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Abstract

Skeletal muscle development (myogenesis) is a complex but precisely orchestrated process 

involving spatiotemporal regulation of the proliferation, differentiation and fusion of myogenic 

progenitor cells (myoblasts). Here we identify brain expressed x-linked gene 1 (Bex1) as a 

transient, developmentally regulated gene involved in myoblast fusion. Bex1 expression is 

undetectable in adult muscles or in quiescent muscle stem cells (satellite cells). During embryonic 

myogenesis, however, Bex1 is robustly expressed by myogenin+ differentiating myoblasts, but not 

by Pax7+ proliferating myoblasts. Interestingly, Bex1 is initially localized in the cytoplasm and 

then translocates into the nucleus. During adult muscle regeneration, Bex1 is highly expressed in 

newly regenerated myofibers and the expression is rapidly downregulated during maturation. 

Consistently, in cultured myoblasts, Bex1 is not expressed at the proliferation stage but transiently 

expressed upon induction of myogenic differentiation, following a similar cytoplasm to nucleus 

translocation pattern as seen in vivo. Using gain- and loss-of-function studies, we found that 

overexpression of Bex1 promotes the fusion of primary myoblasts without affecting myogenic 

differentiation and myogenin expression. Conversely, Bex1 knockout myoblasts exhibit obvious 

fusion defects, even though they express normal levels of myogenin and differentiate normally. 

These results elucidate a novel role of Bex1 in myogenesis through regulating myoblast fusion.
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Introduction

Under normal situation, mammalian adult skeletal muscle is relatively stable with minimal 

nuclei turnover, no more than 1-2 percent per week (Schmalbruch and Lewis, 2000). 
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However, skeletal muscle is susceptible to a variety of injuries. Upon injury, skeletal muscle 

has the outstanding capacity to initiate a rapid and extensive repair process, namely muscle 

regeneration, to prevent further muscle loss and maintain muscle mass. Of note, muscle stem 

cells, or satellite cells, play an indispensable role in muscle regeneration (Sambasivan et al., 

2011; von Maltzahn et al., 2013). In the early stage of muscle regeneration, satellite cells are 

activated from quiescence and proliferate as myoblasts to generate a sufficient number of 

cells. Subsequently, the proliferating myoblasts withdraw from the cell cycle and fuse to the 

injury sites to repair muscle damage. As muscle regeneration is a complex and highly 

orchestrated process, unraveling the regulatory network governing muscle regeneration has 

drawn intense research attention in regenerative biology.

Myoblast fusion is a crucial cellular process contributing to muscle regeneration as well as 

muscle growth and development. Myoblast fusion is characterized by cell attraction, 

migration, adhesion, and alignment followed by the membrane rearrangement and finally 

resolution (Doberstein et al., 1997). The fusion process occurs through two phases. The first 

stage leads to the formation of nascent myotubes with few nuclei from myoblast-myoblast 

fusion. The second stage results in the formation of large syncytia with increased nuclear 

number and augmented myotube size from myoblast fusion with nascent myotubes (Horsley 

and Pavlath, 2004). Much progress has been made in unraveling signaling pathways 

underlying myoblast fusion in Drosophila, that occurs between two genetically different cell 

subpopulations of founder and fusion-competent myoblasts (Baylies et al., 1998). Of note, 

the ELMO - Myoblast city - Rac pathway has been shown to play an essential role in 

myoblast fusion (Duan et al., 2012; Geisbrecht et al., 2008; Rushton et al., 1995). 

Intriguingly, this signaling pathway is well conserved between Drosophila and vertebrates. It 

has been reported that ELMO - DOCK1 (ortholog of Myoblast city) - Rac also coordinately 

control the myoblast fusion in mice (Laurin et al., 2008). Furthermore, the ELMO-DOCK1-

Rac pathway is under the control of brain-specific angiogenesis inhibitor (BAI) family 

members, including BAI1 and BAI3, both of which have been corroborated to promote 

myoblast fusion (Hamoud et al., 2014; Hochreiter-Hufford et al., 2013). Recently, a muscle-

specific plasma membrane protein, myomaker, has been identified to directly participate in 

the myoblast fusion process (Millay et al., 2013). Although these factors have significantly 

filled the gap in understanding the fundamental process of myoblast fusion, the regulatory 

network controlling myoblast fusion in vertebrates remains largely elusive.

Bex1 belongs to a small growing family including six members with high homology in gene 

sequences and structures but distinct in their expression patterns and subcellular localization 

(Alvarez et al., 2005). Until now, the functions of Bex1 have been largely unknown. Bex1 

has been recently proposed to play key roles in the formation of multiple signaling network 

hubs (Fernandez et al., 2015). In particular, Bex1 has been identified as a regulator of 

neuron regeneration, as Bex1 knockout mice are deficient in axon regeneration after sciatic-

nerve injury (Khazaei et al., 2010). In addition, Bex1 levels are cell-cycle dependent in 

PC12 neuronal cells, with the lowest expression level in G1 phase and the highest level in S 

phase. Moreover, down-regulation of Bex1 is necessary for the cell cycle exit of neural 

progenitor cells, as overexpression of Bex1 results in sustained proliferation even under 

growth-arresting conditions. Further studies have confirmed that Bex1 regulates cell cycle 

by interacting with p75 neurotrophin receptor (p75NTR) to regulate the downstream 
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signaling pathway (Vilar et al., 2006). Besides its roles in the nervous system, Bex1 has 

been identified as a candidate tumor suppressor gene because its inactivation is associated 

with the development of various types of tumors (Foltz et al., 2006; Karakoula et al., 2014; 

Lee et al., 2013).

The implication of Bex1 in muscle regeneration was discovered by microarray analysis 

aimed to identify genes whose expression is altered by cardiotoxin (CTX)-induced muscle 

injury, a well-established model to study muscle regeneration (Goetsch et al., 2003; Yan et 

al., 2003). A potential role of Bex1 in muscle regeneration is further suggested by the 

observation Bex1 expression is dysregulated in the mdx mice (Turk et al., 2005), which 

undergo progressive muscle degeneration and regeneration and are widely used as a model 

to study Duchenne Muscular Dystrophy. Furthermore, Bex1 knockout mice displayed 

defective muscle regeneration, manifested by prolonged proliferation and delayed 

differentiation of myogenic cells (Koo et al., 2007). However, how Bex1 regulates myoblast 

behavior and function is still unclear.

In this study, we first examined the expression pattern of Bex1 during embryonic and adult 

myogenesis. We found that Bex1 is transiently expressed by newly differentiated myoblasts 

and its expression pattern undergoes dynamic cytoplasmic-nuclear trafficking. We further 

used gain- and loss-of-function studies to determine how alternations of Bex1 levels affect 

myogenesis. We found that Bex1 promotes myoblast-myotube fusion without affecting 

myogenic differentiation per se. These data suggest that Bex1 is temporally regulated during 

myogenesis to promote myoblast fusion.

Materials and methods

Animals

All procedures involving animal maintenance and experimental use were performed based 

on the instructions established by Purdue University's Animal Care and Use Committee. 

Bex1 KO mice were provided by Prof. Frank L. Margolis (Koo et al., 2007). Bex1 

heterozygous mice were bred to generate Bex1 null and wild type littermates used as 

controls in the experiments. The PCR genotyping was done as previously described (Koo et 

al., 2007).

Muscle injury and regeneration

Muscle regeneration was induced by intramuscular injection of Cardiotoxin (CTX; Sigma-

Aldrich, St. Louis, MO). Mice were anesthetized with a ketamine-xylazine cocktail, then 

50μl of 10 mM CTX was injected into the Tibialis Anterior (TA) muscle. Muscles were 

harvested at day 5 and 14 post injection for histological studies. Age- and gender-matched 

control mice were used for each experiment.

Culture of skeletal muscle derived primary cells

Primary cells were isolated from limb skeletal muscles of 2-month old mice. Muscles were 

minced and digested with a cocktail of type I collagenase and dispase B mixture (Roche 

Applied Science) and subsequently cultured in growth media (F-10 Ham's medium 
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supplemented with 20% fetal bovine serum, 4 ng/mL basic fibroblast growth factor, and 1% 

penicillin-streptomycin) on collagen-coated dishes. Upon confluence, cells were 

differentiated in myogenic differentiation medium (DMEM supplemented with 2% horse 

serum and 1% penicillin-streptomycin).

Cryosection

Fresh muscles were embedded in optimal cutting temperature (OCT) compound (Sakura 

Finetek) and immediately frozen in dry ice-cooled isopentane. Muscle blocks were cut at 

10μm with a Leica CM 1850 cryostat instrument. The sections were placed on Superfrost 

Plus glass slides (Electron Microscopy Sciences).

Immunostaining and image capture

Muscle tissue sections and cell cultures were first fixed in 4% PFA solution and blocked in 

the blocking buffer containing PBS, 5% goat serum, 2% bovine serum albumin, 0.2% Triton 

X-100 and 0.1% sodium azide for 1 hour. Next, the sections or cell cultures were incubated 

with primary antibodies diluted in blocking buffer overnight at 4°C, then incubated with 

secondary antibodies and 4′,6-diamidino-2-phenylindole (DAPI) diluted in PBS for 30 

minutes at room temperature, and finally mounted with Dako fluorescent mounting media 

(Glostrup, Denmark). Fluorescent pictures were taken with a Coolsnap HQ CCD camera 

(Photometrics, USA) driven by IP Lab software (Scanalytics, USA) in a Leica DMI 6000B 

fluorescent microscope (Mannheim, Germany). As the analysis of the immunofluorescence 

was qualitative, identical image handling and fluorescence scoring criteria were applied in 

all the experiments.

Recombinant adenovirus construction and infection

Recombinant adenoviruses expressing Bex1 were constructed using the Adeasy system, 

including the adenoviral plasmid (pAdEasy-1) and the shuttle vector (pAdTrack-CMV), 

both of which were kindly provided by Prof. Yongxu Wang. The pAdTrack-CMV vector 

contains two separate CMV promoters driving the expressions of GFP and Bex1 

independently. The sequence of Bex1 was PCR amplified and cloned into the pAdTrack-

CMV vector. The recombination with the Adeasy1 plasmid and transfection to HEK293 

cells as well as amplification of the recombinant adenovirus were performed as previously 

described (He et al., 1998). For infection experiments, myoblasts were grown to 80% 

confluence and infected with virus for 48h at 37°C.

Quantitative real-time polymerase chain reaction (qPCR)

RNA was extracted and purified from muscles or cell cultures using Trizol, followed by the 

digest with Turbo DNase (Ambion). Random hexamer primers were used for the reverse 

transcription from RNA to cDNA. qPCR was performed with a Light Cycler 480 machine 

(Roche). 18s was used as housekeeping gene for normalization. For qPCR result analysis, 

2−ΔΔct method was applied to calculate the fold change.
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Protein Extraction and Western Blots Analysis

Total protein was extracted from muscles or cells using RIPA buffer containing 50 mM 

Tris-HCl (pH 8.0), 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% 

sodium dodecyl sulfate (SDS). Protein concentrations were measured by Pierce BCA protein 

assay reagent (Pierce Biotechnology, Rockford, IL, USA). Proteins were separated by SDS–

polyacrylamide gel electrophoresis (SDS-PAGE), transferred to PVDF membranes 

(Millipore Corp., Billerica, MA), and probed with specific antibodies (Bex1, 1:5000 

dilution, provided by Prof. Frank L. Margolis; Pax7, 1:10 culture supernatant, DSHB, U 

Iowa; myogenin, 1:1000 dilution, Santa Cruz Biotechnology; GAPDH, 1:1000 dilution, 

Santa Cruz Biotechnology), then detected by chemiluminescence with FluorChem™ R 

System (ProteinSimple, Santa Clara, CA, USA).

Statistical analysis

Data are displayed with mean ± s.e.m. P-values were calculated by two-tailed Student's t-

test. P-values <0.05 were considered to be statistically significant.

Results

Transient expression of Bex1 during muscle development and regeneration

As the first step to understand the function of Bex1 in muscle development and regeneration, 

we sought to determine the expression of Bex1 using a previously validated polyclonal 

antibody (Koo et al., 2005). As Pax7 and Myog have been widely used to mark 

undifferentiated and differentiated myogenic progenitor cells, respectively (Cheng et al., 

1992; Relaix et al., 2005; Venuti et al., 1995), we co-stained these proteins with Bex1 by 

immunohistochemistry to determine which cell population expresses Bex1 at different 

stages of myogenesis in mice. At embryonic day E10.5 when primary myogenesis begins 

(Biressi et al., 2007), most progenitors in the somites (dermomyotome) were Pax7+, but 

none of them expressed Bex1 (Fig. 1A). However, Bex1 immunofluorescence was co-

localized to a subpopulation of Myog+ cells (Fig. 1B). Inspection of intracellular localization 

indicates that Bex1 is predominantly located in the cytoplasm at this stage (Fig. 1B’). 

Interestingly, at stage E12.5 when the primary myogenesis peaks (Biressi et al., 2007), Bex1 

immunofluorescence signal is mostly localized in the nucleus (Fig. 1C). This 

nucleocytoplasmic dynamics is consistent with the previous study showing both nucleus and 

cytoplasm locations in Bex1-transfected HEK 293 cells (Behrens et al., 2003).

In addition to the myotome, Bex1 immunofluorescence was also detectable in the neural 

tube and gut of E12.5 embryos (Supplemental Fig. S1A). Furthermore, a small portion of 

Bex1+ cells in the myotome were Myogenin− (Fig. 1B), indicating a distinct identity. 

Interestingly, we detected the co-localization of Bex1 and PDGFRa in the myotome of 

E15.5 embryos (Supplemental Fig. S1B), suggesting that Bex1 is expressed in the 

fibroadipogenic lineage cells. This is further confirmed by Bex1 mRNA quantification 

showing 3 times more abundance in fibroblasts compared to myoblasts (Supplemental Fig. 

S1C). Bex1 signal was undetectable in the muscle after E15.5 stage throughout embryonic 

and perinatal development (Supplemental Fig. S2). These results indicate that Bex1 is only 
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transiently expressed in differentiating or newly differentiated muscle cells during 

embryonic myogenesis.

We also examined the expression pattern of Bex1 during postnatal muscle regeneration. In 

the absence of muscle injury, Bex1 signal was undetectable in resting muscles (Fig. 2A, Day 

0), suggesting that Bex1 is not required for maintaining normal muscle function. Upon 

CTX-induced muscle regeneration, Bex1 was highly induced in the cytoplasm of central-

nucleated regenerating myofibers at Day 5 post injury, but its expression was again 

undetectable at Day 14 (Fig. 2A). Importantly, Bex1 was also expressed in mononuclear 

myogenic cells at Day 5, indicated by the co-localization of Bex1 and Myogenin (Fig. 2B). 

In contrast, Bex1 was not detected in any Myogenin+ mononuclear cells at Day 3 (Fig. 2C), 

suggesting that Bex1 is turned on after Myogenin induction. This is in line with the 

expression pattern of Bex1 during embryonic muscle development. Consistent with this 

observation, Bex1 mRNA levels also exhibited a similar temporal expression pattern that 

peaks at Day 5 post CTX injury (Fig. 2D), when myoblasts have been extensively expanded 

and myoblast fusion peaks (Robertson et al., 1990). After this time point, Bex1 expression 

dropped rapidly and return to an undetectable level at Day 14 (Fig. 2D), when the muscle 

regeneration is largely completed. These data demonstrate that Bex1 is transiently expressed 

in nascent myotubes or newly regenerated myofibers during skeletal muscle development 

and regeneration, and suggest a role of Bex1 in myoblast fusion.

Bex1 is exclusively expressed in differentiated myoblasts during myogenic differentiation

To further model the dynamics of Bex1 expression in myogenesis, we examined the 

expression pattern of Bex1 in satellite cells during their activation, proliferation and 

differentiation in vitro under culture conditions. Under growth conditions, Bex1 is barely 

detectable in proliferating myoblasts (Fig. 3A, left). Within 24 h upon serum withdrawal 

induced differentiation, Bex1 is highly upregulated in the cytoplasm of a subpopulation of 

myoblasts (Fig. 3A, middle). At 3 days after differentiation, Bex1 expression is mainly 

located in the nucleus of newly formed myotubes (Fig. 3A, right). Thereafter, Bex1 

expression gradually declines (data not shown). Quantitative PCR results indicate that Bex1 

mRNA levels increased by nearly 10-fold within 24 h and by over 40-fold within 3 days 

after induced differentiation (Fig. 3B). The relative levels of Bex1 protein exhibited a 

similar trend of increase to Bex1 mRNA during differentiation of primary myoblasts (Fig. 

3C). These results confirm that Bex1 expression is induced at the early stages of myogenic 

differentiation.

In addition, we performed single myofiber culture experiments to mimic satellite cell 

activation, proliferation and differentiation in vivo. After 72 hours in culture, satellite cells 

attached on their host myofibers typically form clusters of cells containing both proliferating 

and differentiating cells that are distinguishable by markers (Fig. 3D-F). Co-staining these 

clusters with Bex1 and Pax7 reveals that Bex1 was never expressed in undifferentiated 

Pax7+ myoblasts (Fig. 3D). Similarly, Bex1 signal was never found in proliferating 

myoblasts that were Ki67+ (Fig. 3E). However, Bex1 signal was readily detectable in both 

the cytoplasm and nucleus of Myog+ differentiating cells (Fig. 3F). These data again support 
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the notion that Bex1 expression is absent in proliferating myoblasts but rapidly induced in 

newly differentiated myoblasts.

Bex1 promotes myoblast-myotube fusion without affecting differentiation

To directly investigate the role of Bex1 in myogenesis, we first performed gain-of-function 

studies on primary myoblasts through adenovirus-mediated overexpression. This approach 

led to roughly a 30 times increase in the Bex1 mRNA level in proliferating myoblasts (Fig. 

4A). Overexpression of Bex1 had no effect on the proliferation of myoblasts, as the 

proportions of cells at G1, S, G2/M phase were indistinguishable between control and 

overexpression myoblasts (Supplemental Fig. S3A). After being induced to differentiate for 

24 h, both GFP control and Bex1 overexpressed myoblasts started to form myosin heavy 

chain (MHC)-expressing nascent myotubes (Fig. 4B). However, the myotube size and 

differentiation index were indistinguishable between the control and Bex1 overexpression 

groups (Fig. 4B-C), suggesting that Bex1 does not affect the differentiation of primary 

myoblasts. Interestingly, the fusion indexes were also identical between the control and 

Bex1 overexpression groups (Fig. 4D), indicating that Bex1 does not regulate myoblast-

myoblast fusion and the initial formation of myotubes.

Accompanying the first stage of myoblast-myoblast fusion is the second stage involving 

fusion of myoblasts to nascent myotubes, leading to increases in myotube size 

(hypertrophy). We next asked if Bex1 regulates myoblast-myotube fusion by examining 

myotubes at 96 h after induced differentiation. Strikingly, after differentiated for 96hs, Bex1 

overexpression caused a dramatic accumulation of nuclei in myotubes, leading to apparent 

myotube hypertrophy (Fig. 5A). Using a quantitative measurement, we found that the 

percentages of myotubes with 5 or more nuclei was significantly increased by Bex1 

overexpression, with a concomitant reduction of small myotubes containing 2-4 nuclei/

myotube (Fig. 5B). The myotube hypertrophy was correlated to a higher level of Bex1 

protein, but the levels of Myog or MHC protein were comparable between the control and 

Bex1 overexpression groups (Fig. 5C). We further corroborated the results in C2C12 

myoblasts using electroporation mediated gene transfer, followed by 6 days of 

differentiation. Again, Bex1 overexpression led to apparent hypertrophy of the myotubes 

(Fig. 5D). The average number of myonuclei per myotube was 4.7 in the control cells, but 

this number increased to 9.4 in the Bex1 overexpressing myotubes (Fig. 5E). Altogether, 

these data suggest that Bex1 promotes myoblast-myotube fusion without affecting myogenic 

differentiation per se.

Bex1 knockout myoblasts are defective in myoblast-myotube fusion in vitro

We also carried out loss-of-function studies to confirm the role of Bex1 in myoblast fusion. 

To do this, we compared the fusion of primary myoblasts isolated from littermate wildtype 

(WT) and Bex1 knockout (KO) mice, which have been shown to have regeneration defects 

(Khazaei et al., 2010; Koo, 2010; Koo et al., 2007). The primary myoblasts from the Bex1 

KO mice were normal in terms of proliferative capacity, manifested by normal growth rate 

and comparable abundance of Ki67+ cells between WT and KO groups (Supplemental Fig. 

S3B). After being differentiated for 24 h, the Bex1 KO myoblasts formed nascent myotubes 

normally, indistinguishable from WT control in terms of nuclei number per myotube and 
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myotube size (data not shown). However, after being differentiated for 96 h, the WT 

myoblasts formed large myofibers with multiple nuclei, whereas the Bex1 KO myoblasts 

failed to form large myotubes and had fewer myonuclei per myotube (Fig. 6A). On average, 

the percentage of large myotubes containing 5 or more nuclei was significantly lower in the 

Bex1 KO (24%) than that of the WT (43%), and the percentage of small myotubes 

containing 2-4 nuclei/myotube was significantly higher in the KO group (Fig. 6B). The 

reduced myotube size in the KO cultures was not associated with reductions in the levels of 

Myog or MHC proteins (Fig. 6C), suggesting that Bex1 KO does not affect myogenic 

differentiation per se. Collectively, these gain- and loss-of-function data provide compelling 

evidence that Bex1 promotes myoblast-myotube fusion and myotube hypertrophy.

Discussion

In this study, we show that Bex1 is expressed following myogenic differentiation during 

embryonic muscle development as well as being transiently induced during muscle 

regeneration. We also find that Bex1 is specifically expressed in differentiated myocytes in 

vitro. Of note, Bex1 undergoes translocation from the cytoplasm to the nucleus as 

differentiation proceeds. We used gain- and loss-of-function studies to demonstrate that 

Bex1 functions to promote myoblast - myotube fusion without affecting myogenic 

differentiation. These results collectively elucidate a transient role of Bex1 in embryonic and 

postnatal myogenesis.

Previous studies suggested that Bex1 plays roles in myoblast cell cycle withdrawal as 

knockout myoblasts had prolonged proliferation and delayed differentiation compared to 

WT mice during muscle regeneration (Koo et al., 2007). The conclusion was drawn based 

on analyzing the proliferation marker PCNA and cyclin-dependent kinase inhibitors 

(CDKIs) in whole muscle tissues, but not specifically in myoblasts. Evidently, regenerating 

muscles contain various types of cells including inflammatory cells, endothelial cells and 

fibroblasts (fibroadipogenic cells), whose proliferation could also be affected by Bex1. To 

test whether Bex1 regulates cell cycle withdrawal in myoblasts, we carried out cell cycle 

analysis using flow cytometry after adenovirus mediated Bex1 over-expression. However, 

Bex1 over-expression did not shift cell cycle distribution (Supplemental Fig. S3A), 

suggesting that Bex1 does not regulate cell cycle in myoblasts. We also conducted Ki67 

immunostaining on Bex1 KO and WT myoblasts and calculated the percentage of Ki67 

positive cells. We did not detect any differences in the abundance of Ki67 positive cells 

between WT and KO myoblasts (Supplemental Fig. S3B). Moreover, we showed that Bex1 

did not regulate myogenic differentiation per se (Fig. 4).Collectively, these data 

demonstrated that Bex1 did not regulate the cell transition from proliferation and 

differentiation.

It has been well documented that Bex1 is abundantly expressed in neurons with a dynamic 

nucleocytoplasmic distribution pattern. This nucleocytoplasmic trafficking was associated 

with neuron growth factor (NGF) induced p75NTR signaling pathway (Lee et al., 2013). 

Here, we also observed the nucleocytoplasmic distribution pattern in myogenic cells. Bex1 

was initially diffusely expressed in the cytoplasm but then translocated to the nucleus at later 

stages of differentiation. This nucleocytoplasmic trafficking may also be related to the 
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p75NTR signaling pathway as p75NTR has been reported to have high expression levels in 

developing rat myoblasts as well as in rat and chicken muscles (Ernfors et al., 1988; Lomen-

Hoerth and Shooter, 1995; Raivich et al., 1985, 1987; Schecterson and Bothwell, 1992; 

Yamamoto et al., 1996). Another possible signaling pathway is the Ca2+ dependent 

signaling pathway, which plays indispensable roles in myogenic differentiation. It has been 

reported that Bex1 can directly interact with Calmodulin (CaM) (Koo et al., 2007), the 

ubiquitous Ca2+ -binding protein, which mediates the uptake of various nuclear proteins 

(Sweitzer and Hanover, 1996), such as NFAT isoforms. It would be interesting to 

investigate in future studies the underlying mechanisms and functional significance of the 

nucleocytoplasmic trafficking of Bex1 during myogenesis.

Mammalian skeletal muscle is generated through the proliferation, differentiation and fusion 

of myoblasts into multinucleated myofibers. The spatiotemporal expression pattern of Bex1 

suggests that Bex1 plays a critical role during myogenic differentiation. Here, we verified 

that Bex1 could positively regulate myoblast fusion with myotubes. Interestingly, the 

primary fusion was not affected by either Bex1 overexpression or knockout. How Bex1 

regulates myoblast-myotube fusion remains largely unknown. Recently, it was reported that 

apoptotic cells can induce the ELMO/DOCK1/Rac pathway through the cell surface protein 

BAI1 to enhance myoblast fusion (Hochreiter-Hufford et al., 2013). Besides, Bex3 has been 

identified to interact with p75NTR to mediate the apoptosis pathway (Mukai et al., 2000). 

Given that Bex1 and Bex3 both share similar sequences required for p75NTR binding, it is 

plausible to hypothesize that Bex1 could promote apoptosis through interaction with 

p75NTR, which consequently initiates the ELMO/DOCK1/Rac signaling pathway and 

mediates the fusion. Although Bex1 knockout myoblasts are defective in myoblast-myotube 

fusion in vitro, the mutant mice have normal muscle development and regeneration. This 

might be attributable to the compensatory effect of other Bex family members in the absence 

of Bex1. Alternatively, if Bex1 regulates fusion through apoptosis, massive muscle 

degeneration could overwhelm the effect of Bex1 on cell apoptosis, and mask any defects of 

myoblast fusion in the Bex1 KO mice. Generating Bex1 transgenic mice to overexpress 

Bex1 or Bex1/Bex3 compound KO mice may provide additional clues to the in vivo role of 

Bex1 in muscle development and regeneration. Nevertheless, our study contributes to our 

understanding the cellular and molecular mechanism of myogenesis, especially the 

molecular regulation of myoblast fusion. These data may have implications in the 

development of therapeutic strategies to treat muscle diseases primarily caused by fusion 

defects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

The authors would like to thank Drs. Frank L. Margolis and Jae Hyung Koo (University of Maryland School of 
Medicine) for providing the Bex1 KO mice and the Bex1 antibody; Yongxu Wang (University of Massachusetts) 
for providing the adenovirus system; and other members of the Kuang lab for technical assistance and discussion.

Jiang et al. Page 9

Dev Biol. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

Alvarez E, Zhou W, Witta SE, Freed CR. Characterization of the Bex gene family in humans, mice, 
and rats. Gene. 2005; 357:18–28. [PubMed: 15958283] 

Baylies MK, Bate M, Ruiz Gomez M. Myogenesis: a view from Drosophila. Cell. 1998; 93:921–927. 
[PubMed: 9635422] 

Behrens M, Margolis JW, Margolis FL. Identification of members of the Bex gene family as olfactory 
marker protein (OMP) binding partners. Journal of neurochemistry. 2003; 86:1289–1296. [PubMed: 
12911636] 

Biressi S, Molinaro M, Cossu G. Cellular heterogeneity during vertebrate skeletal muscle 
development. Developmental biology. 2007; 308:281–293. [PubMed: 17612520] 

Cheng TC, Hanley TA, Mudd J, Merlie JP, Olson EN. Mapping of myogenin transcription during 
embryogenesis using transgenes linked to the myogenin control region. The Journal of cell biology. 
1992; 119:1649–1656. [PubMed: 1334962] 

Doberstein SK, Fetter RD, Mehta AY, Goodman CS. Genetic analysis of myoblast fusion: blown fuse 
is required for progression beyond the prefusion complex. The Journal of cell biology. 1997; 
136:1249–1261. [PubMed: 9087441] 

Duan R, Jin P, Luo F, Zhang G, Anderson N, Chen EH. Group I PAKs function downstream of Rac to 
promote podosome invasion during myoblast fusion in vivo. The Journal of cell biology. 2012; 
199:169–185. [PubMed: 23007650] 

Ernfors P, Hallbook F, Ebendal T, Shooter EM, Radeke MJ, Misko TP, Persson H. Developmental and 
regional expression of beta-nerve growth factor receptor mRNA in the chick and rat. Neuron. 1988; 
1:983–996. [PubMed: 2856091] 

Fernandez EM, Diaz-Ceso MD, Vilar M. Brain expressed and X-linked (Bex) proteins are intrinsically 
disordered proteins (IDPs) and form new signaling hubs. PloS one. 2015; 10:e0117206. [PubMed: 
25612294] 

Foltz G, Ryu GY, Yoon JG, Nelson T, Fahey J, Frakes A, Lee H, Field L, Zander K, Sibenaller Z, 
Ryken TC, Vibhakar R, Hood L, Madan A. Genome-wide analysis of epigenetic silencing 
identifies BEX1 and BEX2 as candidate tumor suppressor genes in malignant glioma. Cancer 
research. 2006; 66:6665–6674. [PubMed: 16818640] 

Geisbrecht ER, Haralalka S, Swanson SK, Florens L, Washburn MP, Abmayr SM. Drosophila ELMO/
CED-12 interacts with Myoblast city to direct myoblast fusion and ommatidial organization. 
Developmental biology. 2008; 314:137–149. [PubMed: 18163987] 

Goetsch SC, Hawke TJ, Gallardo TD, Richardson JA, Garry DJ. Transcriptional profiling and 
regulation of the extracellular matrix during muscle regeneration. Physiological genomics. 2003; 
14:261–271. [PubMed: 12799472] 

Hamoud N, Tran V, Croteau LP, Kania A, Cote JF. G-protein coupled receptor BAI3 promotes 
myoblast fusion in vertebrates. Proceedings of the National Academy of Sciences of the United 
States of America. 2014; 111:3745–3750. [PubMed: 24567399] 

He TC, Zhou S, da Costa LT, Yu J, Kinzler KW, Vogelstein B. A simplified system for generating 
recombinant adenoviruses. Proceedings of the National Academy of Sciences of the United States 
of America. 1998; 95:2509–2514. [PubMed: 9482916] 

Hochreiter-Hufford AE, Lee CS, Kinchen JM, Sokolowski JD, Arandjelovic S, Call JA, Klibanov AL, 
Yan Z, Mandell JW, Ravichandran KS. Phosphatidylserine receptor BAI1 and apoptotic cells as 
new promoters of myoblast fusion. Nature. 2013; 497:263–267. [PubMed: 23615608] 

Horsley V, Pavlath GK. Forming a multinucleated cell: molecules that regulate myoblast fusion. Cells, 
tissues, organs. 2004; 176:67–78. [PubMed: 14745236] 

Karakoula K, Jacques TS, Phipps KP, Harkness W, Thompson D, Harding BN, Darling JL, Warr TJ. 
Epigenetic genome-wide analysis identifies BEX1 as a candidate tumour suppressor gene in 
paediatric intracranial ependymoma. Cancer letters. 2014; 346:34–44. [PubMed: 24333734] 

Khazaei MR, Halfter H, Karimzadeh F, Koo JH, Margolis FL, Young P. Bex1 is involved in the 
regeneration of axons after injury. Journal of neurochemistry. 2010; 115:910–920. [PubMed: 
20731761] 

Jiang et al. Page 10

Dev Biol. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Koo JH. Bex1 Participates in Muscle Regeneration by Regulating Myogenic Satellite Cell 
Differentiation. Lab. Anim. Res. 2010; 26:145–151.

Koo JH, Saraswati M, Margolis FL. Immunolocalization of Bex protein in the mouse brain and 
olfactory system. The Journal of comparative neurology. 2005; 487:1–14. [PubMed: 15861462] 

Koo JH, Smiley MA, Lovering RM, Margolis FL. Bex1 knock out mice show altered skeletal muscle 
regeneration. Biochemical and biophysical research communications. 2007; 363:405–410. 
[PubMed: 17884015] 

Laurin M, Fradet N, Blangy A, Hall A, Vuori K, Cote JF. The atypical Rac activator Dock180 (Dock1) 
regulates myoblast fusion in vivo. Proceedings of the National Academy of Sciences of the United 
States of America. 2008; 105:15446–15451. [PubMed: 18820033] 

Lee CH, Wong TS, Chan JY, Lu SC, Lin P, Cheng AJ, Chen YJ, Chang JS, Hsiao SH, Leu YW, Li CI, 
Hsiao JR, Chang JY. Epigenetic regulation of the X-linked tumour suppressors BEX1 and LDOC1 
in oral squamous cell carcinoma. The Journal of pathology. 2013; 230:298–309. [PubMed: 
23362108] 

Lomen-Hoerth C, Shooter EM. Widespread neurotrophin receptor expression in the immune system 
and other nonneuronal rat tissues. Journal of neurochemistry. 1995; 64:1780–1789. [PubMed: 
7891106] 

Millay DP, O'Rourke JR, Sutherland LB, Bezprozvannaya S, Shelton JM, Bassel-Duby R, Olson EN. 
Myomaker is a membrane activator of myoblast fusion and muscle formation. Nature. 2013; 
499:301–305. [PubMed: 23868259] 

Mukai J, Hachiya T, Shoji-Hoshino S, Kimura MT, Nadano D, Suvanto P, Hanaoka T, Li Y, Irie S, 
Greene LA, Sato TA. NADE, a p75NTR-associated cell death executor, is involved in signal 
transduction mediated by the common neurotrophin receptor p75NTR. The Journal of biological 
chemistry. 2000; 275:17566–17570. [PubMed: 10764727] 

Raivich G, Zimmermann A, Sutter A. The spatial and temporal pattern of beta NGF receptor 
expression in the developing chick embryo. The EMBO journal. 1985; 4:637–644. [PubMed: 
2988932] 

Raivich G, Zimmermann A, Sutter A. Nerve growth factor (NGF) receptor expression in chicken 
cranial development. The Journal of comparative neurology. 1987; 256:229–245. [PubMed: 
3031137] 

Relaix F, Rocancourt D, Mansouri A, Buckingham M. A Pax3/Pax7-dependent population of skeletal 
muscle progenitor cells. Nature. 2005; 435:948–953. [PubMed: 15843801] 

Robertson TA, Grounds MD, Mitchell CA, Papadimitriou JM. Fusion between myogenic cells in vivo: 
an ultrastructural study in regenerating murine skeletal muscle. Journal of structural biology. 1990; 
105:170–182. [PubMed: 2100148] 

Rushton E, Drysdale R, Abmayr SM, Michelson AM, Bate M. Mutations in a novel gene, myoblast 
city, provide evidence in support of the founder cell hypothesis for Drosophila muscle 
development. Development. 1995; 121:1979–1988. [PubMed: 7635046] 

Sambasivan R, Yao R, Kissenpfennig A, Van Wittenberghe L, Paldi A, Gayraud-Morel B, Guenou H, 
Malissen B, Tajbakhsh S, Galy A. Pax7-expressing satellite cells are indispensable for adult 
skeletal muscle regeneration. Development. 2011; 138:3647–3656. [PubMed: 21828093] 

Schecterson LC, Bothwell M. Novel roles for neurotrophins are suggested by BDNF and NT-3 mRNA 
expression in developing neurons. Neuron. 1992; 9:449–463. [PubMed: 1345671] 

Schmalbruch H, Lewis DM. Dynamics of nuclei of muscle fibers and connective tissue cells in normal 
and denervated rat muscles. Muscle & nerve. 2000; 23:617–626. [PubMed: 10716774] 

Sweitzer TD, Hanover JA. Calmodulin activates nuclear protein import: a link between signal 
transduction and nuclear transport. Proceedings of the National Academy of Sciences of the 
United States of America. 1996; 93:14574–14579. [PubMed: 8962094] 

Turk R, Sterrenburg E, de Meijer EJ, van Ommen GJ, den Dunnen JT, t Hoen PA. Muscle 
regeneration in dystrophin-deficient mdx mice studied by gene expression profiling. BMC 
genomics. 2005; 6:98. [PubMed: 16011810] 

Venuti JM, Morris JH, Vivian JL, Olson EN, Klein WH. Myogenin is required for late but not early 
aspects of myogenesis during mouse development. The Journal of cell biology. 1995; 128:563–
576. [PubMed: 7532173] 

Jiang et al. Page 11

Dev Biol. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Vilar M, Murillo-Carretero M, Mira H, Magnusson K, Besset V, Ibanez CF. Bex1, a novel interactor 
of the p75 neurotrophin receptor, links neurotrophin signaling to the cell cycle. The EMBO 
journal. 2006; 25:1219–1230. [PubMed: 16498402] 

von Maltzahn J, Jones AE, Parks RJ, Rudnicki MA. Pax7 is critical for the normal function of satellite 
cells in adult skeletal muscle. Proceedings of the National Academy of Sciences of the United 
States of America. 2013; 110:16474–16479. [PubMed: 24065826] 

Yamamoto M, Sobue G, Yamamoto K, Terao S, Mitsuma T. Expression of mRNAs for neurotrophic 
factors (NGF, BDNF, NT-3, and GDNF) and their receptors (p75NGFR, trkA, trkB, and trkC) in 
the adult human peripheral nervous system and nonneural tissues. Neurochemical research. 1996; 
21:929–938. [PubMed: 8895847] 

Yan Z, Choi S, Liu X, Zhang M, Schageman JJ, Lee SY, Hart R, Lin L, Thurmond FA, Williams RS. 
Highly coordinated gene regulation in mouse skeletal muscle regeneration. The Journal of 
biological chemistry. 2003; 278:8826–8836. [PubMed: 12477723] 

Jiang et al. Page 12

Dev Biol. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

Bex1 is transiently expressed in Myog+ cells during embryonic myogenesis

Bex1 expression is upregulated during muscle regeneration

Bex1 overexpression promotes myoblasts fusion without affecting differentiation

Bex1 knockout myoblasts have fusion defects

Bex1 regulate myoblast fusion with nascent myotubes
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Figure 1. 
Expression pattern of Bex1 in muscle progenitors during embryonic development. (A-B) 

Cross sections of E10.5 embryos at the level of the somites, using antibodies recognizing 

Bex1 together with Pax7 (A), or Bex1 and Myogenin (B) showing a concurrent expression 

of Bex1 and Myogenin. B’ shows an enlarged view of the boxed area in B. Nuclei were 

counterstained with DAPI (blue). (C) Representative images of myogenic cells in somites at 

E12.5, using antibodies recognizing Myogenin (red) and Bex1 (green), showing that Bex1 

undergoes cytonucleotrafficking from cytoplasm at E10.5 to nucleus at E12.5. Nuclei were 

counterstained with DAPI (blue).
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Figure 2. 
Bex1 is spatiotemporally induced during muscle regeneration. (A) Cross sections of Tibialis 

anterior (TA) muscles at Day 0, Day 5 and Day 14 post CTX induced muscle injury, using 

antibody recognizing Bex1 (red). Nuclei were counterstained with DAPI (cyan) for easy 

visualization. (B) Higher magnification images of cross sections of TA muscles at Day 5 

post CTX induced muscle injury using antibodies recognizing Bex1 (red) and Myogenin 

(green). Nuclei were counterstained with DAPI (blue). The yellow arrowheads indicated 

Myogenin+Bex1+ mononuclear cells. Myogenin staining only image was shown in black 
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and white. (C) Higher magnification images of cross sections of TA muscles at Day 3 post 

CTX induced muscle injury showing the lack of Bex1 staining signal. Nuclei were 

counterstained with DAPI (blue). The asterisks indicated Myogenin+Bex1− cells. (D) 

Quantitative PCR analysis of the expression level of Bex1 transcript at different days during 

muscle regeneration. The dot line indicates the expression level of Bex1 in rested muscles. 

N=3. Error bars represent s.e.m. *P<0.05 compared with non-injured muscles.
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Figure 3. 
Bex1 is only expressed in differentiating myoblasts but not in proliferating myoblasts. (A) 

Immunostaining of primary cell culture at different days post differentiation induction, using 

antibody recognizing Bex1 (red). Nuclei were counterstained with DAPI (cyan). (B) 

Quantitative PCR analysis of the expression level of Bex1 transcript at different days post 

differentiation induction. n=3. (C) Western blot results showing the expression level of Bex1 

protein at different days post differentiation induction. n=3. (D-F) Representative images of 

satellite cells in single EDL muscle fibers after 72hs culture, labeled with Bex1 (green) with 
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Pax7 (red) (D), KI67 (red) (E) and Myogenin (red) (F). Nuclei were counterstained with 

DAPI (blue). Error bars represent s.e.m. *P<0.05 compared with undifferentiated myoblast.
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Figure 4. 
Bex1 overexpression does not affect myoblast-myoblast fusion. (A) Quantitative PCR 

analysis of the expression level of Bex1 transcript in primary myoblasts after infection with 

adenovirus expressing GFP alone or GFP plus Bex1, labeled as GFP and Bex1, respectively. 

n=3. (B) Primary myoblasts were differentiated for 24hs with infection of adeno-virus 

expressing GFP and Bex1. Immunostaining with antibody recognizing MHC (red). Nuclei 

were counterstained with DAPI (cyan). (C) Differentiation index, calculated as the ratio of 

nuclei in Myosin+ cells. n=3. (D) Fusion index, calculated as the ratio of nuclei in Myosin+ 

myotubes. n=3. Error bars represent s.e.m. *P<0.05 compared with GFP-infected cells.
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Figure 5. 
Bex1 promotes myoblast-myotube fusion and myotube hypertrophy. (A) Primary myoblast 

was cultured and differentiated upon confluence. After 24hs differentiation, adeno-virus 

expressing GFP and Bex1 was added with 96 more hours differentiation. Immunostaining 

with antibody recognizing MHC (red). Nuclei were counterstained with DAPI (cyan). (B) 

Quantification of ratio of myosin+ cells with different nuclei number in each field. ≥ 200 

cells were analyzed with 5 independent experiments. (C) Western blot results showing the 

expression levels of Myogenin and MHC in primary myoblast culture after differentiation 
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with GFP and Bex1 virus infection. GAPDH worked as control. n=3. (D) C2C12 myoblasts 

were electroporated with plasmids expressing GFP (top panel) and GFP-Bex1 (bottom 

panel) then induced for differentiation. Immunostaining of myotubes with antibody 

recognizing MHC (red). Nuclei were counterstained with DAPI (blue). (E) Quantification of 

the number of nuclei in GFP+ and GFP-Bex1+ myotubes. n=3. Error bars represent s.e.m. 

*P<0.05 compared with GFP-infected cells.
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Figure 6. 
Bex1 knockout myoblasts are deficient in fusion with myotubes. (A) Primary myoblasts 

were cultured from WT and Bex1 knockout mice and differentiated for 48hs upon 

confluence. Immunostaining with antibody recognizing MHC (red). Nuclei were 

counterstained with DAPI (cyan). (B) Quantification of ratio of Myosin+ cells with different 

nuclei number in each field. ≥ 200 cells were analyzed with 3 independent experiments. (C) 

Western blot results showing the expression levels of Myogenin and MHC in primary 

myoblast culture from WT and Bex1 knockout mice after differentiation. GAPDH worked 

as control. n=3. Error bars represent s.e.m. *P<0.05 compared with WT.
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