

pace with muscle degeneration. The genetic mutations responsible for these diseases helped 

identify the protein machinery responsible for membrane stability and fusion. Much of the 

research on these proteins and pathways has focused on membrane dynamics occurring 

during myoblast fusion during muscle development and also during recovery after muscle 

injury [5, 6].

1.1.2 Overview of myoblast fusion in mammals—During fusion, mononucleated 

myoblasts fuse generating nascent myotubes. Myoblast to myotube fusion as well as 

myotube to myotube fusion also occur. Myoblast fusion also occurs during muscle 

regeneration. Injury is sufficient to activate satellite cells, which follow an asymmetric 

division process to maintain the satellite cell pool and simultaneously generate myoblasts [3, 

7]. This form of cell-mediated repair is distinct from sarcolemmal resealing of membrane 

disruptions. With smaller sarcolemmal lesions or disruptions, proteins are recruited to the 

site of damage to repair the torn membrane. The degree to which the machinery governing 

myoblast fusion is similar to that regulating membrane resealing is not fully known. 

However, these processes are conserved, and model organisms such as Drosophila 

melanogaster have provided great insight into the mechanics of the membrane during 

myoblast fusion [5, 8].

1.1.3 Overview of myoblast fusion in Drosophila—In Drosophila, myoblast fusion 

occurs around stage 13 of embryogenesis. Two myoblast populations are present, founder 

cells (FCs) and fusion competent myoblasts (FCMs). FCs establish the destination of the 

mature muscle. FCMs migrate to FCs requiring secreted signaling molecules and movement 

through the ECM. Once co-localized, FCs recognize FCMs through signaling and adhesion 

events. Recognition is accompanied by alignment of the FC and FCM membranes mediated 

by the immunoglobulin super family of proteins and adhesion molecules. Upon cell 

alignment, actin polymerization machinery is recruited and the cytoskeleton reorganizes. 

Actin-rich protrusions form in the FCM, allowing invasion of the FC. Pores form within the 

membrane, allowing the exchange of cytoplasmic materials and ultimately pore expansion 

and membrane fusion (Figure 3). Recent work shows the receiving FC can sense mechanical 

stress at the membrane and is crucial for proper fusion [9, 10].
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1.2.1 The actin cytoskeleton and fusion—The actin cytoskeleton regulates multiple 

steps in this process. Individual myoblasts must migrate to their sites of fusion, necessitating 

cytoskeletal shape changes. Second, the cells must recognize each other and adhere. In 

Drosophila, it has been proposed that an actin-rich protrusion forms in the FCM, which 

serves to invade the FC membrane. Concomitantly, an actin sheath is formed juxtaposed to 

the FC membrane, presumably affecting membrane stability for fusion [5, 6]. In mammals, 

similar actin cytoskeletal rearrangements are required [5, 11]. Formation of these 

intracellular actin structures involves the conserved Scar/Wave and/or Wip/Wasp pathway, 

activating the Arp2/3 protein complex and inducing actin polymerization and branching [5, 

12]. Furthermore, vesicle transport is required during myoblast fusion and membrane repair. 

Movement of these vesicles requires reorganization of the actin cytoskeleton [8, 13, 14].

1.2.2 Lipids and fusion—Phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

phosphatidylserine (PS), and phosphatidic acid (PA) are the major components of the 

eukaryotic plasma membrane, with PC making up more than half of the lipid content. 

Glycolipids and cholesterols are less abundant in the membrane but are important in 

establishing membrane polarity and fluidity, respectively [15]. Importantly, membrane lipids 

are fluid, capable of lateral diffusion. Additionally, the sarcolemma has variable regions of 

lipid concentration. Lipid clusters exist transiently depending on cell function [15]. PS 

clusters are seen at sites of cell-cell contact during myoblast fusion in primary myoblasts, 

indicating an important role in membrane ruffling [16]. Furthermore, cholesterol is required 

to form specialized regions of the membrane termed lipid rafts. In a murine muscle cell line, 

depletion of cholesterol, and therefore lipid rafts, blocks myoblast fusion. Reintroduction of 

cholesterol to the media restores fusion [17, 18].

2.1 Known molecules involved in cell recognition and adhesion during myoblast fusion

2.1.1 Cell adhesion molecules and myoblast fusion—In Drosophila, the 

heterophilic immunoglobulin (Ig) superfamily of proteins is responsible for the initial 

recognition and adhesion of the FCM to the FC. Specifically, the Ig members Kirre/ 

Dumbfounded (Duf) and Roughest (Rst/ IrreC) are presented on the FC surface, while Stick 

and Stones (Sns) and Hibris (Hbs) are presented on the fusion competent cell surface [19–

22] (Figure 3). In mice, only one Ig superfamily ortholog has been implicated in the process 

of myoblast recognition; the Sns ortholog, Nephrin [23]. It should be noted that a vertebrate 

ortholog of Duf/Kirre in zebrafish is Kirrel, and it has been implicated in myoblast fusion 

[20, 24]. In mice, specific integrins family members are required for myogenesis. Integrin 

α3, β1 and α9β1, along with the integrin-associated cytoplasmic adaptor protein, Kindlin 2, 

are necessary for proper fusion [25–27]. In Drosophila, integrins have not been implicated 

in the fusion process, but are required for the integrity of muscle attachment sites later in 

development, as they also are in mammalian muscle [28]. In mice, the cadherin family of 

Ca2+-dependent adhesion proteins is important for myoblast fusion. Muscle cadherin (M-

cad) is expressed in the developing musculature, although this expression pattern is not 

evident until after the initial fusion steps have occurred. M-cad is also expressed in satellite 

cells and the underlying sarcolemma. However, M-cad-deficient mice lack obvious skeletal 

muscle defects, perhaps due to redundancy of other mammalian cadherins [29]. M-cad is 
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observed enriched at cell-cell contact sites and is required for myoblast fusion in the L6 rat 

myoblast cell line [30]. Cell fusion can be readily imaged in myoblast cultures (Figure 4).

2.1.3 Known molecules involved in cell signaling and actin reorganization in 
myoblast fusion—Dock (Dedicator of Cytokinesis) proteins are conserved throughout 

evolution. Docks are guanine nucleotide exchange factors (GEFs) that activate small 

downstream GTPases, namely Rac1 and Cdc42. These GEFs exchange GDP, which when 

bound to Rac is inactive, for GTP. The vertebrate Dock family has 11 members divided into 

families; Dock A through D. Dock A subfamily contains the founding members Drosophila 

Myoblast City (Mbc), C. elegans Ced-5, and mammalian Dock1 (Dock180). Dock1 forms a 

complex with its obligate binding partner, the adaptor protein ELMO, which is required for 

Rac1 activation [5, 31, 32]. These proteins are required for myoblast fusion in Drosophila 

and the initial phase of fusion in mammals [31, 33]. Zebrafish experiments have shown a 

close Dock1 ortholog is required for fusion of myoblasts [24]. In mammals, this sub-family 

also consists of Dock5, which is also important for myoblast fusion in mice [34]. The Dock 

A subfamily has specificity for the small GTPase Rac1. Rac1 activates the WASP pathway, 

which relieves inhibition of Arp2/3 leading to an increase in actin polymerization and 

branching. The Dock/ELMO and Rac1 pathway is of particular interest as it has been shown 

to be involved in myoblast fusion in Drosophila, zebrafish, and mammals [5, 6].

3.1 Proteins involved in both myoblast fusion and membrane repair

3.1.1 Ferlins—The ferlin family has been implicated in disease, specifically muscular 

dystrophies and non-syndromic deafness. Fer-1 in C. elegans was the first described ferlin 

protein [35]. Fer-1 mutants are infertile with spermatozoa displaying abnormal intracellular 

vesicle retention, consistent with defective intracellular membrane fusion. In mammals, 

there are six ferlin family members Fer1L1 through Fer1L6, and the FER1L1 gene encodes 

dysferlin [36, 37]. Ferlin family members are characterized has having four to seven C2 

domains and a carboxy-terminal transmembrane domain. C2 domains are found in many 

membrane-associated proteins where they may mediate Ca2+-sensitive phospholipid 

binding. The C2 domains in ferlin proteins bear resemblance to those in the membrane 

trafficking proteins, the synaptotagmins [38–40]. Most C2 domain containing proteins 

generally contain only one or two C2 domains while mammalian ferlin proteins have an 

excessive number of C2 domains [41].

Dysferlin and myoferlin are 230 kDa proteins that are 57% homologous at the amino acid 

level [37, 42]. Dysferlin and myoferlin each contain seven conserved C2 domains. The C2A 

domains of myoferlin and dysferlin bind to PS in a Ca2+-sensitive manner [40, 43]. 

Structural studies of the C2A domain of dysferlin indicate that these domains alter lipid 

packing and actively sculpt membranes [44]. The high similarity between myoferlin and 

dysferlin is balanced by differences in expression within muscle. Myoferlin is highly 

expressed in the immature myoblast, while dysferlin expression is upregulated as the 

myoblast differentiates into mature myotubes [43]. Dysferlin was initially described as a 

plasma membrane-associated protein in mature skeletal muscle [45]. Using an antigen 

unmasking technique, dysferlin has also been localized at the T-tubule [46]. A pH-sensitive 

carboxy terminal fusion tag was also used to demonstrate the presence of dysferlin at the T-
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tubule [46–48]. The expression pattern of dysferlin in mature muscle parallels the presence 

of T-tubules, as myoblasts lack this membrane structure.

Loss of function, recessive mutations in dysferlin (FER1L1) cause muscular dystrophy, and 

this form of muscular dystrophy is characterized by defective membrane resealing [39]. To 

establish dysferlin’s role in membrane repair, Bansal and colleagues used confocal laser 

microscopy to wound and image isolated myofibers in the presence of a lipophilic dye, FM 

1–43. FM 1–43 is a lipophilic styryl dye that fluoresces in the presence of lipids. In the laser 

wounding assay, FM 1–43 fluorescence persists longer and in a larger region of dysferlin 

null myofibers compared to wildtype. Laser injury of wildtype fibers in the presence of a 

Ca2+ chelator appeared similar to dysferlin-null myofibers, consistent with the idea that 

dysferlin is important for the Ca2+ response and proper timing of membrane repair [39]. 

Using this same laser wounding assay on myofibers, it was shown that a large patch of 

dysferlin accumulated at the site of laser wounding and sarcolemmal disruption. It was 

further shown that caveolin-3 was absent from the site of disruption. Recent work has 

uncovered a calpain cleavage product, containing the carboxy-terminus of dysferlin termed 

mini-dysferlin. Mini-dysferlin translocates to the site of damage regulated by L-type calcium 

channel activity as Diltiazem, a L-type calcium channel inhibitor, prevents mini-dysferlin 

localization at the site of injury [49].

Dysferlin-null mice develop pathological changes of muscular dystrophy similar to human 

with dysferlin mutations [39, 50, 51]. In these models, muscle proteins are increased in the 

serum, as they are in humans with muscular dystrophy and this increase is thought to arise 

from sarcolemma leak. Myoferlin null mice have defective myoblast fusion and a reduced 

myofiber diameter [43]. Dysferlin/myoferlin double null mice have enhanced muscular 

dystrophy accompanied by T-tubule defects and extrusion of lipids from the sarcolemma 

[52]. Loss of dysferlin is also associated with defective myoblast fusion, and this is reflected 

by decreased myofiber size in vivo. Myoblast fusion defects were also observed in dysferlin-

deficient human myoblasts [53]. Myoferlin and dysferlin also regulate endocytic recycling, a 

process critical for both fusion and repair [51, 54].

To determine if myoferlin compensates for the loss of dysferlin, transgenic mice over-

expressing myoferlin were generated and crossed into a dysferlin mutant background [55]. 

After laser-induced sarcolemmal ablation, myoferlin overexpression restored efficient 

resealing in dysferlin null muscle. However despite correction of the membrane repair 

defect, histological evidence of muscular dystrophy remained. Thus, there was a lack of 

correlation between the improved resealing and histopathology, suggesting that perhaps 

dysferlin has additional roles. Protein analysis revealed a 4-fold increase in myoferlin 

protein levels at 3-weeks of age, while expression at 4-months of age showed a greater than 

100-fold increase compared to normal myoferlin levels. Upregulation of membrane-

associated proteins can induce ER-stress, and thus it is possible that overexpression of 

myoferlin itself induced pathology.

3.1.2 Eps15 homology domain containing proteins (EHDs)—Myoferlin was found 

to interact with the Eps 15 homology domain containing (EHD) family member, EHD2 [54]. 

EHD proteins are implicated in endocytic recycling, another membrane fusion process [56]. 
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This interaction was facilitated through binding of the asparagine-proline-phenylalanine 

(NPF) motif found in the myoferlin’s C2B domain. A similar interaction was documented 

between EHD2 and Fer1L5, another related ferlin family member. Dysferlin does not 

contain a classical NPF motif in its C2B domain; however, weak binding to EHD2 was 

documented likely mediated by the serine-proline-leucine (SPL) amino acid sequence in 

dysferlin [57]. The EHDs are a family of four highly homologous proteins in mammals. 

EHD1 through 4 each contain an amino-terminal helical domain responsible for protein-

protein interactions, a dynamin-like G-domain that hydrolyzes ATP, a second helical 

domain, and a carboxy-terminal EH-domain. The EH-domain coordinates Ca2+ through an 

EF-hand domain and binds to NPF motifs. EHD proteins are expressed in a wide variety of 

tissues and the expression pattern within muscle is tightly coordinated. EHD1 and EHD4 are 

expressed at low levels within the myoblast, with expression increasing as muscle matures 

[57]. EHD2 is highly expressed in the immature myoblast and nascent myotube, and protein 

expression decreases as differentiation proceeds, similar to the expression pattern of its 

binding partner myoferlin.

EHD1 and EHD2 are implicated in both membrane fusion and repair [54, 57, 58]. Posey et 

al showed that depletion of EHD1, EHD2, or the combination of EHD1 and EHD2 in 

C2C12 cells resulted in decreased fusion efficiency compared to controls [57]. Additionally, 

myoblasts isolated from Ehd1-null mice had reduced myoblast fusion and this correlated 

with decreased myofiber size in vivo [59]. An “ATPase-dead” EHD2, G65R, inhibited 

myoblast fusion and sequestered myoferlin showing the importance of ATP hydrolysis for 

proper function of the EHD protein in the process of myoblast fusion [54]. EHD1 and EHD2 

both are found at the periphery of the myoblast in an actin-free zone localizing with Fer1L5, 

myoferlin and GRAF1, well positioned for a role in myoblast fusion [54, 57, 60].

EHD1 and EHD2 also are expressed in mature muscle. Specifically, EHD1 is localized to 

the T-tubule [59]. Live cell microscopy of cultured human myotubes showed that EHD2, but 

not EHD1, localized to the site of membrane repair after laser-induced membrane damage, 

and that EHD2 co-localized with actin at the site of repair [58]. The co-localization with 

actin at the site of sarcolemmal disruption in myotubes differs from what was observed in 

myoblasts undergoing fusion, where EHDs are enriched in actin-free zones [57]. These 

observations, made in both myoblasts and myotubes, may differ from what occurs in the 

mature myofiber. The role of EHD3 and EHD4 in skeletal muscle has not been elucidated. 

However, EHD3 protein expression is upregulated in mouse and human cardiac muscle after 

injury suggesting a role for EHD3 in the repair process [61]. The involvement of EHD 

proteins in both fusion and repair is not surprising as EHD proteins are involved in vesicle 

trafficking, actin polymerization, and the formation of membrane tubules (referred to as 

tubulation).

3.1.3 Annexins—In mammals, there are twelve annexin protein family members 

characterized by the ability to bind phospholipids in a Ca2+- and actin-dependent manner. 

Annexins are involved in a variety of cellular processes including membrane permeability, 

mobility, and vesicle fusion. The annexins contain a conserved core domain composed of 4 

to 8 annexin repeats and a variable amino-terminal head. Annexins lack a traditional Ca2+-

binding EF-hand motif and instead coordinate Ca2+ through the annexin repeats [62]. In the 
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presence of Ca2+, annexin proteins have the ability to oligomerize and bind membrane lipids 

[63]. Transgenic overexpression of annexin A6 results in abnormal Ca2+ transients in 

cardiac cells [64].

Annexin A1 and A5 expression is increased during myogenic differentiation in cell culture 

models [65]. Blocking A1, A5 or both A1 and A5 was shown to inhibit the formation of 

myotubes in culture [66]. Myoblasts isolated from either the annexin A1-null or A5-null 

mouse models showed a requirement for annexin A1 and A5 for the formation of proper 

myotubes [66]. It was also shown that ATP and PIP2 were required at the membrane for 

proper myoblast fusion [66].

Multiple cellular models have revealed a role for the annexin family in membrane repair, 

including in skeletal muscle [67–70]. In zebrafish, annexins A1, A2, A5, and A6 accumulate 

at the sarcolemmal ablation [71]. Annexin A6 was observed to arrive first at the site of 

sarcolemmal disruption, and differences in Ca2+ and lipid affinity may regulate the timing of 

translocation. Annexins A1 and A2 have been shown to directly bind dysferlin, where they 

are hypothesized to facilitate membrane repair in a large membrane repair complex [69, 71]. 

The role of annexin A6 in mammalian muscle membrane repair was established as it was 

identified as modifier of muscular dystrophy and shown to translocate to sites of 

sarcolemmal disruption [72]. Annexin A1 localizes to the site of sarcolemmal damage in 

cultured myotubes, reiterating the importance of the annexin members in repair [58]. 

Additionally, annexin A5 binds PS and specifically localizes at the site of sarcolemmal 

disruption in wounded C2C12 cells [73]. Serum level expression of annexin A1 and A2 are 

increased in humans with cancer [74, 75]. Annexins A1 and A2 may be useful as biomarkers 

for muscular dystrophy since these proteins can be detected in the serum of muscular 

dystrophy patients using immunoblotting [76].

3.1.4 Mitsugumin 53 (MG53)—Mitsugumin 53 (MG53), also known as Trim72, belongs 

to the family of E3 ubiquitin ligases or Tripartite Motif (TRIM) proteins [77]. MG53 

consists of an amino-terminal TRIM domain and a carboxy-terminal SPla and the 

RYanodine Receptor (SPRY) domain, a structure found in many TRIM family proteins. 

MG53 is expressed highly in striated muscle [73]. MG53 expression is low in myoblasts and 

increases in differentiated myotubes, and MG53 is required for proper myotube 

differentiation [78]. MG53-depleted C2C12 cells had a marked decrease in myotube 

formation at both 5 and 10 days post differentiation, well into the differentiation and fusion 

timeline [78]. MG53-null mice develop progressive myopathy. However, MG53-null mice 

had normal myofiber size until 10 months of age. These data suggest that MG53 may 

mediate later steps in the fusion and maturation process in muscle.

MG53-null muscle fibers display delayed membrane resealing after laser-induced 

sarcolemmal disruption [73]. Consistent with a role for MG53 in myofiber repair, MG53 

preferentially binds PS at the site of membrane damage [73]. MG53 contains multiple 

cysteine residues that, when reduced, inhibit MG53’s oligomerization and role in membrane 

repair [73]. MG53 is hypothesized to patch the disrupted sarcolemmal membrane. The 

addition of recombinant human MG53 to cultured cells or in vivo is sufficient to improve 

membrane repair capacity as measured by multiple dye permeability assays [79]. 
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Additionally, MG53 localizes with known repair proteins like dysferlin and the annexins, 

suggesting MG53 acts in a larger repair complex. Upon stretch induced injury, MG53 

localized with dysferlin and annexin A1 at the tubule membrane [80]. Using a ballistics 

approach to disrupt membranes, Lek and colleagues showed that after membrane injury 

MG53 translocates to the site of damage and colocalizes with dysferlin in a Ca2+-dependent 

manner. Translocation of annexin or lysosomal-associated membrane protein1 (LAMP1), 

another protein implicated in membrane resealing, was not evident using this form of muscle 

injury [49]. Further studies are required to better understand this larger membrane repair 

complex.

3.1.5 GRAF1—GTPase Regulator Associated with Focal adhesion kinase-1 (GRAF1) is an 

amino-terminal Bin–Amphiphysin–Rvs (BAR) containing protein that binds lipids including 

PS through its pleckstrin homology (PH) domain. GRAF1 also contains a catalytic RHO-

GAP domain and SH3 domain, through which it interacts with Focal Adhesion Kinase 

(FAK) [81]. GRAF1 is highly expressed in striated muscle and GRAF1-null mice have 

reduced myofiber cross-sectional area and force production compared to normal muscle 

[60]. GRAF1-null myoblasts fuse poorly resulting in smaller myotubes in culture [81]. This 

is consistent with the increased expression of GRAF1 during muscle development, and its 

observed downregulation during differentiation of skeletal muscle. GRAF1 colocalizes with 

the fusogenic proteins myoferlin, Fer1L5, EHD1 and EHD2 at the tip of the elongated 

myoblasts [60]. GRAF1 is proposed to limit the polymerization of actin in the myoblast 

periphery. Bin3, another BAR domain-containing protein that regulates myoblast fusion, 

colocalizes with F-actin [82]. GRAF1 interacts with dynamin, further promoting a role for 

GRAF1 in modulating membrane scission, a function required during myoblast fusion and 

repair [81].

3.1.6 Myomaker (Tmem8c)—Myomaker (Tmem8c) is a highly conserved muscle-

specific, multipass, transmembrane protein required for myoblast fusion [83]. Myomaker is 

exclusively expressed in the developing musculature, regulated by the muscle regulatory 

factor (MRF) myogenin. While myomaker expression is undetectable in mature muscle, 

transient expression is seen in satellite cells post-injury. Genetic disruption of myomaker in 

mice inhibits muscle maturation and results in embryonic lethality [83]. Notably, 

introduction of myomaker into fibroblasts, was sufficient to induce fibroblast fusion to 

myoblasts, although was insufficient to induce fibroblast to fibroblast fusion [83]. Depletion 

of myomaker in satellite cells using an inducible Pax7-Cre mouse model demonstrated that 

expression of myomaker in satellite cells is required for long-term muscle regeneration after 

injury [84]. Although myomaker has not been studied in membrane repair, its localization at 

the site of cell-cell contact during muscle fusion suggests a possible role for modulating the 

muscle membrane at the lesion [83].

3.1.7 Brain-specific Angiogenesis Inhibitors—Brain-specific Angiogenesis 

Inhibitors are members of the G-protein-coupled receptor family. The transmembrane family 

member, BAI1, recognizes PS on cells and signals through the Dock1/ELMO/Rac1 pathway 

[5, 8, 31, 85]. BAI1 KO mice are smaller than their littermates and have impaired muscle 

regeneration. This pathway is important not only for fusion but also in apoptosis. During 
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muscle development and recovery from injury, apoptotic cells are required for normal 

myoblast fusion [86]. These apoptotic myoblasts induce a cell-cell signaling cascade to 

allow the healthy cells to fuse [86]. Transient external localization of PS is required for 

proper fusion, and the BAI1 PS receptor may serve as an important component for this 

externalization [16, 86, 87]. Overexpression of BAI1 in C2C12 cells increased myoblast 

fusion, indicating an important role in this process [86]. A second BAI family member, 

BAI3, has also been recently implicated in myoblast fusion Expression of mutant BAI3 

inhibited myoblast fusion and this defect was unable to be rescued by BAI1 expression. 

[88]. However, both proteins do function in concert with ELMO [8, 88]. These data identify 

BAI proteins as important in fusion and regeneration.

3.1.8 Mucolipin-1—Mutations in MCOLN1, which encodes mucolipin-1, a Ca2+-

nonselective cation channel, cause autosomal recessive lysosomal storage disease 

Mucolipidosis type IV (MLIV). While MLIV is generally considered a neurodegenerative 

disease, the mouse disease model, ML1 KO, displayed features of muscle disease including 

variable muscle fibers, centralized nuclei, and fibrosis. Muscle uptake of Evan’s Blue Dye 

and serum CK were increased after exercise, which indicate membrane leakage of the 

muscle. Laser-induced sarcolemmal disruption revealed a severe delay in membrane repair 

in a Ca2+-dependent manner, although levels of known repair proteins appeared normal [89]. 

These data suggest that MCOLN1 function is important for repair and may mediate this 

effect through alternative pathways.

Conclusions

The machinery that regulates myoblast fusion overlaps with the same protein and lipid 

components important for resealing a disrupted sarcolemma. After muscle injury, both 

fusion and resealing occur in order to effectively heal and restore muscle size and strength. 

The degree to which unique proteins or signaling pathways contribute to only myoblast 

fusion or sarcolemmal resealing is not fully known. Despite the mechanical aspects that 

differ between these pathways of membrane fusion, the regulators are at least partially 

shared. Moreover, these proteins and lipids may generally regulate membrane fusion events 

in many cell types. Muscle with its unique cellular morphology and physiological demands 

is highly susceptible to mutations that disrupt the normal processes of cell fusion.
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Abberviation

CK Creatine Kinase

DMD Duchenne Muscular Dystrophy

EHD Eps15 Homology Domain
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Fig. 1. 
Membranes in muscle. Mature muscle is composed of individual multinucleate myofibers 

bound by plasma membrane, or sarcolemma. The sarcoplasmic reticulum (SR) is specialized 

endoplasmic reticulum, and the transverse (T)-tubules are sarcolemmal invaginations 

evolved for Ca2+ handling and contraction. The SR forms a complex network around the 

myofiber adjacent to the T-tubules. Muscle striations are generated from the thin-filament 

(actin) containing I-band and the thick-filament (myosin) containing A-band. The Z-disk 

defines the edges of the sarcomere. Muscle contraction occurs as myosin slides across the 

filaments shortening the sarcomere.
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Fig. 2. 
Myoblast fusion in mammals. During muscle growth satellite cells (green) give rise to 

mono-nucleated muscle precursor cells, myoblasts (light pink). Myoblasts fuse with one-

another to generate nascent myotubes. During later steps of development, myoblasts fuse 

with existing myotubes promoting muscle growth. Upon injury, satellite cells are activated 

and asymmetrically divide generating a new pool of myoblasts. These myoblasts once again 

fuse with each other and to injured myotubes to promote muscle regeneration.
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Fig. 3. 
Myoblast fusion in Drosophila. Two populations of myoblasts exist during Drosophila 

myoblast fusion: the founder cells (FCs) and the fusion competent myoblasts (FCMs). The 

FCs are present at sites where mature muscle will eventually form. FCMs migrate to the 

FCs, adapting a characteristic teardrop form. Adhesion molecules on the cell surface of both 

FCs and FCMs mediate the initial recognition/adhesion step. Next, the FCM form actin rich 

podosome-like strictures, which extend into the FCs, while the FCs form a thin actin sheath 

at the membrane. Tiny pores form and expand allowing cytoplasmic mixing, and ultimately 

the fusion of myoblasts, resulting in a multinucleated muscle fiber. Importantly, FCMs 

continue to fuse to this multinucleated fiber, resulting in mature muscle.
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Fig. 4. 
Cell culture model of myoblast fusion. Primary myoblasts will differentiate and fuse with 

serum withdrawal. Desmin (red) is used to mark committed muscle cells. Mono-nucleated 

myoblasts (arrow) fuse with existing myotubes (arrowhead). The right panel shows a higher 

magnification view of the dotted box showing the fusion of a myoblast to an existing 

multinucleate myotube. DAPI (blue) stains nuclei.
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