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The Rho family of GTP-binding proteins plays a critical role in a variety of cellular processes,
including cytoskeletal reorganization and activation of kinases such as p38 and C-jun N-terminal
kinase (JNK) MAPKs. We report here that dominant negative forms of Racl and Cdc42Hs inhibit
the expression of the muscle-specific genes myogenin, troponin T, and myosin heavy chain in L6
and C2 myoblasts. Such inhibition correlates with decreased p38 activity. Active RhoA, RhoG,
Racl, and Cdc42Hs also prevent myoblast-to-myotube transition but affect distinct stages: RhoG,
Racl, and Cdc42Hs inhibit the expression of all muscle-specific genes analyzed, whereas active
RhoA potentiates their expression but prevents the myoblast fusion process. We further show by
two different approaches that the inhibitory effects of active Racl and Cdc42Hs are independent
of their morphogenic activities. Rather, myogenesis inhibition is mediated by the JNK pathway,
which also leads to a cytoplasmic redistribution of Myf5. We propose that although Rho proteins
are required for the commitment of myogenesis, they differentially influence this process, posi-
tively for RhoA and Racl/Cdc42Hs through the activation of the SRF and p38 pathways,

respectively, and negatively for Racl/Cdc42Hs through the activation of the JNK pathway.

INTRODUCTION

The development of skeletal muscle is a multistep process in
which pluripotent mesodermal cells give rise to myoblasts
that subsequently withdraw from the cell cycle and differ-
entiate into plurinucleated myotubes. The earliest known
markers for the skeletal muscle lineage are the four myo-
genic basic helix-loop-helix (bHLH) factors MyoD, Myf5,
myogenin, and MRF4 (Molkentin and Olson, 1996; Arnold
and Winter, 1998). During differentiation, myogenic bHLH
factors activate muscle-specific genes (such as myosin light
and heavy chains, troponin T, etc.) and coordinate with-
drawal from the cell cycle (Lassar et al., 1994). In culture,
differentiation of myocytes is induced when cells are ex-
posed to medium containing a low concentration of mito-
gens (differentiation medium). These myogenic bHLH fac-
tors are targets of growth factor-signaling pathways that
either negatively or positively regulate myogenic differenti-
ation. In vivo experiments in mice have shown that sonic
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hedgehog and Wnt proteins coming from the dorsal neural
tube control Myf5 expression, whereas MyoD is controlled
by factors from the dorsal ectoderm (Munsterberg et al.,
1995; Cossu et al., 1996; Stern et al., 1997). In addition, neg-
ative regulation by proteins such as BMP4, released by the
lateral mesoderm, or proteins of the TGFS and FGF families
plays an important role in this process (Pourquie et al., 1996).

The Rho family of Ras-like GTPases are clustered in two
distinct subgroups: the Rac/Cdc42 subgroup, which in-
cludes Racl, Rac2, and Rac3, RhoG, Cdc42Hs, TC10, chp,
and RhoH, and the Rho subgroup, in which RhoA, -B and
-C, RhoD, RhoL, and Rndl, Rnd2, and Rnd3 are found.
Specific substitutions based on Ras studies result in the
expression of proteins that are either in a constitutively
active GTP-bound (e.g., G12V and Q61L) or dominant neg-
ative GDP-bound (e.g., T17N) conformation. Rho GTPases
regulate a variety of cytoskeleton-dependent cell functions
(Hall, 1998) and have been implicated in various cellular
events (Tapon and Hall, 1997; Fort, 1999; Michiels and Col-
lard, 1999). RhoA, Racl, and Cdc42Hs control signaling
pathways that regulate gene transcription. They are re-
quired for the serum-induced activation of SRF (serum re-
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sponse factor) (Hill ef al., 1995), a transcription factor that
binds the CArG box sequence that is found in the promoters
of many muscle-specific genes and is essential for their
expression (Mohun ef al.,, 1987; Vandromme et al., 1992;
Gauthier ef al., 1996). Racl and Cdc42Hs, but not RhoA
(except in 293T cells) (Teramoto et al., 1996), regulate the
activation of members of the MAPK group, the C-jun
N-terminal kinases (JNKs)/stress-activated protein kinases
and p38 kinases (Coso ef al.,, 1995; Minden et al., 1995).
Recent studies show that p38 activity is required for C2C12
myoblast differentiation (Cuenda and Cohen, 1999; Zetser et
al., 1999).

The role of Rho GTPases, and particularly the Rac/
Cdc42Hs subgroup, in skeletal muscle differentiation is not
well understood. Recent reports have revealed that the
RhoA /SRF signaling cassette controls MyoD expression and
skeletal muscle differentiation without affecting Myf5 ex-
pression (Carnac ef al., 1998; Takano et al., 1998; Wei et al.,
1998). In contrast, constitutively activated Racl does not
appear to affect MyoD activity (Ramocki et al., 1997). Because
Northern blot analysis revealed strong expression of Racl
and Cdc42Hs mRNAs in muscle, we studied their role in the
skeletal muscle differentiation of rat L6 and mouse C2 myo-
blasts. First, we show that the activity of Racl and Cdc42Hs
GTPases is required for myogenesis, because expression of
dominant negative forms of these GTPases resulted in total
inhibition of the expression of the myogenic factors myoge-
nin, troponin T, and myosin heavy chain (MHC) and led to
strong inhibition of p38 activity. Second, we demonstrate
that active Racl and Cdc42Hs inhibit the expression of myo-
genin, troponin T, and MHC, whereas expression of active
RhoA potentiates SRF-dependent myogenin and troponin T
expression. We further show by two different approaches
that inhibition of skeletal muscle differentiation by active
Racl and Cdc42Hs is mediated by the JNK pathway, the
activation of which also leads to a cytoplasmic distribution
of Myf5.

MATERIALS AND METHODS
Northern Blot Analysis

Membranes containing poly(A)* RNAs isolated from various hu-
man tissues (Multiple Tissue Northern, Clontech, Palo Alto, CA)
were hybridized for 12-24 h in a mixture containing 50% form-
amide, 5X Denhardt’s solution, 10 mM PO, buffer, pH 7, 0.75 M
NaCl, 0.1% SDS, 10% dextran sulfate, and 100 ug/ml denatured
salmon sperm DNA at 42°C with the use of 3?P-labeled nick-trans-
lated probes (10° cpm/ml). Filters were washed twice in 2X SSC—
0.1% SDS (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate) at
room temperature and once in 0.2X SSC-0.1% SDS at 65°C.

Establishment of Stable Cell Lines

G418-resistant GP+E-86 clones expressing constitutively activated
forms of Racl, RhoG, Cdc42Hs, or RhoA were grown to collect
retrovirus-containing cell-free supernatants (Roux et al., 1997). In-
fection was performed on exponentially growing L6 or C2.7 myo-
blasts (5 X 10° cells per 60-mm dish) with the use of 5 ml of viral
supernatant (10° to 5 X 10° colony-forming units/ml). Twenty-four
hours later, cells were split and cultured in medium containing
G418 (1 mg/ml). After 10 d of selection, resistant colonies were
collected, tested for GTPase expression, and used for experiments.
Cells were grown continuously in G418.
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Cell Culture and Drug Treatment

L6 rat myoblasts (Vandromme et al., 1992) were grown in DMEM/
HAM F-12 (ratio 1:1) supplemented with 10% FCS (BioMedia, Bous-
sens, France). To induce differentiation, growth medium was re-
placed with differentiation medium consisting of DMEM/HAM
F-12 supplemented with 2% FCS. Stable cell lines derived from L6
myoblasts were cultured under the same conditions in medium
supplemented with 1 mg/ml G418. C2.7 and C2C12 mouse myo-
blasts were grown in DMEM supplemented with 10% FCS. Differ-
entiation was triggered by replacing growth medium with DMEM
containing 2% FCS. Anisomycin was used at a concentration of 5
nM, and SB 203580 was used at a concentration at 10 uM. Control
cells were incubated with the same volume of DMSO. Drug-con-
taining medium was replaced every 12 h.

Plasmids and Transient Transfection

Cells were transfected with GFP-Rac1V12, GFP-RhoGV12, GFP-
Cdc42HsV12, GFP-RhoAV14 (Gauthier et al., 1998), Myc-Rac1L61Y40,
Myc-RaclL61F37, Myc-Cdc42HsL61Y40, Myc-Cdc42HsL61F37 (pro-
vided by A. Hall, NRC Laboratory for Molecular Cell Biology, London,
UK) or FLAG-MKKY (provided by R. Davis, University of Massachu-
setts, Worcester, MA) and HA-MKKS3 (provided by B. Derijard, Centre
National de la Recherche Scientifique, Nice, France) with the use of the
lipofectamine method (1 pg of plasmid DNA per 35-mm dish) as
described by the supplier (Life Technologies, Gaithersburg, MD). Four
hours after transfection, the medium was replaced with DMEM/HAM
F-12 supplemented with 10% FCS for 4 h. Growth medium was then
replaced with differentiation medium, and cells were fixed at different
times thereafter and processed for immunohistochemistry.

Immunofluorescence

Cells growing in 35-mm dishes were fixed in 3.7% formaldehyde
in PBS followed by 5 min of permeabilization in 0.1% Triton
X-100 in PBS and incubated in PBS containing 0.1% BSA. Myo-
genin expression was visualized with a 60-min incubation with a
rabbit polyclonal anti-myogenin antibody (1:30 dilution; Tebu)
followed by incubation with a fluorescein-conjugated goat anti-
rabbit antibody (1:50 dilution; Cappel-ICN, Costa Mesa, CA).
MHC expression was detected with the use of a mouse monoclo-
nal anti-MHC antibody (1:100 dilution; Sigma Chemical, St.
Louis, MO), followed by incubation with fluorescein-conjugated
anti-mouse antibody (1:50 dilution; Cappel-ICN). Expression of
Green Fluorescent Protein (GFP)-tagged proteins was visualized
directly. Expression of Myc epitope-tagged Racl and Cdc42Hs
mutants was detected with a 60-min incubation with the 9E10
anti-Myc antibody (a gift from C. Lambert and D. Mathieu,
Centre National de la Recherche Scientifique, Montpellier,
France), expression of hemagglutinin (HA)-tagged proteins was
monitored with a mouse monoclonal anti-HA antibody (12CA5),
and expression of FLAG-tagged proteins was assessed with a
mouse anti-FLAG antibody (1:200 dilution; Sigma) followed by
incubation with a TRITC-conjugated anti-mouse antibody (1:20
dilution) (Cappel-ICN). Myf5 protein was detected with the C-
terminal polyclonal rabbit anti-Myf5 antibody (1:200 dilution;
Yablonka-Reuveni et al., 1999) followed by biotin-conjugated an-
ti-rabbit antibody (1:200 dilution; Amersham, Arlington Heights,
IL) and streptavidin-Texas red (1:200 dilution; Amersham). Actin
filaments were stained with rhodamine-conjugated phalloidin
(0.5 U/ml; Sigma). Nuclei were stained with Hoechst stain (0.1
wg/ml; Sigma) applied just before cells were mounted in
Mowviol (Aldrich, Milwaukee, WI) and observed under a DMR
Leica microscope (Rueil-Nalmaison, France) with the use of 40X
or 63X planapochromat lenses. Images thus obtained were cap-
tured with an ORCA 100 (B/W) 10-bit cooled charge-coupled
device camera (C mount 1X), a C 4742-95 controller, and an
HIPIC controller program run on a personal computer
(Hamamatsu, Hamamatsu City, Japan). Images were saved in
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TIFF format (8 bits) for processing in Adobe (Mountain View,
CA) Photoshop and assembled in Adobe Illustrator.

Scanning Electron Microscopy

Parental L6 myoblasts and stable L6 RhoGV12, L6 RaclV12, L6
Cdc42HsV12, and L6 RhoAV14 were fixed and processed as de-
scribed previously for scanning electron microscopy (SEM) analysis
(Gauthier et al., 1998). Cells were observed with the use of a Hitachi
(Tokyo, Japan) S4000 scanning microscope.

Gel Electrophoresis and Immunoblotting

Cells cultured in 60-mm dishes were rinsed in cold PBS and lysed in
Laemmli sample buffer (40 mM Tris-HCI, pH 6.8, 5 mM DTT, 1%
SDS, 7.5% glycerol, 0.01% bromphenol blue) added to the dish.
After scraping and boiling, samples (100 ug of protein) were loaded
on a 12.5% polyacrylamide gel and transferred onto nitrocellulose.
Membranes were saturated in 5% milk in PBS containing 0.1%
Tween-20 for 1 h and subsequently incubated with different primary
antibodies. The following antibodies were used: mouse monoclonal
anti-Racl antibody (dilution 1:50; Upstate Biotechnology, Eurome-
dex, Mundolsheim, France); anti-Myc antibody from mouse ascites
(dilution 1:1000; B. Rouault, Centre National de la Recherche Scien-
tifique, Montpellier, France); mouse 12CA5 anti-HA antibodies (di-
lution 1:10); mouse monoclonal anti-troponin T antibody (dilution
1:100; Sigma); mouse monoclonal anti-a-tubulin antibody (dilution
1:10; P. Mangeat, Centre National de la Racherche Scientifique,
Montpellier, France); and rabbit polyclonal anti-Myf5 antibody (di-
lution 1:500; Yablonka-Reuveni et al., 1999). Membranes were
washed and incubated with peroxidase-conjugated anti-mouse or
anti-rabbit secondary antibodies (dilutions of 1:2000 or 1:5000, re-
spectively; Amersham). After washing, membranes were incubated
with chemiluminescence reagents (Renaissance, New England Nu-
clear, Boston, MA). Autoradiographs were scanned, and images
obtained in Adobe Photoshop were assembled in Adobe Illustrator.

Kinase Assay

Parental L6, L6 RhoGV12, L6 RaclV12, L6 Cdc42HsV12, and L6
RhoAV14 cells cultured in 60-mm dishes were transfected or co-
transfected with 2 ug of HA-JNK, HA-p38 (provided by B. Deri-
jard), GFP-RhoGV12, GFP-Rac1V12, GFP-Cdc42HsV12, GFP-
Rac1L61, GFP-Racl1L61F37A, GFP-Rac1L61Y40C, GFP-Cdc42HsL61,
GFP-Cdc42HsL61F37A, GFP-Cdc42HsL61Y40C, GFP-RhoAV14,
FLAG-MKK?7, or HA-MKK3 plasmids with the use of the lipo-
fectamine method as described by the supplier (Life Technologies).
Four hours after the transfection, the medium was replaced with
DMEM/HAM F-12 supplemented with 10% FCS. Twenty-four
hours after transfection, cells were washed twice in cold PBS and
then solubilized in a Triton lysis buffer containing 20 mM Tris (pH
7.5), 137 mM NaCl, 2 mM EDTA, 1% Triton X-100, 25 mM B-glyc-
erophosphate, 1 mM sodium orthovanadate, 2 mM NaPPi, 10%
glycerol, 1 mM PMSF, and 10 ug/ml leupeptin. Soluble extracts
were obtained by centrifugation at 12,000 rpm for 30 min at 4°C.
Cell extracts were then split into two fractions: the first to test
HA-JNK, HA-p38, or GTPase expression, and the second to assay
for JNK or p38 kinase activities as follows. The extracts were im-
munoprecipitated by incubation with the anti-HA antibody 12CA5
(dilution 1:50) and 20 ul of protein G-Sepharose (Pharmacia Bio-
tech, Piscataway, NJ) for 2 h at 4°C. Immunoprecipitates were then
washed twice with the Triton lysis buffer and twice with a kinase
buffer containing 25 mM HEPES (pH 7.5), 25 mM MgCl, 25 mM
B-glycerophosphate, 2 mM DTT, and 0.1 mM sodium orthovana-
date. The kinase assay was performed by incubating the immuno-
precipitates for 20 min at 30°C in the presence of 50 uM ATP and
2 uCi of [y*2P]ATP with 3 pg of GST-c-JUN for the JNK assay and
3 ug of GST-ATE2 for the p38 assay. The reactions were stopped by
adding 5X Laemmli buffer. Samples were loaded onto a 15% poly-
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Figure 1. Racl and Cdc42Hs mRNA distribution. Northern blot
membrane containing 2 ug of poly(A)* RNA from various human
tissues was probed for Racl and Cdc42Hs GTPases. RNA marker
sizes (in kilobases) are indicated.

acrylamide gel, transferred onto nitrocellulose, analyzed with a
Phosphoimager (Molecular Dynamics, Sunnyvale, CA), and nor-
malized as a function of the expression of the various proteins.

RESULTS

The Activities of Racl and Cdc42Hs GTPases Are
Required for Skeletal Muscle Differentiation

As a prerequisite, we first analyzed the level of Racl and
Cdc42Hs GTPase mRNA expression in several human or-
gans. Membranes containing poly(A)* RNAs isolated from
various human tissues (Multiple Tissue Northern, Clontech)
were probed for Racl and Cdc42Hs mRNAs (Figure 1). As
described previously (Didsbury et al., 1989), two Racl
mRNA species of 1.1 and 2.4 kilobases were detected and
two Cdc42Hs mRNAs of 1.9 and 2.5 kilobases were detected.
Membranes were also probed for S26 mRNA to estimate the
amounts of loaded RNAs (Vincent et al., 1993). Although
ubiquitously expressed, a high level of both Racl and
Cdc42Hs mRNAs was found in skeletal and cardiac muscle.

To examine whether theses GTPases are involved in the
process of skeletal muscle differentiation, we transfected L6
and C2 myoblasts with GFP-tagged constructs expressing
the dominant negative (DN) T17N mutants of Racl and
Cdc42Hs GTPases. Cells were induced to differentiate by
replacing the growth medium (GM) with differentiation me-
dium (DM), fixed, and analyzed for expression of myogenin,
troponin T, and MHC, three muscle-specific proteins (Figure
2A). Myogenin is a transcription factor expressed before the
establishment of the postmitotic state that has been shown to
be one of the earliest known markers for myoblasts commit-
ted to myogenesis (Wright et al., 1989; Andres and Walsh,
1996). Troponin T and MHC are major components of the
contractile apparatus in muscle fibers and are expressed
only several hours after the onset of differentiation. Fifty
hours after DM addition, myogenin, troponin T, and MHC
proteins were expressed in ~75% of parental L6 cells and
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Figure 2. Racl and Cdc42Hs activity and myogenesis. (A) L6
myoblasts were transfected with constructs expressing GFP-tagged
RacIN17 and Cdc42HsN17 and shifted to DM for 50 h. Cells were
then fixed and stained for myogenin, troponin T, and MHC expres-
sion. L6 myoblasts were also switched to DM containing 10 uM SB
203580. The histogram represents the percentages of myogenin-,
troponin T-, or MHC-positive cells and summarizes the data from
five independent sets of experiments; 40-50 cells were analyzed in
each experiment. (B) L6 myoblasts were cotransfected with HA-p38
and constructs expressing GFP alone as a control, GFP-tagged
RacIN17, or GFP-tagged Cdc42HsN17. p38 activity in the cell ly-
sates was measured as described in MATERIALS AND METHODS
from L6 cells in proliferation medium (PM) or L6 cells expressing or
not expressing GFP-Rac1IN17 or GFP-Cdc42HsN17 in differentiation
medium (DM) for 24 h. The results are presented as averages from
three independent experiments.

control L6 cells transfected with plasmid encoding GFP
alone. In contrast, although they exhibited unaltered mor-
phology, more than 95% of cells transfected with the DN
Racl and Cdc42Hs mutants failed to express myogenin,
troponin T, and MHC. Similar results were obtained with
transfected C2 cells (our unpublished results). Expression of
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DN Racl and Cdc42Hs did not affect a-tubulin expression,
discounting a deleterious effect of these GTPase mutants
(our unpublished results). These data indicate that Rho-
dependent pathways are required during the early phases of
myogenic differentiation. In addition to the control of cy-
toskeletal structures, Rho GTPases have been shown to reg-
ulate the JNK and p38 MAPK pathways (Coso et al., 1995;
Minden et al., 1995). Interestingly, p38 activity was recently
shown to be essential for C2C12 myoblast differentiation
(Cuenda and Cohen, 1999; Zetser ef al., 1999). We first as-
sessed whether p38 inhibition had a similar effect on L6 cells.
As shown in Figure 2A, the specific inhibition of p38 by SB
203580 totally blocked L6 myoblast differentiation. We next
analyzed the effects of DN Racl and Cdc42Hs mutants on
p38 activity (Figure 2B). L6 cells were transiently cotrans-
fected with GFP-tagged expression plasmids for Rac1N17,
Cdc42HsN17, and HA-tagged p38, and anti-HA immuno-
precipitates were assayed for kinase activity. As reported
previously (Cuenda and Cohen, 1999), we observed a three-
fold increase in p38 activity 24 h after culture in differenti-
ating conditions. In contrast, no changes in p38 activity were
detected under identical conditions when RacIN17 and
Cdc42HsN17 were expressed. Together, these data show
that the inhibition of Racl and Cdc42Hs GTPase activities is
associated with a down-regulation of p38 kinase activity and
a block in skeletal muscle differentiation.

Establishment of Stable L6 Myoblast Cell Lines
Expressing Constitutively Active Forms of RhoG,
Racl, Cdc42Hs, and RhoA GTPases

Because the inhibition of Racl and Cdc42Hs activities
impaired myogenesis of L6 cells, we next investigated the
effects of constitutively active Racl and Cdc42Hs proteins.
L6 myoblastic cells were stably infected with retroviral
vectors encoding either HA-tagged RaclV12 or Myec-
tagged Cdc42HsV12. As controls, we also established L6
cells stably expressing RhoGV12 or RhoAV14. RhoG has
been shown to act upstream of Racl and Cdc42Hs (Roux
et al., 1997; Gauthier ef al., 1998), whereas RhoA controls
distinct signaling pathways (Tapon and Hall, 1997; Sahai
et al., 1998). The introduction of the G12V (G14V for
RhoA) or Q61L substitution has been described exten-
sively as leading to constitutively active GTP-bound pro-
teins (for review, see Hall, 1998). Expression of activated
Rho proteins was monitored by examining the modifica-
tions in F-actin-containing structures controlled by each
of these GTPases, with the use of rhodamine-labeled phal-
loidin staining, and in cell plasma membranes, with the
use of SEM. F-actin staining and SEM analysis of growing
parental L6 cells (i.e., noninfected cells or cells infected
with wild-type virions) are shown in Figure 3, a and a’.
RhoGV12-expressing cells (Figure 3, b and b’) presented
the expected modifications in polymerized actin-contain-
ing structures and cell surface morphology, i.e., formation
of ruffles, lamellipodia, filopodia, microvilli, and partial
disassembly of actin stress fibers (Gauthier et al., 1998).
Similarly, RaclV12-expressing cells (Figure 3, ¢ and c’)
displayed ruffles and lamellipodia and partial disassembly
of actin stress fibers (Ridley et al., 1992), whereas Cdc42-
HsV12-expressing cells (Figure 3, d and d’) showed radial
extensions called filopodia, microvilli, and partial disassem-
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Figure 3. Analysis of RhoGV12, RaclV12, Cdc42HsV12, and
RhoAV14 GTPase expression in stable L6 cell lines. Proliferative
parental L6 (a and a’), L6 RhoGV12 (b and b’), L6 Rac1V12 (c and
c’), L6 Cdc42HsV12 (d and d’), and L6 RhoAV14 (e and e’) cells
were fixed and then stained for filamentous actin distribution with
rhodamine-labeled phalloidin (a, b, ¢, d, and e) or processed for
SEM (a’, b’, ¢’, d’, and e’). For each panel, cells shown are repre-
sentative of more than 100 observed cells. Bar, 10 um.

bly of actin stress fibers (Kozma et al., 1995; Nobes and Hall,
1995b). Although RhoAV14-expressing cells had increased
actin stress fibers (Figure 3e) compared with parental L6
cells (Figure 3a), no significant modifications of cell surface
morphology were detected by SEM (Figure 3, compare a’
and e’) (Ridley and Hall, 1992).

Morphological Analysis of Active Rho-expressing
Cells during the Course of Differentiation

Parental L6, L6 RhoGV12, L6 Rac1V12, L6 Cdc42HsV12,
and L6 RhoAV14 myoblasts were next induced to differ-
entiate by replacing the GM with the appropriate DM.
Expression of the various GTPases and morphological
differentiation were monitored at different times after the
shift to DM. Figure 4A shows an immunoblot analysis of
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endogenous Racl in parental L6 cells during the course of
differentiation (row a) as well as both endogenous (row c,
lower bands) and HA-tagged (row ¢, upper bands) Racl
proteins in L6 Rac1V12 cells. The Racl protein level re-
mained constant during the course of differentiation, as
did the expression of Myc-Cdc42HsV12 (row d) and HA-
RhoAV14 (row e) proteins. In this experiment, a-tubulin
was monitored as an internal loading control (row b).
The morphological analysis of these cell lines shown in
Figure 4B demonstrates that 1 d after addition of DM, L6
parental cells were regularly aligned (panel b) and myotube
formation was observed after 3 d (panel c). In sharp contrast,
L6 RhoGV12, L6 RaclV12, and L6 Cdc42HsV12 cells in
either GM (panels d, g, and j, respectively) or DM (panels e,
h, and k, respectively) were densely packed and adopted a
rounded shape. No myotube formation was detected 3 d
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after DM addition (panels f, i, and 1, respectively). Similar
inhibition of myotube formation was observed in C2 myo-
genic cells transfected with RhoGV12, RaclV12, and
Cdc42V12 vectors (our unpublished results). No myotubes
were observed even after 7 d in DM (our unpublished re-
sults), indicating that myoblast-to-myotube transition is ef-
ficiently blocked and not simply delayed. Although L6
RhoAV14 cells have a morphology similar to that of parental
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Figure 4. Effect of RhoGV12, Rac1V12, Cdc42HsV12,
and RhoAV14 expression on myogenesis. (A) Protein
extracts from parental L6 (a and b), L6 Rac1V12 (c), L6
Cdc42HsV12 (d), and L6 RhoAV14 (e) (100 ng/well)
collected at the indicated periods (P, proliferative; D1,
D2, D3, and D4, 1 to 4 d after addition of differentiation
medium) were immunoblotted with anti-Racl (a and
¢), anti-a-tubulin (b), anti-Myc (d), or anti-HA (e) an-
tibody as described in MATERIALS AND METHODS.
(B) Proliferating parental L6 and L6 RhoGV12, L6
Rac1V12, and L6 Cdc42HsV12 myoblasts were grown
to ~80% and then induced to differentiate in DM.
Shown are phase-contrast images of parental L6 myo-
blasts (a-c), L6 RhoGV12 (d—f), L6 Rac1V12 (g-i), L6
Cdc42HsV12 (j-1), and L6 RhoAV14 cells (m—o0). Pan-
els a, d, g j, and m, cells in proliferating medium;
panelsb, e, h, k, and n, 1 d after addition of DM; panels
¢ f,1,1,and o, 3 d after addition of DM. For each panel,
cells shown are representative of more than 100 ob-
served cells. Bar, 10 um.

L6 cells in GM (panel m) or DM (panel n) conditions, no
myotubes were detected after 3 d (panel o).

Active RhoG, Racl, and Cdc42Hs GTPases Inhibit
the Expression of Muscle-specific Proteins

We next examined whether expression of Rho GTPases
could affect the regulation of myogenin, troponin T, and
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Figure 5. Effect of RhoGV12, RaclV12, Cdc42HsV12, and
RhoAV14 on muscle-specific protein expression. (A) Proliferating
parental L6 and L6 RhoGV12, L6 Rac1V12, L6 Cdc42HsV12, and L6
RhoAV14 myoblasts were grown to ~80% and shifted to DM for
1 d. Cells were then fixed and stained for myogenin expression and
nuclei with Hoechst. The histogram represents the percentage of
myogenin-positive cells and summarizes the data from five inde-
pendent sets of experiments; 40-50 cells were analyzed in each
experiment. (B) Protein extracts from parental L6, L6 RhoGV12, L6
Rac1V12, L6 Cdc42HsV12, and L6 RhoAV14 (100 ug/well) collected
at the indicated periods (P, proliferative; D1, D2, D3, D4, 1-4 d after
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MHC (Figure 5). Nuclear myogenin was detected in ~30-
40% of L6 cells after 1 d in DM but in less than 1% of L6
RhoGV12, L6 RaclV12, and L6 Cdc42HsV12 cells (Figure
5A). After 7 d in DM, myogenin expression was still not
detectable in L6 RhoGV12, L6 Rac1V12, and L6 Cdc42HsV12
cells (our unpublished results). In contrast, myogenin ex-
pression was increased in L6 RhoAV14 cells (50-60% of
myogenin-expressing cells versus 30-40% in parental L6
cells after 1 d in DM) by an SRF-dependent pathway (our
unpublished results). The effects of RhoGV12, Rac1V12, and
Cdc42HsV12 on myogenin expression were also monitored
by transient transfection of L6 or C2 cells, and as in stable
cell lines, expression of these GTPases prevented myogenin
expression (our unpublished results). In contrast, active Rho
GTPases did not affect a-tubulin expression level (our un-
published results). Troponin T expression was monitored by
Western blot analysis during the course of differentiation
(proliferative myoblasts and after 1-4 d in DM) of parental
L6 and RhoGV12-, Rac1V12-, Cdc42HsV12-, and RhoAV14-
expressing cells (Figure 5B). As expected, troponin T protein
was not detected in proliferative L6 myoblasts and was
increased 3-4 d after differentiation (Figure 5B, row a). In
contrast, in L6 RhoGV12, L6 Rac1V12, and L6 Cdc42HsV12
cells, no troponin T expression was detected even after 4 d in
DM (Figure 5B, rows b, ¢, and d). This lack of troponin T
expression was also observed for all three GTPases by im-
munocytochemistry on either stable or transiently L6- or
C2-transfected cells (our unpublished results). In contrast,
troponin T expression was accelerated in RhoAV14-trans-
fected cells, in which it was readily detected after only 1d in
DM (Figure 5B, row e). Similar changes in MHC expression
were observed (Figure 5C). MHC was detected in differen-
tiating myoblasts (Figure 5C, panel a) but was not expressed
in L6 RhoGV12 (Figure 5C, panel b), L6 Rac1V12 (Figure 5C,
panel c), or L6 Cdc42HsV12 (Figure 5C, panel d) cells even
after 7 d in DM (our unpublished results). As with Troponin
T, MHC appeared earlier in L6 RhoAV14 cells (our unpub-
lished results).

Together, these data indicate that, as observed previously
for the DN mutants, the activation of Racl and Cdc42Hs
inhibits the early stages of myogenic differentiation. In con-
trast, the activation of RhoA potentiates the differentiation
process at the transcriptional level.

Inhibition of Myogenesis by RhoG, Racl, and
Cdc42Hs Correlates with JNK Activation

We next investigated which pathways controlled by Racl
and Cdc42Hs might be responsible for myogenesis inhibi-
tion. Having already demonstrated that these GTPases in-
duce the expected morphogenic modifications in L6 myo-

addition of differentiation medium) were immunoblotted with an
anti-troponin T antibody as described in MATERIALS AND
METHODS. Shown are Western blots indicating the expression of
troponin T in parental L6 (a), L6 RhoGV12 (b), L6 Rac1V12 (c), L6
Cdc42HsV12 (d), and L6 RhoAV14 (e). (C) Proliferating parental
L6 (a) and L6 RhoGV12 (b), L6 Rac1V12 (c), and L6 Cdc42HsV12
(d) myoblasts were grown to ~80% and shifted to DM for 3 d.
Cells were then fixed and stained for MHC expression. For each
panel, cells shown are representative of five independent exper-
iments with more than 100 observed cells. Bar, 10 um.

2519



M. Meriane et al.

A

JNK activation
(fold activation)
[ ]
u

-
[ |

VST
\gi?' W \?c}" \}3&

RaclL61F37A RaclLé61

RaclL61Y40C

B 5.
-
“F 4w T
= =]
R Im
i3
=
M=
£E2m
1 = I - -
F37A Y40C F37TA Y40C
GFP-RaclL61 GFP-Cdc42HsL61
anti-Myc Myogenin

Cdc42HsL61

Cdc42HsL61F37A

Cdc42HsL61Y40C

Figure 6.

blasts (see Figure 3), we next examined the levels of JNK and
p38 MAPK activity (Figure 6A). Parental L6 as well as L6
RhoGV12, L6 RaclV12, L6 Cdc42HsV12, and L6 RhoAV14
were transfected with HA-tagged JNK or HA-tagged p38,
and anti-HA immunoprecipitates were assayed for kinase
activity. In agreement with previously published data, ex-
pression of RhoG, Racl, and Cdc42Hs led to a threefold to
fourfold increase in both JNK (Figure 6A) and p38 activity
(our unpublished results), whereas RhoAV14 had no effect
(Coso et al., 1995; Minden et al., 1995; Roux et al., 1997).

To discriminate between morphogenic activities and MAPK
activation, we next used effector loop mutants of Racl and

2520

Cdc42Hs GTPases, which have been shown to differentially
bind to and activate downstream effectors (Lamarche et al.,
1996). The Y40C mutants of Racl and Cdc42Hs have lost their
ability to interact with some CRIB (Cdc42Hs- or Rac-interacting
Binding) motif-containing proteins, and although they are less
efficient in activating PAK (p21 activated kinase) and JNK
activity in COS-7 cells, they still induce membrane ruffling and
filopodia formation in Swiss 3T3 cells, respectively. Con-
versely, the F37A mutants of Racl and Cdc42Hs still bind CRIB
motif-containing proteins and activate PAK and JNK but are
less efficient at inducing membrane ruffling and filopodia for-
mation, respectively. We first investigated whether the double
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Figure 6 (facing page). Effect of Racl and Cdc42Hs effector loop mutants on myogenin expression. (A) Parental L6, L6 RhoGV12, L6
Rac1V12, L6 Cdc42HsV12, and L6 RhoAV14 myoblasts were transfected with HA-tagged JNK. As a control, cells were transfected with empty
vector (pCDNA3). ]NK activities in the cell lysates were measured by immunocomplex kinase activity with the use of GST-c-Jun as a
substrate, as described in MATERIALS AND METHODS. The results are presented as averages for three independent experiments. (B) L6
myoblasts were cotransfected with HA-JNK and GFP-RaclL61, GFP-RaclL61F37A, GFP-Rac1L61Y40C, GFP-Cdc42HsL61, GFP-
Cdc42HsL61F37A, or GFP-Cdc42HsL61Y40C. JNK activity in the cell lysates was measured as described in MATERIALS AND METHODS.
The results are presented as averages for three independent experiments. (C) L6 myoblasts were transfected with constructs expressing
Myc-RaclLé61 (a and b), Myc-Rac1L61F37A (c and d), Myc-RacL61Y40C (e and f), Myc-Cdc42HsL61 (g and h), Myc-Cdc42HsL61F37A (i and
j), or Myc-Cdc42HsL61Y40C (k and 1). After transfection, cells were induced to differentiate by the addition of DM, fixed 1-2 d later, and
processed for Myc epitope detection (a, ¢, e, g, i, and k) and myogenin expression (b, d, f, h, j, and 1). For each panel, cells shown are
representative of five independent experiments with more than 100 observed cells. Bar, 10 um. (D) Summary of the quantification for
myogenin expression in cells transfected with empty pEGFP-C1, GFP-tagged RaclV12 or Cdc42HsV12, or Myc-tagged RaclL61,

RaclL61F37A, Rac1L61Y40C, Cdc42HsL61, Cdc42HsL61F37A, or Cdc42HsL61Y40C.

Racl and Cdc42Hs mutants produced the same differential
effects in our cell system (Figure 6B). L6 cells were transiently
cotransfected with expression plasmids for RaclLé6l,
Racl1L61F37A, Rac1L61Y40C, Cdc42HsL61, Cdc42HsSL61E37A,
Cdc42HsL61Y40C, and HA-tagged JNK, and anti-HA immu-
noprecipitates were assayed for kinase activity. Whereas the
L61F37A mutants of Racl and Cdc42Hs activated JNK as effi-
ciently as the single L61 mutant, no JNK activation was de-
tected after expression of L61Y40C mutants in L6 cells, in
agreement with previous observations in COS-7 cells (Joneson
et al., 1996; Lamarche et al., 1996; Westwick ef al., 1997). We next
investigated the effects of the double mutants on myogenic
differentiation. L6 cells were transiently transfected and in-
duced to differentiate by the addition of DM. Cells were fixed
1-2 d thereafter and analyzed for myogenin expression (Figure
6, C and D). In cells expressing the constitutively active Myc-
tagged RaclL61 (Figure 6, panel a) or Rac1L61F37A (panel c),
myogenin expression was detected in <2% of cells (panels b
and d), whereas myogenin was expressed in 70% of parental
cells or cells transfected with empty pEGFP-C1. Under the
same conditions, expression of Myc-tagged RaclL61Y40C
(panel e) did not significantly impair myogenin expression,
which occurred in 50% of transfected cells (panel f). Similar to
that of Racl mutants, expression of Myc-Cdc42HsL61 (panel g)
or Myc-Cdc42HsL61F37A (panel i) impaired myogenin expres-
sion (panels h and j), whereas expression of Myc-
Cdc42HsL61Y40C had no pronounced inhibitory effect (panels
k and 1).

Vol. 11, August 2000

These data indicate that changes in cell morphology are
not responsible for the early inhibition of skeletal muscle
differentiation and, furthermore, suggest a role of JNK acti-
vation by Racl and Cdc42Hs GTPases in this process.

Specific JNK Activation by the MAPK MKK7
Impairs Myogenesis

To demonstrate the direct involvement of the JNK pathway
in the inhibition of skeletal muscle differentiation induced
by Racl and Cdc42Hs, we first treated parental L6 myoblasts
with anisomycin, a drug that activates both JNK and p38
(Figure 7A) (Cano et al., 1994). Anisomycin was added 12 h
before the addition of DM and included in the culture me-
dium for 1-3 d. Cells were then fixed and analyzed for
myogenin expression (Figure 7B). Whereas myogenin ex-
pression was detected in almost 40% of cells after 1 d in DM
(Figure 7B, panel a), anisomycin treatment completely sup-
pressed myogenin expression (panel c). DNA staining with
Hoechst is shown in panels b and d. Similar inhibition of
myogenin expression was obtained in C2 myoblasts after
anisomycin treatment (our unpublished results).

We next expressed the MAPK kinase MKK7, which
specifically activates JNK but not p38 (Yao et al., 1997).
Cotransfection of L6 myoblasts with different combina-
tions of plasmids encoding MKK7, MKK3, HA-tagged
JNK, or HA-tagged p38 confirmed the specific JNK acti-
vation by MKK?7 without affecting p38 activity and that of
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Figure 7. ]NK activation impairs myogenin expression. (A) L6 myoblasts were transfected with HA-tagged JNK or HA-tagged p38. Four hours after
transfection, cells were treated with 50 ng of anisomycin for 1 d. JNK or p38 activities in the cell lysate were measured by immunocomplex kinase activity
with the use of GST-c-jun or GST-ATE2 as a substrate, respectively. HA-JNK and HA-p38 expression were controlled by Western blot analysis with the
use of an anti-HA antibody. (B) L6 myoblasts were treated with anisomycin (50 ng) and then induced to differentiate by the addition of DM. One day later,
cells were fixed and stained for myogenin expression (a and c) and for DNA with Hoechst dye (b and d). Bar, 10 um. (C) L6 myoblasts were cotransfected
with FLAG-tagged MKK7 or FLAG-tagged MKK3 and either HA-JNK or HA-p38. ]NK and p38 activities in the cell lysate were measured by
immunocomplex kinase activity with the use of GST-cjun or GST-ATE2 as a substrate. The results are presented as averages of three independent
experiments. (D) L6 myoblasts were transfected with constructs expressing FLAG-MKK? (a and b), HA-MKKS3 (c and d), or empty HA-tagged pcDNA3
(e and f). After transfection, cells were induced to differentiate by the addition of DM, fixed 1.5 d later, and processed for FLAG (a) or HA epitope (c and
e) detection and myogenin expression (b, d, and f). For each panel, cells are representative of three independent experiments. Bar, 10 um.
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p38 by MKKS3 without affecting JNK activity (Figure 7C).
L6 cells were thus transfected with constructs expressing
FLAG epitope-tagged MKK7, HA epitope-tagged MKKS3,
or empty HA-tagged pcDNA3 as a control. After trans-
fection, cells were induced to differentiate by the addition
of DM, fixed 1-2 d thereafter, and analyzed for FLAG-
tagged MKK7 or HA-tagged MKK3 and pcDNA3 and
myogenin expression (Figure 7D). Transient expression of
MKK?7 (Figure 7D, panel a) strongly inhibited myogenin
expression (panel b), whereas expression of MKK3 (panel
c) or empty pcDNA3 (panel e) had no effect on myogenin
expression (panels d and f, respectively).

In conclusion, these data demonstrate that JNK activation
impairs myogenin expression, the earliest known marker for
myoblasts committed to the differentiation pathway.

RhoG, Racl, and Cdc42Hs GTPases Impair Nuclear
Myf5 Accumulation

The muscle-determining factor Myf5 has been shown to be
expressed in proliferating myoblasts and down-regulated in
cells undergoing differentiation (Lindon et al., 1998). The
early inhibition of myogenesis observed after RhoGV12,
Rac1V12, Cdc42HsV12, and JNK activation led us to inves-
tigate their effects on Myf5 expression. Myf5 expression was
first analyzed by Western blot analysis in parental L6 cells
and RhoG-, Racl-, and Cdc42Hs-expressing cells, which
showed no significant modification of Myf5 protein level
between parental and stably transfected cell lines (Figure
8A). We then analyzed Myf5 expression by indirect immu-
nofluorescence with the use of a Myf5 polyclonal antibody
(Yablonka-Reuveni et al.,, 1999) (Figure 8B). As expected,
Myf5 was found to be highly expressed in the nucleus of
proliferating L6 myoblasts (Figure 8B, panel a) and absent in
differentiated cells (panel b). No modification of Myf5 ex-
pression or distribution was detected in L6 cells expressing
RhoAV14 (panel c). In contrast, Myf5 remained undetectable
in the nuclei of RhoGV12-, Rac1V12-, and Cdc42HsV12-
expressing stable cell lines cultured under either prolifera-
tion (panels d, e, and f) or differentiation conditions (our
unpublished results). Nevertheless, there was increased cy-
toplasmic staining of Myf5 in these transfectants. A similar
loss of nuclear Myf5 staining was observed in L6 cells tran-
siently transfected with GFP-tagged RhoGV12, Rac1V12, or
Cdc42HsV12 constructs, whereas expression of empty
pEGFP-C1 had no effect (our unpublished results). In con-
trast, expression of DN Racl and Cdc42Hs mutants did not
affect Myf5 nuclear localization (our unpublished results).
Because the data presented above showed that myogenesis
inhibition by RhoG, Racl, and Cdc42Hs GTPase expression
correlated with JNK activation, we next examined whether
this was also the case for Myf5 localization. L6 myoblasts
were treated with anisomycin for 24 h and then fixed and
analyzed for Myf5 localization (Figure 8C). Anisomycin
treatment of L6 cells led to a loss of Myf5 nuclear staining
associated with increased cytoplasmic staining (compare
Figure 8B, panel a, with Figure 8C, panel a). Similar results
were obtained in anisomycin-treated C2 myogenic cells (our
unpublished results). Anisomycin treatment of L6 RhoAV14
myoblasts also resulted in Myf5 nuclear delocalization (com-
pare Figure 8B, panel ¢, with Figure 8C, panel b), suggesting
a dominant effect of JNK activation. To specifically activate
JNK, we then transfected L6 myoblasts with FLAG epitope—
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tagged MKK7. As a control, cells were transfected with
constructs expressing HA epitope-tagged MKK3 or empty
HA-tagged pcDNA3. Twenty-four hours after transfection,
cells were fixed and analyzed for FLAG-tagged MKK7, HA-
tagged MKK3, and Myf5 localization. Transient expression
of MKK?7 (Figure 8C, inset in panel c) led to a loss of Myf5
nuclear staining associated with increased cytoplasmic
staining (panel c), whereas expression of MKK3 (inset in
panel d) or empty pcDNA3 (our unpublished results) had
no effect on Myf5 localization (panel d).

These data demonstrate that in contrast to myogenin,
troponin T, and MHC, the level of Myf5 expression remains
unaffected upon expression of active RhoG, Racl, and
Cdc42Hs GTPases. However, Myf5 protein is excluded from
the nucleus after expression of active RhoG, Racl, and
Cdc42Hs GTPases but not RhoA GTPase as well as after JNK
activation.

DISCUSSION

To gain insight into the role of Rho GTPases in skeletal
muscle differentiation, we expressed DN T17N versions of
Racl and Cdc42Hs that have decreased affinity for GTP and
act as inhibitors of the endogenous proteins. Expression of
DN Racl or Cdc42Hs mutants impaired myogenin, troponin
T, and MHC expression, showing that the activity of either
GTPase is required for myogenesis. In addition, we report
that expression of DN mutants of Racl or Cdc42Hs also
leads to a strong decrease in p38 activity, which is essential
for myogenesis.

We have also established stable cell lines expressing con-
stitutively active forms of RhoG, Rac1, Cdc42Hs, and RhoA.
These proteins, all of which contain a Gly-to-Val amino acid
substitution at position 12 (or position 14 for RhoA), are
preferentially bound to GTP and permanently activate their
downstream effectors. We found that expression of active
RhoG, Racl, and Cdc42Hs proteins prevents the formation
of myotubes and inhibits the expression of myogenin, tro-
ponin T, and MHC. We further demonstrated that RhoA
activation potentiates the expression of myogenin, MHC,
and troponin T during muscle differentiation but still pre-
vents myoblast fusion. Similar findings were obtained with
the use of stably infected L6 cell lines or transiently trans-
fected C2 myoblasts. Using effector loop mutants of Racl
and Cdc42Hs, we also showed that myogenesis inhibition is
mediated through the binding to CRIB motif-containing
proteins, associated with JNK activation, whereas Rho-de-
pendent cytoskeletal reorganization has no effect on the
early stages of myogenesis. The direct implication of the JNK
pathway in myogenesis inhibition was demonstrated by
expressing MKK?7, a specific upstream activator of JNK. We
further showed that, although expressed at the same level in
normal and infected cells, Myf5 accumulates in the nucleus
of normal and RhoA-expressing cells but is detected exclu-
sively in the cytoplasm of RhoG-, Racl-, and Cdc42Hs-
expressing myoblasts as well as in L6 cells in which the JNK
pathway has been activated. These data suggest that Rho
GTPase activity of the Rac/Cdc42 subgroup might control
myogenic differentiation through a differential effect on p38
and JNK MAPK.
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Figure 8. Myf5 translocation to a cytoplasmic compartment in RhoG-, Racl-, and Cdc42Hs-expressing cells and after JNK activation. (A) Protein
extracts from parental L6, L6 RhoGV12, L6 Rac1V12, and L6 Cdc42HsV12 (100 ug/well) were immunoblotted with anti-Myf5 antibody as described
in MATERIALS AND METHODS. (B) Parental L6 (a and b), L6 RhoAV14 (c), L6 RhoGV12 (d), L6 Rac1V12 (e), and L6 Cdc42HsV12 (f) were fixed
and stained for Myf5 expression. Panels a, ¢, d, e, and f, cells in proliferating medium; panel b, 1.5 d after the addition of DM. For each panel, cells
shown are representative of five independent experiments with more than 100 observed cells. Bar, 10 um. (C) Parental L6 (a) and L6 RhoAV14 (b)
were treated with anisomycin (50 nM) for 24 h and then fixed and stained for Myf5 localization. L6 myoblasts were transfected with constructs
expressing FLAG-tagged MKK?7 or HA-tagged MKK3. Twenty-four hours after transfection, cells were fixed and processed for FLAG (c, inset) or
HA epitope detection (d, inset) and for Myf5 localization (c and d). For each panel, cells are representative of three independent experiments.
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Dual Regulation of p38 and JNK by Racl and
Cdc42Hs GTPases

Our data demonstrate that either the activation or the inhi-
bition of Racl and Cdc42Hs prevents the establishment of
early phases of myogenic differentiation. This suggested that
both GTPases control two pathways, one positively acting
on and the other down-regulating the onset of myogenesis.
Although Racl and Cdc42Hs have been reported to control
distinct cytoskeletal structures, they both lead to p38 and
JNK MAPK activation (Coso ef al., 1995; Minden et al., 1995).
Interestingly, p38 activation has been found to be necessary
for the myogenic differentiation of C2C12 and C3H10T1/2
cells (Cuenda and Cohen, 1999; Zetser et al., 1999) as well as
L6 cells (this paper). Whereas expression of DN Racl and
Cdc42Hs mutants led to a decrease of p38 activity, overex-
pression of a specific p38 activator cannot reverse the DN
Racl- and Cdc42Hs-dependent inhibition of myogenesis
(our unpublished results). Thus, inhibiting the p38 pathway
is not the only cascade modified by the expression of these
mutants. Indeed, expression of these DN Racl and Cdc42Hs
mutants strongly suppresses the morphogenic functions of
these GTPases, which might also contribute to their inhibi-
tory effects on myogenesis. In particular, Rho GTPases might
regulate the function of cadherins or integrins, adhesion
proteins linked to the actin-based cytoskeleton that are im-
plicated in cell-cell as well as cell-extracellular matrix in-
teractions (Ridley and Hall, 1992; Nobes and Hall, 1995a;
Braga et al., 1997). Cadherins and integrins have been shown
to play a key role both in the early stages of myogenic
induction and in later stages of myoblast interaction and
fusion (Menko and Boettiger, 1987; Redfield et al., 1997;
Goichberg and Geiger, 1998). On the other hand, we show
that the inhibitory effect of the constitutively active Racl and
Cdc42Hs proteins on myogenesis is directly linked to the
activation of the JNK pathway. Indeed, we observed a per-
fect correlation between the inhibitory activity of Racl and
Cdc42Hs F37A and Y40C double mutants and their ability to
activate the JNK pathway. A recent report also showed the
inhibition of myogenesis in primary avian myoblasts ex-
pressing constitutively active Racl and Cdc42Hs (Gallo ef al.,
1999). However, the authors of that paper were unable to
correlate this inhibition to JNK activation with the use of
effector mutants of Racl and Cdc42Hs, likely because the
F37A Racl and Cdc42Hs mutants that they used do not
activate JNK in these cells. Regardless, our own data with
MKK? expression constructs unambiguously demonstrate
that the direct activation of JNK inhibits myogenic differen-
tiation. An attempt to determine whether blocking the JNK
pathway reverses myogenesis inhibition was unsuccessful,
because inhibiting this pathway was highly toxic in myo-
blasts. Our data, therefore, suggest that the level of GTP-
bound Racl and Cdc42Hs might influence the early stages of
myogenesis either positively through the p38 pathway or
negatively through the JNK pathway. In addition, myogen-
esis inhibition in Racl- and Cdc42Hs-expressing cells or in
cells treated with anisomycin, in which both JNK and p38
are activated, suggests either a dominant or an earlier inhib-
itory effect of JNK activation. Although our data point to a
critical role of the JNK pathway in the early steps of myo-
genesis, Rho GTPases might also affect later stages in myo-
genesis. In particular, RhoAV14-expressing L6 cells failed to
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produce multinucleated myotubes, suggesting an inhibition
of the fusion process.

Opposing Roles for RhoG/Rac1/Cdc42Hs and RhoA
in Regulating Myogenesis

Several lines of evidence have suggested a functional antag-
onism between the Racl/Cdc42 and RhoA-C subfamilies in
controlling cytoskeletal structures (Kozma ef al., 1997; Leeu-
wen et al., 1997; Moorman et al., 1999). As far as myogenesis
is concerned, a similar balance between RhoG/Racl/
Cdc42Hs and RhoA activities emerges in the light of the
present study. We found that expression of activated RhoA
potentiates early steps of myogenesis, because it increases
the expression of myogenin, troponin T, and MHC. These
data are in agreement with recent studies showing that
RhoA but not Racl/Cdc42 signaling is an integral part of the
skeletal muscle differentiation pathway (Carnac et al., 1998;
Wei et al., 1998). Nevertheless, expression of activated RhoG,
Racl, and Cdc42Hs fully inhibits myogenesis of rat L6 myo-
blasts, preventing the expression of myogenin, troponin T,
and MHC. Furthermore, the activation of JNK in RhoA-
expressing cells still inhibits myogenin expression, suggest-
ing a dominant effect of the Rac/Cdc42 subgroup over
RhoA. Our results on the inhibitory effect of Racl/Cdc42 are
in disagreement with previous results showing that the
myogenin promoter is activated by constitutively active
Racl, Cdc42Hs, or RhoA (Takano et al., 1998). This discrep-
ancy may be due to the fact that our experiments relied on
the measurement of endogenous myogenin levels in stably
infected cells expressing moderate levels of GTPases,
whereas Takano et al. used a reporter gene assay in tran-
siently transfected cells.

Our data also establish a differential effect of Rho GTPases
on Myf5, a muscle-determining factor shown to be ex-
pressed in proliferating myoblasts and down-regulated in
cells undergoing differentiation (Lindon et al., 1998). Here,
we present the first evidence that the nuclear localization of
Myf5 is negatively controlled by RhoG/Racl and Cdc42Hs,
likely through the activation of the JNK pathway. In contrast
to MyoD, the myogenic factor Myf5 is not regulated by the
RhoA /SRF pathway in C2C12 cells (Carnac et al., 1998), in
agreement with our own results with L6 cells. Furthermore,
expression of the DN Racl and Cdc42Hs mutants does not
affect Myf5 localization, suggesting that DN and active Racl
and Cdc42Hs mutants inhibit myogenesis through distinct
signaling pathways.

JNK Activation and Inhibition of Myogenesis

Several but not exclusive targets might be proposed for the
inhibitory effect of JNK activation on myogenesis. First, the
inhibition might be mediated by Jun proteins. Indeed, the
JNK signaling pathway has been reported to activate Jun
transcription factor members (Gupta et al., 1996), leading to
the formation of activated AP1 complexes known to inhibit
myogenic differentiation (Lassar et al., 1989; Li et al., 1992;
Park et al., 1992). Myogenesis inhibition might also be me-
diated through the phosphorylation of Elk-1, a member of
the Ternary Complex Factor (TCF) proteins that is involved
in gene transcription in cooperation with SRF and that has
been shown to be phosphorylated by JNK (Gupta et al.,
1996). Changes in TCF phosphorylation, therefore, might
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inhibit the SRF-dependent activation of muscle-specific
genes. Along this line, a new TCF family member acting as
a transcriptional repressor was recently characterized in
muscle cells (Goldman et al., 1998). A third target might be
the nuclear factor kB, the activity of which has been reported
to be regulated by GTPases of the Rho family (Sulciner et al.,
1996; Perona et al., 1997), through a process controlled by the
JNK kinase pathway (Montaner et al., 1998). Recently, nu-
clear factor kB was shown to activate cyclin D1, leading to
inhibition of C2C12 myogenic differentiation (Guttridge et
al., 1999). Similar results were obtained in L6 cells expressing
RhoG, Rac, and Cdc42Hs, in which cyclin D1 remained
expressed at high levels even 5 d after the shift to differen-
tiation medium (M. Meriane, unpublished data).

Although a direct effect of JNK on Myf5 phosphorylation
remains to be established, analysis of the primary amino
acid sequence of Myf5 reveals the presence of five conserved
putative JNK phosphorylation sites. Interestingly, a similar
negative correlation has been observed between JNK activa-
tion and the phosphorylation and nuclear translocation of
NFAT4, a transcription factor of the rel domain family
(Chow et al., 1997). Moreover, control of the cytonuclear
localization has been reported for the Xenopus MyoD pro-
tein, which moves from the cytoplasm to the nucleus during
the midblastula transition (Rupp et al., 1994).

Rho GTPases and Myogenesis

It has been reported that Racl and Cdc42Hs regulate cell
motility and migration in various cell systems (Nobes and
Hall, 1995a). In the developing embryo, part of the progen-
itor population migrates away from the somite to form
peripheral body muscle and the muscle of the limb. During
the migration, cells are maintained in an undifferentiated
state, and myogenic factors are not expressed until they
have reached the correct position in the embryo. An attrac-
tive function for the Racl/Cdc42Hs subgroup could be to
coordinate cell migration and inhibition of myogenesis, and
for RhoA, to inhibit cell migration and favor myogenesis.
This scheme is supported by the fact that Rho proteins are
associated with the control of morphogenesis in the worm
and the fly (Settleman, 1999). Additionally, expression of
mutant Racl and Cdc42Hs proteins in Drosophila muscle
precursor cells leads to aberrant myoblast fusion and migra-
tion, respectively (Luo et al., 1994). These GTPases might
thus participate in inhibiting cell differentiation and stimu-
lating cell movement and migration in response to signals
derived from adjacent tissues, such as TGFf, whose signal-
ing requires pathways controlled by Rho proteins (Atfi et al.,
1997). In this regard, it is interesting to note that JNK activity
is negatively regulated by cell density (Lallemand et al.,
1998). Functional studies will be necessary to further corre-
late the activity of Rho GTPases with the level of expression
and/or the subcellular localization of myogenic markers
during development.
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