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Cadherins are transmembrane glycoproteins that mediate Ca2!-dependent homophilic cell–cell adhesion and play crucial
role during skeletal myogenesis. M-cadherin is required for myoblast fusion into myotubes, but its mechanisms of action
remain unknown. The goal of this study was to cast some light on the nature of the M-cadherin–mediated signals involved
in myoblast fusion into myotubes. We found that the Rac1 GTPase activity is increased at the time of myoblast fusion and
it is required for this process. Moreover, we showed that M-cadherin–dependent adhesion activates Rac1 and demon-
strated the formation of a multiproteic complex containing M-cadherin, the Rho-GEF Trio, and Rac1 at the onset of
myoblast fusion. Interestingly, Trio knockdown efficiently blocked both the increase in Rac1-GTP levels, observed after
M-cadherin–dependent contact formation, and myoblast fusion. We conclude that M-cadherin–dependent adhesion can
activate Rac1 via the Rho-GEF Trio at the time of myoblast fusion.

INTRODUCTION

During skeletal muscle development mesodermal precursor
cells give rise to committed myoblasts that, after prolifera-
tion and migration to the appropriate sites in the embryo,
exit the cell cycle, express muscle-specific genes, and fuse
into multinucleated myofibers that mature to form multinu-
cleated muscle fibers (Taylor, 2002). Although myoblast fu-
sion is important both during embryonic development and
in the maintenance and repair of adult muscles, the mecha-
nisms regulating this process are largely unknown. Myo-
blast fusion is a multistep process that entails initial recog-
nition and adhesion between myoblasts, their alignment,
and finally membrane breakdown and fusion (Doberstein et
al., 1997). This process is regulated, at different levels, by a
variety of proteins, such as transcription factors or extracel-
lular signaling molecules, including diffusible factors, com-
ponents of the extracellular matrix, and proteins involved in
cell–cell contact (Krauss et al., 2005).

In this later group, M-cadherin plays a prominent role.
M-cadherin belongs to the cadherin family of Ca2!-depen-
dent adhesion molecules. Its N-terminal extracellular do-
main mediates homophilic binding, while the cytoplasmic
tail interacts with catenins and is linked to the actin cytoskel-
eton, thus, coupling the ectodomain interactions to the dy-
namic intracellular tensile forces (Wheelock and Johnson,
2003b). M-cadherin is found predominantly in developing
skeletal muscles and is highly expressed during secondary

myogenesis. In mature skeletal muscle, M-cadherin is de-
tectable in satellite cells and on the sarcolemma of myofibers
underlying satellite cells (Moore and Walsh, 1993; Rose et al.,
1994; Cifuentes-Diaz et al., 1995). M-cadherin is also found at
neuromuscular junctions, intramuscular nerves, and in two
regions of the CNS, namely the spinal cord and the cerebel-
lum (Cifuentes-Diaz et al., 1996; Bahjaoui-Bouhaddi et al.,
1997). M-cadherin–deficient mice do not show defects in
skeletal muscle development, probably because of compensa-
tion by other cadherins, in particular N-cadherin (Hollnagel et
al., 2002). However, data on cultured myoblasts have sug-
gested that M-cadherin could be critical for the fusion of myo-
blasts to myotubes (Donalies et al., 1991; Pouliot et al., 1994;
Zeschnigk et al., 1995; Kuch et al., 1997; Charrasse et al., 2006).

Beside their role in cell recognition, the classical cadherins
are adhesion-activated signaling receptors which activate
Rho-family GTPases (Wheelock and Johnson, 2003a). The
activity of Rho GTPases needs to be tightly controlled to
allow myogenesis induction and also myoblast fusion (Luo
et al., 1994; Hakeda-Suzuki et al., 2002; Charrasse et al., 2003;
Fernandes et al., 2005). RhoA has been reported to positively
regulate MyoD expression and skeletal muscle cell differen-
tiation, as it has been demonstrated to be required for serum
response factor (SRF)-mediated activation of several muscle-
specific gene promoters (Carnac et al., 1998; Wei et al., 1998).
On the other hand, Rac1 inhibits myogenesis induction by
preventing the withdrawal of myoblasts from the cell cycle
(Meriane et al., 2000b, 2002). This coordinated regulation of
RhoA and Rac1 during myogenesis induction has been
shown to be orchestrated by N-cadherin (Charrasse et al.,
2002). Later on during the skeletal muscle differentiation
program and in contrast to its inhibitory role in myogenesis
induction, Rac1 signaling has been shown to be involved in
myoblast fusion, at least in Drosophila (Luo et al., 1994;
Hakeda-Suzuki et al., 2002; Fernandes et al., 2005; Erickson et
al., 1997; Nolan et al., 1998).
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In the present study we show, for the first time, that Rac1
is also involved in mammalian myoblast fusion in the myo-
genic cell line C2C12. Moreover, we demonstrate that M-
cadherin–dependent cell–cell adhesion activates Rac1 by
using an M-cadherin ligand, allowing us to mimic M-cad-
herin–mediated adhesion, or antibodies that specifically rec-
ognize the extracellular domain of M-cadherin. Then to elu-
cidate the molecular mechanisms coupling M-cadherin to
Rac1 activation, we have analyzed the role of the guanine
nucleotide exchange factor (GEF) Trio in the fusion of C2C12
myoblasts. Rho GTPases are activated by the GEF family of
proteins promoting the exchange of GDP for GTP (Rossman
et al., 2005). We have focused our attention on this Rho-GEF,
because the genetical ablation of Trio in mice (trio"/")
showed that Trio is essential for late embryonic develop-
ment and that it plays a role in skeletal muscle formation
and neural tissues organization (O’Brien et al., 2000). Trio
contains two Rho-GEF domains: GEFD1, which activates
both Rac1 and RhoG, and GEFD2, which acts on RhoA
(Bellanger et al., 1998; Blangy et al., 2000). Here, we demon-
strate that an inhibition of Trio expression by RNA interfer-
ence impairs myoblast fusion, as does the inhibition of M-
cadherin expression or Rac1 activity. Moreover, Trio
knockdown decreases M-cadherin–dependent Rac1 activa-
tion. These results shed some light on the mechanisms via
which the M-cadherin receptor is functionally coupled to
Rac1 activation in C2C12 myoblasts.

MATERIALS AND METHODS

Cell Culture
C2C12 mouse myoblasts were grown as described previously (Charrasse et
al., 2006). Stable cell lines derived from C2C12 myoblasts were cultured under
the same conditions in medium supplemented with 80 !l hygromycin. The
Rac1 inhibitor NSC23766 (Calbiochem, La Jolla, CA) was used at 100 !m and
was added 2–16 h after differentiation medium (DM; DMEM/Ham’s F-12
supplemented with 2% FCS) addition.

Establishment of Trio Short Interfering
RNA Stable Cell Lines
Short interfering RNA (shRNA) constructs were made in pRETROSUPER polymer-
ase III expression vector. To suppress endogenous Trio expression, the oligonucleo-
tide GATCCCCGTGAAGCTATTGATACAGCttcaagagaGCTGTATCAATAGC-
TTCACTTTTTGGAAA was inserted into pRETROSUPER. Bold letters correspond
to oligonucleotides 3934–3952 of the mouse Trio cDNA sequence (XM980554). As a
control, we used the oligonucleotide GATCCCCCTTAATAAGAGAAGCGGAt-
tcaagagaTCCGCTTCTCTTATTAAGTTTTGGAAA, which corresponds to a mod-
ified sequence (one base is missing) of the Trio nucleotides 4192–4210. Hygromycin-
resistant clones constitutively expressing Trio shRNA were grown in order to harvest
retrovirus-containing cell-free supernatants. Infection of C2C12 myoblasts was per-
formed as described (Meriane et al., 2000a). Different clones were isolated by limited
dilution and continuously grown in hygromycin.

Differentiation Inhibition Assays
C2C12 cells plated in 35-mm dishes were cultured in DM. Twenty-four hours
later, an anti-M-cadherin antibody (Charrasse et al., 2006) or its preimmune
serum were added as described previously (Charrasse et al., 2002).

Isolation of Detergent-resistant Membranes
Twenty-four 150-mm dishes of C2C12 cells cultured in DM for 2 d were collected
and processed as previously described (Causeret et al., 2005). Fractions were
analyzed by immunoblotting for caveolin (Transduction Laboratories, Lexington,
KY; 1:5000) and M-cadherin (NanoTools, Munich, Germany; 1/200). For immu-
noprecipitation experiments, fractions 3–5 were pooled and diluted 5# in 25 mM
MOPS, pH 6.5, 150 mM NaCl and 1% Triton X-100, then they were centrifuged
at 4°C at 100,000 # g for 18 h. Protein concentration was determined with a BCA
protein assay kit (Pierce, Rockford, IL).

Gel Electrophoresis and Immunoblotting
Cell extracts were prepared as described (Mary et al., 2002). Protein, 30 !g,
was resolved on polyacrylamide gel (6, 8, and 15%) and transferred onto
Immobilon-P or nitrocellulose (only for Trio) membranes. Membranes were

then incubated with monoclonal antibodies against "1-integrin (1:2500; from
Transduction Laboratories); troponin T (1:1000), myosin (1:2000), or desmin
(1:2000) (all from Sigma-Aldrich, St. Louis, MO); or myogenin (1:500, Phar-
Mingen, San Diego, CA), #-tubulin (1:100), M-cadherin (1:200, NanoTools), or
goat anti-Trio (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA). After
washing, membranes were processed as described (Mary et al., 2002).

Immunoprecipitation
Cells were processed as previously described (Mary et al., 2002). 500 !g of
protein extracts were immunoprecipitated using a polyclonal anti-Trio anti-
body (Portales-Casamar et al., 2006), an anti-M-cadherin antibody (Charrasse
et al., 2006) or an anti-myc antibody, separated on a polyacrylamide gel, and
then transferred onto Immobilon-P. For Rac1 detection, immunoprecipitation
products were heated at 80°C for 3 min. in 80 mM Tris, pH 6.8, 2% SDS, 0.2%
Bromophenol blue, 10% glycerol, iodoacetamide (19.3 mg/ml). Membranes
were probed with M-cadherin and Rac1 (1:250, Transduction Laboratories)
monoclonal antibodies and processed as described (Mary et al., 2002).

Preparation of M-cad-Fc–coated Dishes
The M-cad-Fc chimera (a 1794-base pair PCR fragment of M-cadherin that
contains the extracellular domain fused to the Fc fragment of human IgG1
subcloned into the pIG1 vector; Williams et al., 1994) was produced in Cos
cells after transfection with Jet PEI reagent (Qbiogene, Carlsbad, CA; MP
Biomedicals, Solon, OH) and culture in Optimem for 3 d. Supernatant was
collected and the concentration of the chimeric protein was estimated by
Western blot analysis. Thirty-five- or 100-mm Petri dishes were coated as
described previously (Charrasse et al., 2002). Isolated cells were plated onto
coated Petri dishes, allowed to set for 4–24 h, and then processed to measure
Rac1 activity and to analyze the organization of the F-actin cytoskeleton.

Rho GTPase Activity Assay
C2C12 myoblasts either in proliferating or during the course of differentiation
were lysed and processed to measure the total and GTP Rac1 and RhoA levels
as described (Charrasse et al., 2002). The PAK-GST protein beads were from
Cytoskeleton (Denver, CO).

Immunofluorescence
Cells growing onto 35-mm dishes were fixed in 3.7% formaldehyde in PBS
followed by a 5-min permeabilization in 0.1% Triton X-100 in PBS and
incubated in PBS containing 0.1% BSA. Anti-troponin T (1:100, Sigma-
Aldrich) and anti-myogenin (1:30, Santa Cruz Biotechnology) antibodies were
revealed using an Alexa Fluor 546–conjugated goat anti-mouse antibody or
an Alexa Fluor 488–conjugated goat anti-rabbit antibody (Molecular Probes,
Eugene, OR; Interchim, Lyon, France). Cells were analyzed as described
previously (Charrasse et al., 2002).

Cells were stained for F-actin with TRITC-conjugated phalloidin (Sigma-
Aldrich, St. Louis, MO) and analyzed with a Metamorph-driven (Molecular
Devices, Sunnyvale, CA) spinning-disk confocal microscope (Yokogawa/
Perkin Elmer-Cetus, Norwalk, CT) equipped with a krypton/argon ion laser
(Melles Griot, Rochester, NY). Images were taken with a PL APO 63# objec-
tive (NA 1.32, Leica, Melville, NY) and a Coolsnap HQ camera (Photometrics,
Woburn, MA). Stacks of images were captured with a piezo stepper (E662,
Physik Instruments, Waldbronn, Germany) with a 0.2-!m Z step. Stacks were
then restored with the Huygens deconvolution software (Scientific Volume
Imaging) and the restored images were viewed in 3D with MetaMorph.

Time-Lapse Imaging
C2C12 cells were transfected with actin-RFP and isolated cells were plated
onto Mcad-Fc coated Petri dishes for 24 h and analyzed for the dynamic of the
F-actin cytoskeleton. Time-lapse epifluorescence microscopy was performed
as previously described (Mary et al., 2002). The exposure time is 1500 ms.
Fluorescent images were restored using a maximum likelihood estimation
(MLE) deconvolution algorithm (Huygens, Scientific Volume, Imaging, Hil-
versrum, The Netherlands). The restored images were saved as Tif files and
further compiled into QuickTime movies using Montpellier RIO Imaging Cell
Image Analyzer program (Baecker and Travo, 2006).

RESULTS

Rac1 GTPase Activity Increases at the
Onset of Myoblast Fusion
In Drosophila, studies using loss-of-function Rac mutations
or the expression of active and dominant negative mutants
of Rac1 have suggested an involvement of this protein in
myoblast fusion (Luo et al., 1994; Hakeda-Suzuki et al., 2002;
Fernandes et al., 2005). Thus, we measured Rac1 activity by
using pulldown assays at different times after the shift of
mammalian C2C12 myoblasts to DM (Figure 1, A and B).
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Rac1-GTP levels are increased after 2 d in DM, which cor-
responds to the onset of the fusion process as described
previously (Charrasse et al., 2006).

The Activation of Rac1 Is Required for Myoblast Fusion
We next investigated the role of Rac1 activity in myoblast
fusion by using NSC23766, a chemical inhibitor of Rac1 (Gao
et al., 2004). We first tested whether this Rac1 inhibitor is
efficient in C2C12 myoblasts. As shown in Figure 2, A and B,
NSC23766 strongly decreased Rac1 activity, when added to
proliferative C2C12 myoblasts. A decrease in Rac1 activity
was also measured 2 d after DM addition (data not shown).
We then analyzed whether this Rac1 inhibitor could affect
the fusion process. Because we know that Rac1 inhibition
impairs myogenesis induction (Meriane et al., 2000b), the
addition of the Rac1 inhibitor was performed at least 2 h
after DM addition. C2C12 myoblasts treated with NSC23766
expressed muscle-specific proteins, such as myogenin (data
not shown) and troponin T (Figure 2C). However, we were
unable to detect any significant myotube formation in
NSC23766-treated myoblasts 6 d after DM addition, and
cells remained aligned and elongated (Figure 2D). Consis-
tently, the fusion index was dramatically reduced after
NSC23766 treatment (Figure 2E). Similarly reduced myo-
blast fusion was observed also when the Rac1 inhibitor was
added between 2 and 48 h after DM addition. Its effect was
reversible because its removal allowed myoblast fusion
(data not shown). Moreover, we could show a similar effect
in primary myoblasts as well, where the addition of
NSC23766 inhibited again the fusion into myotubes (data
not shown). Taken together, these data suggest that the
increase of Rac1 activity at the onset of myoblast fusion is
crucial for myotube formation.

Figure 1. Variation of Rac1 activity during myogenesis. (A) The level
of GTP-bound Rac1 was measured using GST fused to the Rac-binding
domain of the Rac1 effector PAK (GST-CRIB) in lysates obtained from
C2C12 myoblasts in growth medium (GM) or differentiation medium
(DM) collected at the indicated times (1–3.5 d after addition of the DM).
Rac1 was detected by immunoblotting. GM, growth medium; D, day.
(B) Three independent experiments were analyzed by densitometry, as
described in Materials and Methods. The histogram represents the GTP-
bound Rac1 normalized to the amount of total protein.

Figure 2. Effect of the inhibition of Rac1 activity on
myoblast fusion. (A) The level of GTP-bound Rac1 was
measured in lysates obtained form C2C12 myoblasts
either untreated (left) or treated for 5 h with the Rac1
inhibitor NSC23766 (right). Rac1 was detected by im-
munoblotting. (B) The histogram is representative of
three independent experiments that were analyzed by
densitometry. (C) C2C12 myoblasts were grown up to
80% confluence and shifted to DM without (a and c) or
with the Rac1 inhibitor (b and d). Cells were fixed and
stained for troponin T expression. Bar, 10 !m. (D)
Phase-contrast images of C2C12 myoblasts and myo-
tubes after 6 d in DM in absence (a) or in presence of the
Rac1 inhibitor (b). Bar, 30 !m. (E) The fusion index, i.e.,
the number of nuclei in multinucleated myotubes di-
vided by the total number of nuclei, was calculated for
the conditions described in D. Cells with a minimum of
three nuclei were considered as myotubes. The histo-
gram represents the fusion index calculated from five
independent experiments, where at least 7000 nuclei in
each experiment were counted using the MRI Cell Im-
age Analyzer program (Baecker and Travo, 2006).
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Inhibition of M-Cadherin Homophilic Association
Specifically Impairs the Fusion Process
To be able to specifically interfere with M-cadherin–depen-
dent cell–cell contacts, we used an antibody raised against
the extracellular domain of the M-cadherin molecule
(Charrasse et al., 2006). We first analyzed whether this anti-
body could efficiently block M-cadherin–dependent signal-
ing. We thus treated C2C12 myoblasts with this anti-M-
cadherin antibody and followed myoblast differentiation by
time-lapse imaging and analysis of the expression of the
muscle-specific proteins myogenin, troponin T, and myosin
heavy chain (MHC). As shown in Figure 3, addition of the
anti-M-cadherin antibody specifically inhibited myotube
formation (Figure 3A) without affecting the expression of the
muscle-specific proteins (Figure 3B). Comparable results
were obtained with three different antisera (data not shown),
whereas the use of preimmune serum did not have any
effect. These data suggest that, as previously reported, M-
cadherin is required for myoblast fusion (Zeschnigk et al.,
1995; Charrasse et al., 2006), and they validate the use of this
anti-M-cadherin antibody to specifically interfere with the
activation of this adhesive receptor.

M-Cadherin–dependent Cell–Cell Contact Formation
Activates Rac1 in C2C12 Myoblasts
Both M-cadherin and Rac1 activities are required for myo-
blast fusion. Because cadherins induce a downstream sig-
naling cascade that involves activation of Rho GTPases, we
wondered whether M-cadherin–dependent cell–cell con-
tacts control Rac1 activity. For this we used the organization
of the F-actin cytoskeleton as a functional read-out. Rac1
mediates local actin polymerization, leading to the forma-
tion of ruffles and lamellipodia, whereas RhoA induces the
formation of stress fibers (Ridley and Hall, 1992). The dy-
namic organization of the F-actin cytoskeleton was analyzed

in C2C12 myoblasts plated onto dishes coated with either
anti-Fc antibody (Fc), poly-l-lysine (PL), or M-cad-Fc or
N-cad-Fc ligand, which allowed us to mimic N- or M-cad-
herin–mediated adhesion. Lamellipodia were detected in
myoblasts plated on PL and Mcad-Fc ligand–coated dishes,
whereas some stress fibers were detected in myoblasts
plated on N-cad-Fc ligand–coated surfaces, as previously
reported (Charrasse et al., 2002; Figure 4A and Supplemen-
tary Online Videos). These results suggest that Rac1 could
be activated by the M-cadherin engagement and, thus, led us
to assess Rac1 activity by pulldown assays (Figure 4B).
Twenty-four hours after plating, we observed a marked
Rac1 activation in C2C12 myoblasts plated on surfaces
coated with PL or M-cad-Fc. No such Rac1 activity was
observed when C2C12 myoblasts were plated on N-cad-Fc–
coated surfaces. RhoA activity was not significantly in-
creased in C2C12 cells plated on M-cad-Fc–coated surfaces
(Figure 4C), in contrast to what happens in N-cad-Fc–coated
ones (Charrasse et al., 2002).

We then wanted to known whether the blockade of cell–
cell adhesion mediated by M-cadherin could affect the Rac1
activation observed in C2C12 myoblasts after 2 d in DM. We
thus measured Rac1 activation at different times after the
shift to DM in control versus anti-M-cadherin–treated
C2C12 myoblasts by using pulldown assays (Figure 4, D and
E). Rac1 activation was again observed at the onset of myo-
blast fusion in C2C12 myoblasts; however, its activation was
decreased and delayed in the cells treated with the anti-M-
cadherin antibody. Nevertheless, because cells treated with
the anti-M-cadherin antibody do not fuse, the residual Rac1
activity is either not sufficient to allow myoblast fusion
and/or appears too late in the sequence of event to allow
myoblast fusion. Altogether, these data demonstrate that
M-cadherin activates Rac1 in myoblasts and that inhibition

Figure 3. Inhibition of M-cadherin depen-
dent cell–cell contacts prevents myotube for-
mation without affecting the expression of
myogenic markers. (A) C2C12 myoblasts were
grown up to 80% confluency (a and f) and
shifted in DM for 4 d (b–e, g–j). Cells were
treated with an anti-M-cadherin antibody (f–
j). Phase contrast images show the presence of
myotubes in control C2C12 myoblasts (c–e),
whereas C2C12 myoblasts treated with the
anti-M-cadherin antibody did not fuse (h–j).
Bar, 30 !m. (B) Protein extracts from myo-
blasts treated as in A were immunoblotted to
detect myogenin, troponin T, and MHC ex-
pression. (C) C2C12 myoblasts treated as in A
were fixed at the indicated times and stained
for troponin T expression. Bar, 10 !m.
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of M-cadherin–dependent cell–cell adhesion decreases Rac1
activation at the onset of myoblast fusion.

The Rho-GEF Trio Is required for Myotube Formation
The increase in Rac1 activity induced by the M-cadherin
activation led us to look for Rho-GEFs that might be in-
volved in this M-cadherin signaling via Rac1 during myo-
tube formation. Among the Rho-GEFs described, Trio has
retained our attention because 1) it has been functionally
linked to Rac1 activation (Debant et al., 1996; Blangy et al.,
2000) and 2) its loss-of-function mutation in mice causes
skeletal muscle defects due to myoblast fusion deficiency
(O’Brien et al., 2000). We first assessed whether Trio was
required for myoblast fusion in C2C12 myoblasts. For this
purpose, we made use of the RNA interference technology
to knockdown Trio expression. We generated by retroviral
infection stable C2C12 cell lines in which the expression of
Trio was inactivated by RNA interference (Trio shRNA). As
a control, we made C2C12 cell lines stably expressing a
shRNA in which Trio sequence was mutated (control
shRNA). Trio silencing was analyzed by Western blot in

different clones (Figure 5A). Trio protein levels were strongly
decreased in the four Trio shRNA clones used, in comparison
with the control shRNA ones. Trio and control shRNA clones
were grown to 80% confluency and shifted to DM for 4 d.
Although numerous myotubes were observed in the control
shRNA C2C12 cells (Figure 5B, top panels, C1–C4), only few
tiny myotubes were visible in the Trio shRNA clones (Figure
5B, bottom panels, T1–T4). Although the level of Trio was
variable in the different control shRNA clones, the expression
level was sufficient to allow the fusion process, suggesting that
a threshold of Trio signaling is required for myoblast fusion.
Similar results were obtained both with the selected Trio
shRNA clones and with a pool of cells collected before cloning
by serial dilution, demonstrating that these effects were not due
to clonal variations (data not shown). The quantification of the
fusion index, which was performed at D4 in both control and
Trio shRNA clones, demonstrated that Trio is required for
myotube formation (Figure 5C). No myotubes were observed
in Trio shRNA even after 7 d in DM (data not shown), indicat-
ing that myoblast-to-myotube transition is efficiently blocked
and not simply delayed.

Figure 4. M-cadherin–dependent cell–cell
contacts increases Rac1 activity. (A) Four
hours after plating onto surfaces coated with
anti-Fc antibody (a), poly-l-lysine (b),
M-cad-Fc (c), or N-cad-Fc (d), C2C12 myo-
blasts were stained with rhodamine-labeled
phalloidin to analyze the F-actin distribution.
Bar, 10 !m. (B) The level of GTP-bound Rac1
was measured in lysates obtained from C2C12
cells 24 h after being plated on surfaces coated
with either anti-Fc antibody, poly-l-lysine, M-
cad-Fc, or N-cad-Fc. Rac1 was detected by
immunoblotting. The histogram represents
the GTP-bound Rac1 normalized for the
amount of total Rac1 protein. The results are
presented as mean of three independent ex-
periments. (C) The level of GTP-bound RhoA
was measured in lysates that were obtained
from C2C12 myoblasts 24 h after being plated
on surfaces coated with either anti-Fc anti-
body, M-cad-Fc, or N-cad-Fc. RhoA was de-
tected by immunoblotting. (D) The level of
GTP-bound Rac1 was measured in lysates ob-
tained form C2C12 myoblasts in GM or DM as
indicated either left untreated (left) or incu-
bated with an anti-M-cadherin antibody
(right). (E) The histogram represents the GTP-
bound Rac1 level normalized for the amount
of total Rac1 protein. Two independent exper-
iments were analyzed.
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We next examined whether Trio silencing could affect the
expression of muscle-specific proteins by using Western blot
analysis and immunocytochemistry (Figure 6, A and B, re-
spectively). Interestingly, the expression of myogenin and
troponin T was unaffected by Trio gene silencing in all Trio
shRNA clones (Figure 6 and data not shown), suggesting
that the induction of these genes does not require Trio, as
also observed for M-cadherin, "1-integrin, desmin, and #-tu-
bulin. These data indicate that although Trio is dispensable
for myogenesis induction, it is necessary for myotube for-
mation.

The Rho-GEF Trio and Rac1 Are Complexed with
M-Cadherin at the Onset of Myoblast Fusion
We next examined whether Trio was associated with M-cad-
herin complexes. Immunoprecipitation using an anti-Trio an-
tibody was performed on samples of C2C12 myoblasts
throughout myogenesis. M-cadherin was coimmunoprecipi-
tated with Trio at the onset of myoblast fusion (Figure 7A).
Similar results were obtained using enriched plasma mem-
brane preparations (data not shown). Rex2, another Rho-GEFs,
was not detected in association with the M-cadherin complex
(Figure 7B). Similar absence of an association with M-cadherin
was obtained for the Rho-GEF LARG (data not shown). In
addition, we detected a strong association of Rac1 with the
M-cadherin complex at day 2 after the shift to DM (Figure 7C)
as observed for Trio (Figure 7A). RhoA was not detected with
the M-cadherin complex (data not shown).

We next analyzed whether this association might occur in
the lipid raft microdomains that concentrate molecules in a
microenvironment of the membrane to facilitate signal
transduction (Simons and Toomre, 2000). We first analyzed
whether M-cadherin is found in lipid rafts of C2C12 myo-
blasts, as does N-cadherin (Causeret et al., 2005), by isolating
detergent-resistant membranes (DRMs; Simons and Ikonen,
1997). As shown in Figure 7D, a fraction of M-cadherin was
found in DRMs as well as caveolin, a well-known DRM
marker. Fractions 3–5, corresponding to lipid rafts (LR), and
8–10, corresponding to nonlipid rafts (NLR), were pooled
and immunoprecipitated using an anti-Trio antibody. M-
cadherin was coimmunoprecipitated with Trio exclusively
in the LR fractions, albeit 10 times more NLR proteins were
used (Figure 7E).

Trio Knockdown Impairs M-Cadherin–dependent Rac1
Activation and Rac1 Association to the
M-Cadherin Complex
We next analyzed whether Trio is involved in M-cadherin–
dependent Rac1 activation. Rac1 activity was measured by
pulldown assays in Trio shRNA C2C12 myoblasts plated on
dishes coated with either the anti-Fc antibody alone or the
M-cad-Fc ligand. We did not observe any increase in Rac1
activation in Trio shRNA C2C12 myoblasts plated on M-cad-
Fc–coated dishes compared with those plated on anti-Fc
antibody (Figure 8A). This result contrasts with the GTPase

Figure 5. Inhibition of Trio expression by
RNA interference prevents myotube forma-
tion. (A) Four clones of control shRNA (C1–
C4) or Trio shRNA (T1–T4) were analyzed for
Trio and #-tubulin expression by Western
blot. (B) Phase-contrast images of the clones
described in A after 4 d in DM (D4). DM was
added to cells at 80% confluency. Bar, 30 !m.
(C) The histogram represents the fusion index,
i.e., the number of nuclei in multinucleated
myotubes divided by the total number of nu-
clei, calculated for control and Trio shRNA
clones at D4. The results are representative of
three independent experiments, where at least
3000 nuclei/experiment were counted.
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activation observed after M-cadherin engagement, which
was detected in control shRNA (Figure 8) and wild-type
C2C12 myoblasts (Figure 4B), and indicates that Trio is
involved in Rac1 activation in this process. Unexpectedly we
observed a higher basal Rac1 activity in Trio knockdown
myoblasts than in the wild-type C2C12 cells (Figure 8A),
probably because of a compensatory mechanism. In any case
this Rac1 activity is not sufficient or correctly localized to
allow the fusion process to occur.

We next investigated whether Trio was required for the
association of Rac1 to the M-cadherin complex. Immunopre-

cipitation using an anti-M-cadherin antibody was per-
formed on samples of parental, control shRNA, and Trio
shRNA C2C12 myoblasts cultured in growth medium (GM)
or after 2 d in DM. Rac1 was coimmunoprecipitated with
M-cadherin at the onset of myoblast fusion in parental
C2C12 and control shRNA clones, but not in Trio knock-
down cells (Figure 8C). Finally, we analyzed the Rac1 and
Trio association with the M-cadherin complex in C2C12
myoblasts treated with the specific Rac1 inhibitor NSC23766.
As shown in Figure 8D, Rac1 association with M-cadherin
was lost in NCS23766-treated C2C12 myoblasts.

Figure 6. Inhibition of Trio expression by
RNA interference does not affect myogenesis
induction. (A) Trio shRNA interferes with Trio
protein expression without affecting myoge-
nin, troponin T, M-cadherin, "1-integrin,
desmin, and #-tubulin expression. Expression
of these proteins was analyzed by Western
blot during differentiation of control shRNA
(clone C3) and Trio shRNA (clone T1) clones.
(B) myogenin (b, b$, e, e$, h, h$) and troponin
T (c, c$, f, f$, i, and i$) expression was analyzed
by immunocytochemistry during differentia-
tion in control shRNA (clone C3; a–i) and Trio
shRNA (clone T1; a$–i$) clones. DNA was
stained with Hoechst dye (a, a$, d, d$, g, and
g$). Bar, 10 !m.

Figure 7. The Rho-GEF Trio and Rac1 are com-
plexed with M-cadherin at the onset of myoblast
fusion. (A) Cell lysates of C2C12 myoblasts cul-
tured in GM or in DM (D1–D4) were immunopre-
cipitated using an anti-Trio antibody and immu-
noblotted for the presence of M-cadherin. (B) Cell
lysates of C2C12 myoblasts expressing or not Rex2
were immunoprecipitated using an anti-myc anti-
body and immunoblotted for the presence of M-
cadherin (top). Cell lysates of C2C12 myoblasts
expressing or not Rex2 were immunoblotted us-
ing an anti-myc antibody (bottom). (C) Cell lysates
of C2C12 myoblasts cultured in GM or 2 d after
DM addition (D2) were immunoprecipitated us-
ing an anti-M-cadherin antibody and immuno-
blotted for the presence of Rac1. (D) C2C12 myo-
blasts 2 d after DM addition were lysed in 1%
Triton X-100 and fractionated on a sucrose gradi-
ent. Thirty microliters of each fraction were ana-
lyzed for caveolin and M-cadherin distribution by
immunoblotting. Fractions 3–5 correspond to lipid
rafts (LR) and fractions 8–10 correspond to non-
lipid rafts (NLR). (E) Fifty micrograms of LR
(pooled fractions 3–5) and 500 !g of NLR (pooled
fractions 8–10) fractions were immunoprecipi-
tated using an anti-Trio antibody and immuno-
blotted for the presence of M-cadherin.
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DISCUSSION

Cellular interactions mediated by members of the cadherin
family of Ca2!-dependent cell–cell adhesion molecules have
been shown to play important roles throughout myogenesis.
N-cadherin–dependent intercellular adhesion has a major
role in cell cycle exit and in the induction of the skeletal
muscle differentiation program (Seghatoleslami et al., 2000;
Charrasse et al., 2002). M-cadherin is expressed later than
N-cadherin. Its expression increases at the onset of second-
ary myogenesis, and this protein has been implicated in
terminal myoblast differentiation, particularly in myoblast
fusion (Zeschnigk et al., 1995). Although the signal transduc-
tion pathways, which are elicited by N-cadherin and which
control myogenesis induction, are in the process of being
elucidated (Charrasse et al., 2002), no details are available for
the M-cadherin–dependent signaling. As cadherin adhesive
receptors are well-known regulators of the Rho GTPase
activity, we have analyzed their contribution to the M-cad-
herin–dependent signaling. Our results establish that Rac1
is required for myoblast fusion to occur in C2C12 myoblasts.
Indeed, we have observed that inhibition of Rac1 activity
impairs myoblast fusion. This observation is supported also
by the increase in Rac1 activity at the onset of myoblast
fusion. This contrasts with RhoA GTPase, which must be
down-regulated to allow fusion to occur (Charrasse et al.,
2006) and highlights that the maintenance of a dynamic
balance between RhoA and Rac1 activities is crucial for both
myogenesis induction (Charrasse et al., 2002) and myoblast
fusion. Rac1 has been previously involved in myoblast fu-
sion in Drosophila (Luo et al., 1994; Hakeda-Suzuki et al.,
2002; Fernandes et al., 2005) and in this study, we provide
the first demonstration of its requirement in mammalian
myoblast fusion in mouse C2C12 myoblasts. In addition, we
demonstrate that Rac1 is activated by the M-cadherin adhe-
sive receptor during myoblast fusion, thus deciphering a
new cross-talk between a cell adhesion receptor and a Rho
GTPase. This also suggests that the timing of Rac1 activation
during the differentiation process might lead to antagonistic
biological effects. Indeed, Rac1 activation at the beginning of

the differentiation process inhibits myogenesis induction by
preventing the withdrawal of myoblasts from the cell cycle
(Meriane et al., 2000b, 2002). Along the same line, we have
observed that the expression of R-cadherin in myoblasts also
activates Rac1 and causes inhibition of myogenesis induc-
tion and impairment of cell cycle exit (unpublished results).
In contrast, we show here that M-cadherin–dependent Rac1
activation, once the differentiation process is engaged, pos-
itively regulates myoblast fusion.

The mechanisms underlying the cross-talk between cad-
herin ligation and the modulation of Rho GTPases activity is
still unclear. Typical regulators of Rho GTPases are GEFs
and GTPase-activating proteins (GAPs). The function of M-
cadherin and Rac1 in myoblast fusion may involve the GEF
Trio, because Trio loss-of-function mouse showed that Trio is
essential for late embryonic development and particularly
for secondary myoblast fusion (O’Brien et al., 2000). More-
over, M-cadherin has been shown to accumulate at the areas
of contact between fusing secondary myoblasts and myo-
tubes (Cifuentes-Diaz et al., 1995). The Trio protein contains
two putative GEF domains: one specific for RhoG and Rac1
(GEFD1) and the other for RhoA (GEFD2; Debant et al., 1996;
Blangy et al., 2000). The activity of GEFD2 in the whole Trio
protein has not been demonstrated, and it is assumed that
the Trio biological effects are due to Rac1 activation. Here we
show that 1) Trio is required for myoblast fusion and 2) that
Trio is associated with M-cadherin at the time of fusion.
Whether the association of Trio with the M-cadherin com-
plex is direct or the result of an interaction in cis with
partners in the membrane remains to be determined. Indeed,
one can envisage that Trio may interact with the cadherin–
catenin complexes, as it has been reported for the Rho-GEF
Vav2 (Noren et al., 2000). Moreover, Trio was originally
isolated as a binding partner of the LAR transmembrane
tyrosine phosphatase (Debant et al., 1996), and we were able
to show that LAR sediments with M-cadherin at the time of
myoblast fusion (data not shown). Furthermore, members of
the immunoglobulin superfamily, such as CDO and BOC,
have been shown to interact with cadherin in cis and to

Figure 8. Trio knockdown impairs M-cadherin–
dependent Rac1 activation and its association to the
M-cadherin complex. (A) The level of GTP-bound
Rac1 was measured in lysates obtained 24 h after
plating control shRNA (clone C3) or Trio shRNA
C2C12 on surfaces coated with either anti-Fc anti-
body or M-cad-Fc. Rac1 was detected by immuno-
blotting. The histograms represent the amount of
GTP-bound Rac1 normalized for the amount of total
Rac1 protein. The results are presented as mean of
three independent experiments performed by using
three different Trio shRNA clones or is the densito-
metric analysis of the autoradiogram shown for con-
trol shRNA. (B) Cell lysates of parental, control
shRNA (clone C3), or Trio shRNA (clone T1) C2C12
myoblasts cultured in GM or 2 d after DM addition
(D2) were immunoprecipitated using an anti-M-cad-
herin antibody and immunoblotted for the presence
of Rac1. (C) Cell lysates of C2C12 myoblasts cul-
tured in DM supplemented or not with the Rac1
inhibitor NSC33766 for 2 d (D2) were immunopre-
cipitated using an anti-M-cadherin antibody and im-
munoblotted for the presence of Rac1.
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positively regulate myogenesis (Kang et al., 2003). In addi-
tion, Neogenin, a receptor for the Netrin family of secreted
ligands which interacts with CDO, promotes myotube for-
mation (Kang et al., 2004). Netrins and their receptors are
well-known regulators of axon guidance, and they recruit
the Rho-GEF Trio (Forsthoefel et al., 2005). Another interest-
ing point to assess will be to verify whether the Trio GEFD1
may activate Rac1 either directly or through RhoG, which
we have previously described as a target of TrioGEFD1 and
an upstream activator of Rac1 (Gauthier-Rouviere et al.,
1998; Blangy et al., 2000).

Other pathways that end with the activation of Rac1
might also be controlled by M-cadherin. In particular, the
Drosophila myoblast city (mbc), which encodes a cytoskeleton-
associated protein with homology to the human DOCK180
protein, was shown to be an upstream regulator of Rac1
activity and to be essential for myoblast fusion (Erickson et
al., 1997; Nolan et al., 1998). The DOCK180/Elmo complex
might play a role in Rac1 activation via either RhoG or Arf6
(Katoh and Negishi, 2003; Santy et al., 2005). The small
GTPase Arf6, as well as the Arf6-GEF Loner, is also involved
in myoblast fusion in Drosophila (Chen et al., 2003). Further
studies will be necessary to precisely identify the proteins
that associated with or are activated by the M-cadherin
multiproteic complex and are coordinately involved in the
promyogenic signaling.

In conclusion, we propose that M-cadherin might be in-
volved both in the myoblast recognition and in the induction
of localized intracellular signaling pathways conducting to
Rac1 activation, a prerequisite for the cytoskeletal rearrange-
ments necessary for myoblast fusion (Clark et al., 2002; Musa
et al., 2003). Indeed, Rac1 is a well-known regulator of the
dynamic organization of the cortical actin cytoskeleton
(Hall, 1998, 2005) and was found localized to discrete sites
along plasma membrane of fusion competent myoblast in
Drosophila (Chen et al., 2003). Interestingly, the actin cy-
toskeleton is extensively reorganized during myoblast fu-
sion as the bundles of actin stress fibers disappear and
nonmuscle actin is found under the plasma membrane
(Swailes et al., 2004). Rac1 has also been involved in the
organization of the microtubule cytoskeleton, a structure
that is reorganized and participates to myoblast fusion and also
associates with M-cadherin (Saitoh et al., 1988; Kaufmann et al.,
1999; Musa et al., 2003; Wittmann et al., 2004). Further studies
are required to address how Rac1 might be involved in these
cytoskeletal changes during myoblast fusion.

Cell therapy by means of transplantation of fusion com-
petent myoblasts may help to treat devastating muscle dis-
eases and muscular atrophy. Unfortunately, the inability of
the injected myoblasts to fuse efficiently with host myofibers
represents at the moment a major limitation of cell therapy
(Skuk and Tremblay, 2000). Further understanding of the
signaling pathways which control the myoblast fusion could
improve future therapeutic strategies.
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