




recombinant GST–BAI3 was able to precipitate Myc–ELMO1 N-
and C-terminal deletion mutants encompassing amino acids 113–
727, 212–727, 1–495, 1–675, and 1–707 and Myc–ELMO2 mutants
1–534 and 1–699 (Fig. 1G and Fig. S2B). Collectively, these data
establish that BAI2/BAI3 are ELMO-binding transmembrane pro-
teins expressed in myoblasts.

BAI3 and ELMO1/2 Are Essential for Myoblast Fusion. To directly test
the requirement for BAI2, BAI3, and ELMO1/2 in myoblast
fusion, we generated a loss of function of these proteins by
expressing shRNAs from the pSIREN–RetroQ retroviral vector
that also coexpresses the ZsGreen GFP protein. Stable C2C12
cell lines expressing ZsGreen GFP and shRNAs specifically
targeting murine ELMO1, ELMO2, BAI1, BAI2, or BAI3 were
generated by retroviral infections, and cells expressing high
levels of GFP were selected via fluorescence-activated cell
sorting and switched to differentiation conditions. Real-time
quantitative (Q)-PCR analyses confirmed the decrease in
BAI3 (95%), BAI2 (74%), ELMO1 (82%), and ELMO2 (92%)
mRNAs in their respective knockdown conditions (Fig. 2 B and
C and Figs. S3 and S4). Multiple and independent shRNAs
targeting ELMO1, ELMO2, and BAI3 robustly blocked myo-
blast fusion, and quantification of fusion from multiple micro-
scopic images revealed that most MHC-positive C2C12 cells in
BAI3, ELMO1, and ELMO2 knockdown conditions were mo-
nonucleated (Fig. 2 A–D and Fig. S3). These knockdowns
were specific such that shRNAs against ELMO1 or ELMO2 only
affected their target mRNA and did not knockdown the other
gene (Fig. 2 G–L). In contrast, expression of an empty vector or
shRNAs targeting BAI1 or BAI2 had no impact on myoblast fusion
(Fig. 2 A–D and Figs. S3 and S4). We found in some experiments
that knockdown with one shRNA against BAI3 affected the
number of MHC-positive cells appearing during differentiation in

comparison with cells expressing shGFP (Fig. 2A). However, this
was not observed with an independent shRNA sequence that
targets BAI3 and blocks fusion (Fig. S3). To rule out a major
contribution of BAI3 or ELMO2 to myoblast differentiation, we
monitored the expression of Myogenin, Troponin-T, MHC, and
MyoD during differentiation and found that this process was not
affected by depletion of either BAI3 or ELMO2, excluding a cen-
tral role for these proteins in myoblast differentiation (Fig. S5). In
addition, myoblast fusion was also impaired when BAI3 or ELMO2,
but not BAI1, were down-regulated by shRNAs in the Sol8 myo-
blast cell line (Fig. S6).
To confirm the specificity of the knockdown phenotypes, we

carried out rescue experiments in stable C2C12 cell lines
expressing BAI3, ELMO1, and ELMO2 shRNAs (Fig. 2 E, G,
and J). The expression of murine Myc–ELMO1 in ELMO2
shRNA cells and of murine Myc–ELMO2 in ELMO1 shRNA
cells restored myoblast fusion (Fig. 2 G–L). These data suggest
that ELMO1/2 carry out similar functions during fusion and that
a threshold level of their expression is critical for efficient fusion.
Likewise, expression of Flag–hBAI3 C terminus fusion to mVenus
(Flag–BAI3) rescued the myoblast fusion defect in cells in which
endogenous BAI3 is depleted (Fig. 2 E and F). Collectively, these
results establish BAI3 and ELMO1/2 as essential effectors of
vertebrate myoblast fusion.

Lack of Myoblast Fusion Functional Redundancy of BAI Proteins.
BAI3 and BAI2 proteins differ significantly from BAI1 in
their extracellular domains (Fig. 1A). To address the significance
of this divergence, we tested whether BAI1 can functionally
substitute for BAI3 in myoblast fusion. To do this, we assayed
myoblast fusion in C2C12 cells in which BAI3 protein levels were
reduced but which also expressed a BAI1–eGFP fusion protein. In
such cells, myoblast fusion remained severely reduced, indicating
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Fig. 2. BAI3, ELMO1, and ELMO2 are essential for myoblast fusion. (A–L) C2C12 cells expressing GFP (no hairpin) or shRNAs targeting BAI1, BAI3, ELMO1, or
ELMO2 were generated by retroinfections. (A) Down-regulation of BAI3 and ELMO2 impairs myoblast fusion after 48 h in differentiation conditions. (Right)
Dotted white boxes are shown at a higher magnification. (B–C) Real-time Q-RT-PCR amplifications against BAI3 or ELMO2 were performed to confirm specific
knockdowns. (D) Quantification of experiments shown in A. (E–L) Expression of hBAI3 in BAI3–shRNA, Myc–ELMO1 in ELMO2–shRNA, and Myc–ELMO2 in
ELMO1–shRNA C2C12 cells restored myoblast fusion. (E, G, J) Representative images of myoblast fusion for the indicated conditions. (F, I, L) Quantification of
experiments shown in E, G, and J. (H, K) Real-time Q-RT-PCR amplifications against ELMO1 or ELMO2were performed to confirm specific knockdowns. (A, E, G, and J)
Myofibers were stained for Myosin Heavy Chain [MHC, MF20 antibody (red)] and nuclei revealed by Hoechst (blue). Error bars indicate SD. One-way ANOVA followed
by a Bonferroni test calculated the P values; ****P < 0.0001. (Scale bar, 100 μm.)
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that BAI1 cannot functionally substitute for BAI3 and suggesting
that the structural basis for their functional divergence might re-
side in their extracellular domains (Fig. S7).

Expression of BAI3 Promotes Myoblast Fusion. Expression level or
activity of BAI3 might be a limiting factor for myoblast fusion.
To investigate this, we tested whether overexpression of Flag–
BAI3 in the parental C2C12 cell line could promote myoblast
fusion and found that expression of BAI3 potentiated myoblast
fusion in comparison with control cells (Fig. S8). We also tested
whether BAI3 could further potentiate myoblast fusion when
coexpressed with Myc–ELMO2 and Flag–DOCK1 or if over-
expression of ELMO2 and DOCK1 alone was sufficient to en-
hance fusion. Coexpression of BAI3 alongside either ELMO2 or
ELMO2/DOCK1 did not further enhance fusion in comparison
with cells expressing BAI3 alone (Fig. S8). Finally, expression of
ELMO2/DOCK1 in C2C12 was not sufficient to enhance cell–
cell fusion (Fig. S8). Although loss-of-function of BAI2 sug-
gested that this receptor might not be involved in myoblast fu-
sion, we noted that its knockdown was not as efficient as the one
of BAI3 (Fig. S4 A and B). We therefore tested if the myoblast
fusion promoting activity of BAI3 was also present in BAI2.
However, overexpression of Flag–BAI2 failed to promote myo-
blast fusion (Fig. S4 E and F).

Binding of ELMO to BAI3 Is Essential for Myoblast Fusion. To in-
vestigate if physical coupling between BAI3 and ELMO is re-
quired for myoblast fusion, we next asked whether BAI proteins
with mutations in the ELMO-interacting domain could func-
tionally rescue the loss of BAI3 function. We derived a panel of
GST–BAI3 proteins with mutations in the ELMO-binding site,
which did not interact with ELMO1 in pull-down assays (Fig. 3A
and Fig. S1A). We noted that similar mutations in BAI2 also
abrogated ELMO binding (Fig. S4D). Two of these mutations
were then introduced into the full length Flag–BAI3 fusion
protein, and the ability of such mutants to localize to the cell
surface was confirmed by staining nonpermeabilized myoblasts
with an anti-Flag antibody (Fig. S9). Although expression of the
wild-type Flag–BAI3 robustly rescued the fusion defects caused
by the loss of endogenous BAI3, the ELMO1 binding-deficient
Flag–BAI3RKR/EEE and Flag–BAI3LDF/HHR mutant proteins failed
to restore myoblast fusion (Fig. 3 B–D). Such BAI3 mutants were
also able to completely block myoblast fusion when expressed in the
parental C2C12 cells with normal endogenous levels of BAI3,
suggesting that they might be acting as dominant negative variants
of BAI3 (Fig. 3 E–F). In addition, this result suggests that functional
BAI3 is required on both fusion partners because cells expressing
dominant-negative BAI3 constructs fail to fuse with neighboring
wild-type cells (Fig. 3E). Together, these data demonstrate that
BAI3–ELMO coupling is an essential signaling step for primary
myoblast fusion.

BAI3 Is Essential in Vivo for Myoblast Fusion. Previous studies have
taken advantage of the accessibility of the in ovo development of
chicken embryos to manipulate in vivo the function of genes
involved in myogenesis (39). Myoblasts actively populate limb
buds at Hamburger–Hamilton (HH) stage 18 and undergo fusion
at HH stage 20 (40, 41). Using in situ hybridization of antisense
digoxigenin (DIG)-labeled riboprobes we found that during these
stages, BAI3, but not BAI1 and BAI2, mRNA are coexpressed by
muscle precursors that also express the myocyte differentiation
marker MyoD (Fig. 4A and Fig. S10). In agreement with pub-
lished data (42), we also found BAI1, BAI2, and BAI3 mRNAs in
the developing spinal cord (Fig. 4A and Fig. S10).
To test the function of BAI3 in myoblast fusion in vivo, we

used in ovo electroporation to express BAI3 proteins in de-
veloping myoblasts, as previously described (39). GFP-encoding
expression plasmid or human Flag–BAI3–mVenus protein or

human Flag–BAI3RKR/EEE mutant-encoding expression plasmids
were microinjected into the somitocoele of developing interlimb
somites of HH stage 12–17 embryos, and a current was applied
(Fig. 4B). Seventy-two hours later, at a time when myoblast fu-
sion produces many multinucleated fibers, embryos were fixed,
sectioned, and stained with anti-Desmin and anti-MHC antibodies
to assay for differentiation and myoblast fusion. This transfection
approach was highly efficient, as most cells expressed GFP. None
of the expression constructs impaired myoblast differentiation
because GFP+ cells expressed apparently normal levels of Desmin
and MHC under all conditions (Fig. 4 C and D). Expression of
wild-type BAI3 had no impact on muscle development, and
multinucleated muscle fibers could be detected with similar
frequencies to that in GFP-expressing fibers (Fig. 4 E and F). In
marked contrast, expression of the ELMO1 interaction domain
mutant BAI3RKR/EEE blocked myoblast fusion such that only
mononucleated MHC-expressing muscle fibers were observed
(Fig. 4 E and F). To confirm that we were observing mono-
nucleated cells and not an artifact of the sectioning plane, we
performed 3D reconstructions of whole-mount developing
limb muscles expressing either GFP or BAI3RKR/EEE (Movie S1).
Although the global signal was weaker than on sections due im-
aging of native GFP fluorescence, we observed long GFP+ fibers
in GFP control muscles, whereas only individual mVenus-positive
cells were observed in muscles expressing BAI3RKR/EEE (Movie
S1). These results indicate that BAI3 functions in vivo as a pro-
moter of myoblast fusion by coupling the cell membrane to the
ELMO/DOCK1 pathway.

Discussion
The nature of the transmembrane proteins initiating myoblast
fusion in vertebrates has thus far remained elusive. Intracellular
signaling molecules such as DOCK1 and Rac1 play a conserved
role in primary myoblast fusion in both flies and mice, yet there
is little evidence to suggest that Drosophila myoblast profusion
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Fig. 3. BAI3 coupling to ELMO2 is necessary for myoblast fusion. (A) Iden-
tification of BAI3 residues important for interaction to ELMO1. HEK293 cells
were transfected with Myc–ELMO1 and clarified lysates were subjected to
pull-downs with GST alone, GST–BAI3, or the indicated mutants of BAI3.
Bound Myc–ELMO1 was detected by immunoblotting. (B) Expression of BAI3
mutants unable to engage ELMO fails to rescue myoblast fusion in C2C12
cells depleted of BAI3. Experiments were carried out as in Fig. 2. (C) Quan-
tification of fibers with three nuclei and more and (D) quantification of
fibers with one nucleus. (E) Overexpression of BAI3 mutants lacking ELMO-
binding activity blocks myoblast fusion in parental C2C12 cells. Cells were
transfected with the indicated BAI3 mutants and differentiated for 48 h
before analyzing fusion. (F) Quantification of the experiment shown in
E. Error bars indicate SD. One-way ANOVA followed by a Bonferroni test
calculated the P values; ****P < 0.0001. (Scale bar, 100 μm.)
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receptors regulate primary fusion in vertebrates (22, 23). In this
study, we aimed to identify such cell surface receptors and link
them to key components of the myoblast fusion pathway, namely,
ELMO–DOCK1–Rac. We describe here the finding that the
GPCR BAI3 binds ELMO proteins in myoblasts and that this in-
teraction is obligatory for myoblast fusion in cell lines. Using in ovo
chicken embryo somite electroporation we expressed a loss-of-
function mutant of BAI3 and observed a robust block in myoblast
fusion in vivo. To our knowledge, this work is a previously un-
identified documentation of a transmembrane protein that engages
the conserved ELMO–DOCK1–Rac pathway to promote primary
myoblast fusion.
Another BAI-family member, BAI1, was recently reported to

promote myoblast fusion in the context of muscle cells undergoing
apoptosis (33). Remarkably, the dying myoblasts are not engulfed
but instead enhance myoblast fusion in a BAI1–ELMO-dependent
manner. However, although BAI1-null animals exhibit a reduction
in their ability to repair injured muscle, they do not display major
defects in muscle development. These results argue for a special-
ized function of BAI1 in muscle regeneration and an indirect role
in fusion (33, 43). Although our work does not rule out that BAI3
could also contribute to muscle regeneration, it highlights the
unique ability of this GPCR to mediate primary myoblast fusion
during embryonic development. Both BAI3 and BAI1 (33) depend
on their common ability to bind ELMO–DOCK1 to play their re-
spective functions during embryonic myogenesis and adult muscle

regeneration. We were unable to rescue myoblast fusion defects in
cells deficient in BAI3 via overexpression of BAI1. The numbers
of TSRs in BAI1 (5) and BAI3 (4), in addition to an integrin-
binding R-G-D motif found exclusively in BAI1, are distinctive
features of these receptors (Fig. 1A). Our data therefore suggest
that the extracellular domain of BAI3 contains a unique function
in the context of myoblast fusion. Furthermore, our knockdown
and overexpression experiments suggest that BAI2 is unessential
for myoblast fusion and mouse null for BAI2 is viable and no
defects in muscles were reported (44). In this study, we uncovered
a missing link in the understanding of vertebrate myogenesis by
defining a previously unidentified myoblast profusion receptor
essential during primary embryonic myoblast fusion in vivo.
Our results suggest that functional BAI3 is required on both

fusion partners. This is similar to additional vertebrate myoblast
fusion components studied in vivo including DOCK1, Rac1,
CDC42, and N-WASP (22–24). In contrast, the recently identi-
fied fusogenic transmembrane protein Myomaker is required
only in one of the two fusion partners, and its forced expression
in fibroblasts is sufficient to induce fibroblast–myoblast fusion
(27). As Myomaker-induced myoblast fusion is also dependent
on the actin cytoskeleton, it will be interesting to investigate
whether the BAI3–ELMO–DOCK1–Rac1 pathway can crosstalk
with Myomaker to promote fusion. We also found that ELMO1
and ELMO2 function similarly in myoblast fusion as loss-of-
function of individual components revealed similar phenotypes.
In addition, the loss-of-functions could be rescued with expres-
sion of the reciprocal ELMO proteins. Collectively, these data
suggest that a threshold level of total ELMO1/2 is required for
efficient myoblast fusion most likely to efficiently scaffold the
recruitment of DOCK1 to BAI3 to orchestrate Rac signaling.
Interestingly, ELMO1 mice are viable, and an up-regulation
of ELMO2 in these animals was observed (45). Generating
ELMO2-null mice will test if both genes must be inactivated in
myoblasts to interfere with myoblast fusion.
Based onDrosophila and zebrafish findings (2, 25), we expected

that the vertebrate transmembrane proteins coupling to ELMO–

DOCK1–Rac would be similar in structure to canonical cell ad-
hesion proteins. We were surprised to uncover such a profound
role in primary myoblast fusion for a member of the large family of
GPCRs. Recently, Pavlath and colleagues reported that several
GPCRs are expressed in myoblasts (46). In particular, the mouse
Odorant Receptor 23 is critical for myoblast migration in vitro and
is important for muscle regeneration in vivo (46). These findings
suggest that GPCRs could have multiple functions during myo-
genesis such as controlling migration, myoblast–myoblast or myo-
blast–myotube adhesion, and myoblast fusion. Our data suggest
that BAI3–ELMO signaling is operating specifically at the step of
myoblast fusion. In myoblast cell lines, depletion of BAI3 or
ELMO1/2 did not interfere with cell differentiation. In vivo, we
observed that myoblasts expressing BAI3 uncoupled from ELMO
still migrated efficiently in the limb buds of chicken embryos. This
is consistent with previous findings demonstrating that myo-
blasts lacking DOCK1 or Rac1 have normal migratory behaviors
in vivo in mice (22, 23).

Material and Methods
Antibodies, plasmids, yeast two-hybrid assays, generation of shRNA-stable
C2C12 cell lines, cell culture and transfections, mRNA isolation and Q-RT-PCR,
protein-binding assays, in situ hybridization, immunofluorescence, immu-
nohistochemistry, in ovo electroporation, and statistical analyses are de-
scribed in the SI Material and Methods.

Differentiation of C2C12 and Sol8 myoblasts was induced by replacing
the growth medium with differentiation medium [DMEM supplemented
with 2% (vol/vol) horse serum and penicillin/streptomycin]. Cells were
allowed to differentiate for 0–48 h, or up to 96 h for some experiments,
before analyses including biochemical and immunostaining. To quantify
myoblast fusion, MHC-positive cells with three nuclei or more were consid-
ered as multinucleated myofibers, and the fusion index was calculated by
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Fig. 4. The interaction of BAI3 with ELMO is essential in vivo for myoblast
fusion. (A) In situ hybridization of antisense DIG-labeled riboprobes dem-
onstrates that BAI3 (Right) is coexpressed by muscle precursors that also
express the myocyte differentiation marker MyoD (Left) in the developing
muscles of E5 chicken embryos. BAI3 is also expressed in the spinal cord. SC,
spinal cord; M, muscle. (B) Schematic of the strategy to express constructs in
muscle progenitors. Somitocoeles of interlimb somites of embryos between
13 and 18 HH (E2.5) were microinjected with plasmids and electroporated as
indicated. Seventy-two hours after electroporation, embryos expressing GFP
were collected and analyzed for myoblast fusion. Identical muscle de-
velopment takes place in nonelectroporated and electroporated (GFP plas-
mid) sides of the embryo as demonstrated by staining for MHC and GFP. (C)
Differentiation of myoblasts is not impaired by expression of GFP, BAI3, or
the indicated mutant of BAI3 lacking ELMO-binding activity. Cryosections
were stained with anti-Desmin and anti-GFP antibodies. (D) Quantification
of cells double positive for Desmin and GFP. (E) Expression of BAI3 lacking
ELMO-binding activity, but not GFP or wild-type BAI3, blocks myoblast fu-
sion in vivo. Cryosections as in C were stained with anti-MHC and anti-GFP
antibodies, and nuclei were revealed with Hoechst. (F ) Length of myo-
fibers was quantified (μM) in the indicated conditions. Error bars indicate
SD. One-way ANOVA followed by a Bonferroni test calculated the P values;
****P < 0.0001.
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dividing the numbers of nuclei in multinucleated fibers by the total number of
nuclei for each described condition. In chicken embryos, the difference be-
tween the tested conditions was assessed by measurement of the fiber length
(micrometers) using the Volocity image analysis software (Perkin–Elmer).
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