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MyoD and Myf5 belong to the family of basic helix-loop-helix transcription factors that
are key operators in skeletal muscle differentiation. MyoD and Myf5 genes are selectively
activated during development in a time and region-specific manner and in response to
different stimuli. However, molecules that specifically regulate the expression of these
two genes and the pathways involved remain to be determined. We have recently shown
that the serum response factor (SRF), a transcription factor involved in activation of both
mitogenic response and muscle differentiation, is required for MyoD gene expression. We
have investigated here whether SRF is also involved in the control of Myf5 gene
expression, and the potential role of upstream regulators of SRF activity, the Rho family
G-proteins including Rho, Rac, and CDC42, in the regulation of MyoD and Myf5. We
show that inactivation of SRF does not alter Myf5 gene expression, whereas it causes a
rapid extinction of MyoD gene expression. Furthermore, we show that RhoA, but not Rac
or CDC42, is also required for the expression of MyoD. Indeed, blocking the activity of
G-proteins using the general inhibitor lovastatin, or more specific antagonists of Rho
proteins such as C3-transferase or dominant negative RhoA protein, resulted in a
dramatic decrease of MyoD protein levels and promoter activity without any effects on
Myf5 expression. We further show that RhoA-dependent transcriptional activation re-
quired functional SRF in C2 muscle cells. These data illustrate that MyoD and Myf5 are
regulated by different upstream activation pathways in which MyoD expression is
specifically modulated by a RhoA /SRF signaling cascade. In addition, our results estab-
lish the first link between RhoA protein activity and the expression of a key muscle
regulator.

INTRODUCTION

The formation of skeletal muscle results from the de-
termination of mesodermal cells into myoblasts,

muscle-regulatory factors (MRFs) belonging to the ba-
sic helix-loop-helix protein family and include MyoD,
Myf5, myogenin, and MRF4 (Weintraub et al., 1991;

which then will differentiate into mature skeletal mus-
cle. These two processes of muscle cell determination
and differentiation are orchestrated by a family of
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Rudnicki and Jaenisch, 1995). All four MRFs are char-
acterized by their ability to convert a variety of non-
muscle cells into myocytes expressing muscle-specific
genes (Weintraub et al., 1991; Olson and Klein, 1994).
Among these myogenic factors, MyoD and Myf5 are
the only two MRFs expressed in dividing myoblasts
before the onset of differentiation, implying that they
must play important roles in early muscle determina-
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tion. Indeed, mice lacking MyoD and Myf5 are devoid
of muscle precursor cells and muscle fibers (Rudnicki
et al., 1993). Interestingly, mice lacking either Myf5 or
MyoD, although capable of muscle formation (Braun
et al., 1992; Rudnicki et al., 1992), show specific phe-
notypes indicating that these two genes control differ-
ent aspects of muscle development: Myf5 has a fun-
damental role in correct muscle cell positioning
(Tajbakhsh et al., 1996) and activation of MyoD in
parallel with Pax3 (Maroto ef al., 1997; Tajbakhsh et al.,
1997), whereas MyoD regulates muscle cell regenera-
tion (Megeney et al., 1996). Part of these specificities of
action between MyoD and Myf5 may lie in different
spatio-temporal expressions. Myf5 is the first myo-
genic factor to be expressed in the dorso-medial part
of the myotome, whereas MyoD is detectable only 1-2
d after Myf5 in a more lateral location (Weintraub et
al., 1991; Cossu et al., 1996). One explanation to these
observations would be that Myf5 and MyoD are acti-
vated by different upstream signaling pathways. In
vitro muscle cell culture showed that ligand-activated
nuclear receptors of thyroid hormone family and in-
sulin-like growth factors (IGFs) regulate MyoD ex-
pression without having any effects on Myf5 gene
expression (Carnac et al., 1992; Montarras et al., 1996).
Moreover, a recent report implicated the glucocorti-
coid receptor and AP1 in a positive regulation of Myf5
expression in myogenic cell line (Auradé et al., 1997).
Interestingly, in vivo experiments in mice showed that
the dorsal neural tube releases specific factor(s) capa-
ble of activating Myf5, whereas MyoD is under the
control of factor(s) secreted from adjacent dorsal ecto-
derm (Cossu et al., 1996). However, such endogenous
diffusible factors are still unidentified. In conclusion, a
picture emerged where part of muscle specification
could be the result of a selective activation of MyoD or
Myf5 gene expression. The identity of molecules that
activate MyoD and Myf5 expression and of their
downstream molecular components remains to be es-
tablished.

We have shown that the serum response factor (SRF),
a DNA-binding protein containing a highly conserved
DNA-binding/dimerization domain termed the MADS
box (reviewed by Treisman, 1990), is required for both in
vitro muscle differentiation (Vandromme ef al., 1992) and
MyoD gene expression (Gauthier-Rouviere et al., 1996;
Soulez et al., 1996). However, these studies did not in-
vestigate whether SRF is also required for Myf5 gene
expression or whether SRF-dependent pathway is pecu-
liar to MyoD. In addition, we wished to identify poten-
tial upstream regulators of this SRF/MyoD-regulatory
cascade. One signaling pathway recently shown to be
involved in the activation of SRF is mediated by the Rho
family GTPases (Hill ef al., 1995). The mammalian Rho
GTPases form a subgroup of Ras family GTP-binding
proteins including RhoA, B, C, D, E, and G; Racl and 2;
Rac E; CDC42Hs, and TC10 (reviewed by Van Aelst and
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D’Souza-Schorey, 1997). Rho GTPases play crucial roles
in diverse cellular events such as actin cytoskeletal orga-
nization, cell growth control, and membrane trafficking.
The role of Rho GTPases in actin cytoskeleton rearrange-
ment (Tapon and Hall, 1997) raised the question of their
potential implication in muscle differentiation. The Dro-
sophila homologues of Racl, Rac2, and CDC42 are highly
expressed in mesoderm cells (Luo et al., 1994). When
Racl mutant proteins were expressed in Drosophila mus-
cle precursor cells, myoblasts failed to fuse properly. In
contrast, overexpression of CDC42 mutant proteins did
not perturb myoblasts fusion but seemed to control their
migration (Luo et al., 1994). In conclusion, it was postu-
lated that Rac and CDC42 may regulate muscle devel-
opment most likely through their effects on fusion and
actin cytoskeleton rearrangement. There have been no
reports on a role of Rho in skeletal muscle differentiation.
Recent reports revealed that Rho protein family mem-
bers also play a crucial role in regulating nuclear signal-
ing: RhoA is required for SRF activation whereas Racl
and CDC42Hs can activate Cjun N-terminal kinases
(JNK)/stress-activated protein kinase (SAPK) and P38
Kinase (Coso et al., 1995; Hill et al., 1995; Minden et al.,
1995). Here we demonstrate that specific inactivation of
SRF did not affect Myf5 gene expression while MyoD
was inhibited efficiently. We further show that this spec-
ificity of regulation resides upstream of SRF. Indeed,
blocking the small G-protein RhoA, but not CDC42 and
Rac, also resulted in the extinction of MyoD expression
without affecting Myf5 expression. These data clearly
show that SRF and the small G-protein RhoA can act as
molecular determinants of a specific pathway that con-
trols MyoD, but not Myf5, gene expression.

MATERIALS AND METHODS

Reagents

Ham’s-F12, G418 (geneticin) were purchased from Life Technolo-
gies/BRL (Cergy-Pontoise, France). DMEM came from ICN (Orsay,
France). Calf serum came from DAP (Neuf-Brisach, France). Lova-
statin was a generous gift from Merck Sharp and Dohme Laboratory
(West Point, PA). Botulinum C3 was a gift from Dr. P. Bocquet
(INSERM U452, faculte de Medicine, Nice 06107, France).

Cell Culture

C2.7 myoblasts (Pinset ef al., 1988) and L6G7 subclone (Vandromme
et al., 1992) were routinely grown in proliferation medium (a 1:1
mixture of Ham’s-F12/DMEM) supplemented with 10% FCS (vol/
vol) and subcultured twice a week. For lovastatin and clostridium
botulinum experiments, myoblasts were plated at 4000 cells per cm?
on plastic dishes and grown for 2 d in proliferation medium before
treatments.

Control C2CL2 myoblasts and C2CL2 SRF antisense clone 6
(Soulez et al., 1996) were plated at a density of 60,000 cells per
60-mm-diameter dish, in DMEM plus 10% FCS. They were grown
for 3 d in presence or absence of 107® M dexamethasone.

Microinjection

For microinjection studies, L6 and C2-7 cells were grown in prolif-
eration medium at a density of 10,000 cells/cm?. Forty eight hours
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after plating, cells were microinjected with purified DNA-binding
domain of SRF protein (SRF-DB) at 0.5 mg/ml in the needle (Gau-
thier-Rouviere ef al., 1993) in a solution containing mouse markers
IgGs (0.5 mg/ml in the needle). After microinjection, cells were kept
in the same medium and returned to the incubator; 6 h later, cells
were fixed and stained for Myf5 expression and the presence of the
marker antibodies.

Transfections

1. Stable Transfection of MyoD Promoter. C2-7 cells were cotrans-
fected using Lipofectamin (Life Technologies/BRL) as described by
the supplier with a chimeric construct containing DRR and the PRR
regions of MyoD promoter driving Bgal expression (Tapscott et al.,
1992) and PSV2neo DNA carrying the neomycin marker (M ratio
between MyoD promoter and PSV2neo was 15:1). The transfected
cells were selected in the presence of 800 wg/ml G418 (geneticin,
Life Technologies/BRL). Pools of clones were isolated after 10 d,
passaged into stable cell lines, and then analyzed for Bgal activity as
previously described (Nielsen ef al., 1983).

2. Transient Transfection of —630 MLC1A, —630(mSRF)MLC1A
Promoter Gene. C2-7 cells were cotransfected using Lipofectamin
(Life Technologies/BRL) as described by the supplier with 1 ug of
chimeric construct containing the first 630 base pairs (bp) of MLC1A
promoter, —630 MLC1A, or its mutated form in the CArG box, —630
(mSRF)MLCI1A (Catala et al., 1995; kindly provided by M. Bucking-
ham, Institut Pasteur, Paris) with either 0.8 ug of empty vector
cytomegalovirus (CMV), CMVRhoA-WT or CMVRhoA-Val14, and
CMVpgal. Forty eight hours after transfection, chloramphenicol
acetyltransferase (CAT) activity was measured as described by
Nielsen et al. (1989) and corrected with respect to Bgal activity
(Figure 6A). For C3 transferase treatments, C2 cells were treated
24 h after transfection with 4 ug/ml C3 transferase (or not treated,
as indicated) for a further 24 h before assaying for CAT as above.
3. Transient Transfection of CMVBgal, Myc-tagged CDC42Hs-N17,
Rac1-N17, RhoA-N19. C2 cells were plated at 10,000 cells/cm? (in
35-mm dishes) in proliferation medium. After 24 h, transfection of
plasmid DNA was performed using DOSPER lipids (Boehringer
Mannheim, Indianapolis, IN) as described by the supplier. One
microgram of CMVpgal (Stratagene, La Jolla, CA), Myc-tagged
CDC42Hs-N17, and Rac1-N17 or RhoA-N19 expression vectors (a
generous gift of N. Lamarche and A. Hall) were used for each
condition. Forty eight hours after transfection of CMVggal, cells
were treated with 4 ug/ml C3 transferase and Bgal activities were
measured as previously described (Nielsen et al., 1983); 24 h after
transfection of CMVBgal, Myc-tagged CDC42Hs-N17, Rac1-N17, or
RhoA-N19 cells were fixed and processed for immunofluorescence
analysis.

Immunofluorescence

Cells were fixed for 5 min in 3.7% formalin in PBS followed by a 30-s
extraction in —20°C acetone and rehydratation in PBS containing
0.5% BSA. Cells were stained for injected mouse monoclonal marker
antibody by using fluorescein-conjugated anti-mouse antibody (1:
50; Cappel, Velizy, France). Expression of Myf5, MyoD, and Bgal
were analyzed by using a rabbit polyclonal anti-Myf5 antibody
(directed against the N-terminal protein (Primig, Tajbakhsh, and
Buckingham, manuscript in preparation; diluted 1:300), a mouse
monoclonal antibody against MyoD diluted 1:5 (Dako/Novocastra,
Burlingame, CA), and a mouse monoclonal antibody against Bgal
(Boehringer Mannheim). Primary antibody diluted in PBS/BSA was
incubated for 1 h at 37°C, and then washed in PBS, followed by a
30-min incubation with biotinylated anti-rabbit or anti-mouse anti-
body (1:200, Amersham, Les Ulis, France). Staining was finally
revealed after an incubation of 30 min with streptavidin-Texas red
(1:200; Amersham). DNA was stained with Hoechst (0.1 ug/ml;
Sigma Chemical, St. Louis, MO).
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Immunoblotting

Cells cultured in 35- or 60-mm dishes were rinsed twice in cold PBS
and solubilized into Laemmli sample buffer (40 mM Tris-HCI, pH
6.8; 5 mM DTT, 1% SDS, 7.5% glycerol; 0.01% bromophenol blue) by
direct addition to the dish. After scraping and boiling, the sample
(50-100 pg of proteins) was loaded on a 10% polyacrylamide gel.
After electrophoresis, protein were transferred to nitrocellulose. The
membrane was saturated in PBS containing 5% dry milk for 1 h and
subsequently incubated with the primary antibody for 1 h. The
following antibodies were used: rabbit polyclonal antibodies di-
rected against Myf5 C-terminal protein, diluted 1:500 (Primig, Ta-
jpakhsh, and Buckingham, manuscript in preparation); polyclonal
anti-MyoD, diluted 1:400 (C-20 from Santa Cruz Biotechnology,
Santa Cruz, CA); anti-annexin diluted 1:2000 (Rothut et al., 1995);
and mouse monoclonal antibody anti-a-tubulin diluted 1:10,000
(clone DMA1A). Membranes were washed and incubated with a
peroxidase-conjugated secondary antibody (Amersham) at a dilu-
tion of 1:5000. After several washes, membranes were incubated
with chemoluminescence reagents. Autoradiographs were scanned
to determine MyoD and Myf5 protein levels, which were corrected
for variations in the amount of protein loaded on each track using
annexin or a-tubulin levels.

RESULTS

Inactivation of SRF Inhibits MyoD but Does Not
Alter Myf5 Gene Expression in Muscle Cell Lines

We have shown previously that inhibition of SRF ac-
tivity or expression in mouse myogenic cell lines rap-
idly abolishes MyoD gene expression (Gauthier-Rou-
viere et al., 1996). To assess the specificity of such
regulation, we examined the effect of SRF inhibition
on the expression of Myf5 gene, another member of
the MyoD gene family expressed, like MyoD, at the
myoblast stage in myogenic C2 cells. Inhibition of SRF
in mouse C2 myoblasts was first effected as previously
described by microinjection of purified dominant neg-
ative SRF proteins, SRF-DB (Gauthier-Rouviere et al.,
1993), which results in the rapid extinction of MyoD
expression in mouse C2 myoblasts (Gauthier-Rouviere
et al., 1996). We therefore examined the effect of SRF
inhibition on Myf5 gene expression by immunofluo-
rescence using a Myf5 polyclonal antibody (Primig,
Tajbakhsh, and Buckingham, manuscript in prepara-
tion; see also MATERIALS AND METHODS). C2
myoblasts were grown at subconfluence under prolif-
eration conditions and microinjected with purified
SRF-DB. Six hours after injection, cells were fixed and
processed for immunofluorescence analysis. As
shown in Figure 1 (panels a and b), injected C2 cells
present a level of Myf5 protein (95%, n = 60) compa-
rable to noninjected control cells. These data show that
inhibition of SRF in C2 cells does not seem to affect the
expression of Myf5, whereas under the same condi-
tions, we observed a complete loss of MyoD expres-
sion (Carnac ef al., unpublished results). It was re-
ported previously that down-regulation of MyoD
resulted in increased levels of Myf5 both in vivo and
in vitro (Montarras et al., 1996; Rudnicki et al., 1992).
Therefore, to avoid a potential cross-regulation be-
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Microinjection marker
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Figure 1. Inhibition of SRF through microinjection of purified SRF-DB does not modify Myf5 expression in muscle cell lines. Mouse C2
(upper panels) and rat L6 (lower panels) cells were cultured in proliferation medium. They were injected with a solution containing mouse
marker antibodies and purified SRF-DB proteins, a dominant negative form of SRF corresponding to the DNA-binding region of SRF but
lacking the transactivation domain (Gauthier-Rouviere et al., 1993). Six hours after microinjection, cells were fixed and double stained for
microinjected markers with biotinylated anti-mouse IgGs followed by streptavidin-Texas red (both from Amersham) (panels a and c) and
Myf5 expression with rabbit anti-Myf5 polyclonal antibody followed by fluorescein-conjugated anti-rabbit IgGs (panels b and d). In both
cases, injected cells (marked by arrows) present a level of Myf5 protein comparable to noninjected control surrounding cells.

tween MyoD and Myf5 expression patterns, we con-
ducted the same experiment in rat L6 cells, which are
devoid of MyoD but express high levels of Myf5. The
same result was obtained with L6 cells in which all
injected cells show a level of Myf5 protein comparable
to noninjected control cells (98%, n = 55; Figure 1, c
and d). These data suggest that inhibition of SRF ac-
tivity does not affect the expression of Myf5, whereas
it rapidly abolishes MyoD expression. However, the
possibility remains that Myf5 protein could be more
stable than MyoD protein. We therefore measured the
turnover of Myf5 protein. For this purpose, C2 cells
were treated with cycloheximide (CHX) at a concen-
tration of 15 ug/ml, which blocks protein synthesis,
and Myf5 protein level was analyzed by Western blot-
ting at different times after CHX addition. As shown in
Figure 2, the half-life of Myf5 protein is fairly short,
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~30-40 min. Such a half-life is similar to that of MyoD
protein (45 min; Thayer ef al., 1989) and another basic
helix-loop-helix protein, E12 (60 min; Kho et al., 1997).
Therefore, the lack of effect of SRF inhibition on Myf5
gene expression cannot be due to an extended half-life
of Myf5 protein.

Inhibition of SRF can be also effected by a different
approach, with an SRF antisense strategy. Indeed, us-
ing a C2 cell line derivative stably transfected to ex-
press glucocorticoid-inducible SRF antisense mRNA
(Soulez et al., 1996), we showed that induction of SRF
antisense after dexamethasone treatment down-regu-
lates SRF expression and abolishes MyoD expression
(Gauthier-Rouviere et al., 1996). To verify that the
suppression of SRF expression, like the inhibition of
SRF activity, would not affect Myf5 expression, we
used this antisense-SRF-inducible cell line. Cells were
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Figure 2. Myf5 has a short half-life. C2 cells were cultured for 48 h
in proliferation medium before being treated with 15 ug/ml CHX
added to the medium. Myf5 and a-tubulin protein levels were
followed by immunoblot analysis at the indicated time after CHX
addition. Immunoblots were quantified by densitometric scanning,
and Myf5 protein levels were expressed as the ratio of Myf5/a-
tubulin signals.

grown in proliferation medium in the presence of 10~°
M dexamethasone to induce the production of SRF
antisense mRINA. After 3 d, cells were fixed and ana-
lyzed for MyoD and Myf5 expression by immunoflu-
orescence as detailed in Figure 3A. Induction of anti-
sense SRF (after dexamethasone treatment) resulted in
a complete inhibition of MyoD gene expression as
previously described (panels a and e). In contrast,
Myf5 levels remain constant whatever the conditions
(Figure 3A, panels ¢ and g). To confirm that the ex-
pression of Myf5 was not affected by antisense SRF,
Western blot experiments were performed in control
cells and in inducible antisense SRF C2 myoblasts. In
this experiment, annexin level was used as an internal
loading control. Immunoblot analysis shown in Figure
3B confirms the data obtained by immunofluores-
cence: cells induced with antisense SRF present barely
detectable levels of MyoD proteins (see also Soulez et
al., 1996), whereas Myf5 protein levels remained con-
stant or slightly higher (Figure 3B). Thus, by using two
different approaches to inhibit SRF, we established
that SRF is not required for Myf5 gene expression.

In conclusion, taken together with our previous re-
ported results (Gauthier-Rouviere et al., 1996), these
data clearly show that SRF is involved in a specific
pathway that controls MyoD, but not Myf5, gene ex-
pression.

Inactivation of Rho GTPase Activities Represses
MyoD, but Not Myf5, Gene Expression

Recently, the Rho family of GTP-binding proteins,
including Rho, Rac, and CDC42 subfamilies, has been
implicated as a regulator of SRF activity (Hill et al.,
1995). To determine whether the Rho family of GT-
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Pases can also participate in a regulatory pathway
affecting specifically MyoD, we inactivated these small
G-proteins using several methods.

Blocking synthesis of isoprenyl moieties with drugs
such as lovastatin has been found to be an effective
way of inactivating the small GTP-binding proteins
(Fenton et al., 1993). More specifically, the exoenzyme
C3 transferase inactivates Rho A, B, and C proteins by
ADP-ribosylation but not CDC42 and Rac (for a re-
view, Aktories and Hall, 1989). C3 exoenzyme can be
introduced into cells by simple incubation in the cul-
ture medium (Morii and Narumiya, 1995). C2 cells
were grown in proliferation medium in the presence
of 50 uM lovastatin for 8 and 15 h or increasing
concentrations of C3 transferase for 24 h. Total pro-
teins were subsequently analyzed by Western blotting
for expression of MyoD, Myf5, and a-tubulin as inter-
nal loading control. Western blot analysis revealed
that addition of lovastatin reduced MyoD protein
level by threefold after 8 h and fourfold after 15 h
(Figure 4A). C3 transferase strongly repressed MyoD
gene expression by 20-fold at 4 ug/ml (Figure 4B). In
contrast, the level of Myf5 protein remained constant
throughout lovastatin or C3 transferase treatments
(Figure 4, A and B). It is worth noting that SRF protein
level (as assessed by Western blot analysis) remained
unchanged after treatments with C3 transferase (our
unpublished results).

In conclusion, a lovastatin-/C3 transferase-sensitive
G-protein activity, most likely Rho, appears to be cru-
cial for MyoD, but not for Myf5, gene expression.

A Dominant Negative Form of RhoA Efficiently
Inhibits MyoD, but Not Myf5, Gene Expression

In Swiss 3T3 fibroblasts, CDC42, Rac, and Rho pro-
teins have been placed in a hierarchical cascade where
CDC42 activates Rac, which in turn activates Rho
(Nobes and Hall, 1995). However, activation of SRF by
CDC42 and Rac occurs independently of Rho, suggest-
ing that at least two distinct signaling pathways con-
verge on SRF (Hill et al., 1995). To determine whether
the Rho family G-proteins differ in their effects on
MyoD gene expression, we overexpressed dominant
negative inhibitor constructs of Rho proteins known
as CDC42Hs-N17, Racl-N17, and RhoA-N19: such
variants of Rho proteins have point mutations that
sequester GTP exchange factors and act as dominant
negative on endogenous Rho proteins (Ridley and
Hall, 1992; Ridley et al., 1992; Nobes and Hall, 1995).
C2 myoblasts were transiently transfected with plas-
mids encoding CMV-driven Myc-tagged CDC42Hs-
N17, Rac1-N17, or RhoA-N19. As a control, we tran-
siently overexpressed CMVggal. Twenty four hours
after transfections, cells were fixed and analyzed by
coimmunofluorescence for expression of Myc-tagged
or Bgal proteins and MyoD (Figure 5, A and B). Over-
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Figure 3. Inhibition of SRF expression by SRF antisense does not inhibit Myf5 expression
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while blocking efficiently MyoD expression. Control C2 cells (stably transfected with the
glucocorticoid receptor only) and SRF antisense C2 cells (stably transfected with the glucocor-
ticoid receptor and dexamethasone-inducible antisense SRF) (see Soulez et al., 1996) were
cultured in proliferation medium for 3 d in the presence or absence of 10~ M dexamethasone
to induce the production of SRF antisense. (A) cells were fixed and stained for MyoD (a and e)
or Myf5 (c and g) and for DNA with Hoechst dye (b, d, f, and h) after 3 d of culture in the
absence (a, b, ¢, and d) or presence (e, f, g, and h) of 10~° M dexamethasone (Dexa). (B) Culture
conditions are the same as the one described above. Three days after plating, proteins were
extracted and immunoblot analyses were performed with rabbit anti-MyoD antibodies, rabbit
anti-Myf5 antibodies, and rabbit anti-annexin antibodies as described in MATERIALS AND

METHODS.

expression of CDC42Hs-N17, Rac1-N17, or the control
plasmid CMV gal resulted in similar levels of MyoD
expression: between 40 and 50% CDC42Hs-N17 (n =
291), Racl-N17 (n = 296) (Figure 5, A and B), or
Bgal-positive cells (n = 124) (Figure 5B) expressed
MyoD. In contrast, transient overexpression of domi-
nant negative RhoA proteins strongly inhibited
MyoD: only 5-10% of the myoblasts expressing Myc-
tagged RhoA-N19 coexpressed MyoD (n = 225; Figure
5, A and B). These results show that, among the mem-
bers of Rho family G-proteins, RhoA, but not CDC42
or Rac, appears to be involved in MyoD gene regula-
tion. To test whether Rho protein family might be
involved in Myf5 gene regulation, experiments were
conducted as previously described, but cells were an-
alyzed for Myf5 expression after transfection of Myc-
tagged G-proteins. We found that overexpression of
CMVpgal, CDC42Hs-N17, Racl-N17, or RhoA-N19
had minimal effects on Myf5 (Figure 5B). Together,
these results strongly support that RhoA is a genuine
member of a specific pathway required for MyoD, but
not Myf5, gene expression.
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RhoA Biological Activities Are Dependent on a
Functional SRF in Muscle Cells

Taken together with the data of Hill et al. (1995), our
results support a model in which RhoA protein regu-
lates MyoD gene expression by controlling SRF activ-
ity. To test the hypothesis that the effects of RhoA are
dependent on functional SRF in muscle cells, we car-
ried out experiments using CAT reporter constructs
under the control of a 630-bp sequence of myosin light
chain 1A (MLC1A) 5'-promoter (Catala ef al., 1995).
This promoter has been shown to contain a functional
binding site for SRF, a CArG box contained within the
630-bp sequence. The involvement of this CArG box in
muscle-specific regulation of MLC1A promoter was
shown to occur through SRF binding, and a mutation in
the CArG box that abrogates this binding significantly
reduced muscle-specific activity of this construct (Catala
et al., 1995). To test whether RhoA activity could regulate
the activity of this construct in its wild-type and CArG-
mutated form, we transfected into C2 myoblasts con-
structs of MLC1A promoter containing either the wild-
type CArG box (—630 MLC1A) or the mutated CArG
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box (—630(mSRF)MLC1A) driving CAT reporter gene
expression. As previously reported, the mutation in the
CArG box reduces by about twofold the activity of
MLCIA gene reporter (Figure 6A; see also Catala et al.,
1995). Coexpression of a construct encoding RhoA wild-
type (RhoAWT) did not significantly affect the activity of
either MLC1A wild-type promoter or its CArG-mutated
form. However, overexpression of a constitutively acti-
vated RhoA (RhoA-Vall4) enhanced by threefold the
activity of the —630 wild-type MLCIA promoter,
whereas it had little effect on the —630 mutated CArG
MLCIA promoter (Figure 6A). These data show, there-
fore, that only MLC1A construct containing a functional
SRF-binding site is responsive to activation by the con-
stitutively active form of RhoA.

We next used C3 transferase treatment to test
whether inhibition of endogenous RhoA would affect
MLC1A promoter activity. C2 myoblasts were trans-
fected with wild-type MLC1A promoter construct or
its CArG-mutated form in the presence of C3 trans-
ferase for 24 h. As shown in Figure 6B, addition of C3
transferase reduced the activity of the wild-type
MLC1A promoter by about twofold and in contrast did
not affect the activity of the MLC1A construct mutated in
its CArG box, showing that only the construct containing
a functional CArG box was sensitive to inhibition of
RhoA by C3 transferase. Together, these experiments
show that RhoA-mediated transcriptional activation re-
quired functional SRF in C2 muscle cells.

C3 Transferase Represses MyoD Promoter Function

We raise the question of how Rho protein might con-
trol MyoD expression. Simply stated, inhibiting Rho
protein activity could repress MyoD promoter activity
and, consequently, MyoD protein accumulation. To
examine the effect of Rho GTPases on MyoD promoter
activity, a chimeric construct containing MyoD pro-
moter proximal and distal regulatory sequences (PRR
and DRR) driving Bgal expression was stably inte-
grated into C2 myoblasts (MyoD promoter requires
chromosomal integration to be fully activated; Tap-
scott et al., 1992). As previously reported, MyoD pro-
moter activity was detected in muscle cells but not in
10T1/2 fibroblast cells, and this activity increased with
the differentiation status (Figure 7A; Tapscott et al.,
1992). C2 myoblasts stably expressing MyoD promoter
were cultured in proliferation medium for 48 h before
treatment with C3 transferase. As shown in Figure 7B,
addition of C3 transferase reduced MyoD promoter
activity by more than threefold. In contrast, C3 trans-
ferase did not affect the activity of the viral CMV
promoter, demonstrating the specificity of such regu-
lation. Therefore, C3 transferase can inhibit MyoD
expression through inactivation of MyoD promoter
function.
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Figure 4. A lovastatin-/C3 transferase-sensitive G-protein is re-
quired for MyoD, but not for Myf5, gene expression. C2 cells were
cultured for 48 h in proliferation medium and 50 uM lovastatin (A)
or 2-4 pg/ml C3 transferase (B) was added to the medium. (A)
Eight and 15 h after lovastatin treatment, proteins were analyzed by
Western blot for MyoD, Myf5, and a-tubulin expression. Two dif-
ferent protein samples of lovastatin-treated cells were loaded. (B)
Twenty-four hours after C3 transferase treatment, proteins were
analyzed by Western blot for MyoD, Myf5, and a-tubulin expres-
sion.

DISCUSSION

The data reported in this study shed light on a new
regulatory pathway that controls myogenic gene
expression. We showed that inactivation of the SRF
selectively inhibited MyoD and not Myf5 expres-
sion. We further found that an upstream regulator
of SRF activity, the small G-protein RhoA, can also
specifically regulate MyoD: blocking RhoA but not
Rac or CDC42 protein activity inhibited MyoD pro-
moter activity and also endogenous MyoD expres-
sion while not affecting Myf5. Thus, these data sub-
stantiate that MyoD and Myf5 are regulated by
different upstream activation pathways in which
MyoD expression is controlled by a RhoA /SRF sig-
naling cascade.
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A

CDC42Hs
N17

Figure 5. Only RhoA-dominant negative mutant selectively inhibits MyoD expression with no effect on Myf5. C2 cells were plated in
proliferation medium 16 h before transfection: 1 pug of CMVBgal, CMV Myc-tagged CDC42HsN17, RacIN17, or RhoAN19 was transiently
transfected with DOSPER lipids. Twenty four hours after transfections, cells were fixed and analyzed by coimmunofluorescence for the
expression of either Bgal or Myc-tagged proteins together with either MyoD or Myf5. (A) The staining for Myc-tagged dominant negative
G proteins is shown as indicated (b, d, and f) and for MyoD protein (a, ¢, and e). Open arrows, MyoD-negative cells; solid arrows,
MyoD-positive cells. (B) Summary of the quantification for both MyoD and Myf5 expression in cells transfected with either Bgal or
Myc-tagged CDC42HsN17-, RacIN17-, and RhoAN19-encoding plasmids.

SRF Regulation on MyoD: A Key Step in SRF Effects
on Myogenesis

We have shown previously that SRF acts very early in
the process of muscle differentiation: inhibition of SRF
activity in mouse myogenic cell lines prevented MyoD
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gene expression at the myoblast stage and myoblast/
myotube transition (Vandromme et al., 1992; Gauthier-
Rouviere et al., 1996; Soulez et al. 1996). Several observa-
tions established a positive correlation between the level
of the muscle-regulatory gene MyoD and the ability of
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Figure 5B.

myogenic cells to terminally differentiate (Pinset et al.,
1988; Brennan ef al., 1990; Montarras et al., 1991, 1996). It
was therefore tempting to speculate that the regulation
of MyoD gene expression by SRF was a key step in the
control exerted by SRF on myogenesis. However, mouse
C2 cells at myoblast stage express not only MyoD but
also Myf5, a member of the MyoD gene family, believed
to be involved in early events of myogenesis (Tajbakhsh
et al., 1996). Here, we have shown that SRF is not in-
volved in the control of Myf5 gene expression. Indeed,
inactivation of SRF through microinjection of SRF dom-
inant negative proteins or by constitutive expression of
SRF antisense prevents MyoD gene expression but
leaves intact Myf5 protein levels. Recent reports have
demonstrated functional and physical interactions be-
tween SRF and MyoD proteins (Catala ef al., 1995; Grois-
man et al., 1996). As MyoD can activate its own expres-
sion (Thayer et al., 1989), it is tempting to speculate that
SRF might also interfere with the MyoD-autoregulatory
loop. Together, these data support that SRF regulation
on MyoD gene expression and protein activity may con-
fer skeletal muscle specificity to SRF.

Rho GTPases and SRF Define a Specific Pathway
Required for MyoD Expression in Skeletal
Muscle Cells

Molecules that link Rho GTPases to nuclear signaling
pathways have begun to be identified. CDC42 and
Rac, but not Rho, can activate JNK/SAPK and P38
kinase (Coso et al., 1995; Minden et al., 1995). Rho does
not regulate the JNK pathway. However, Rho, but also
CDC42 and Rac, can mediate SRF transcriptional ac-
tivation by serum or lysophosphatidic acid establish-
ing SRF as the target of a novel nuclear signaling
pathway mediated by Rho family GTPases (Hill et al.,
1995). SRF dimers are known to form complexes with
a ternary complex factor (TCF) on their DNA-binding
site (named SRE or CArG). In such a complex, TCF
binds a DNA sequence (called ets) localized 5" of the
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Figure 6. RhoA requires a functional SRF-binding site to regulate

the activity of a reporter construct containing the MLC1A gene
promoter in C2 myoblasts. (A) C2 cells plated in 60-mm dishes were
transfected with 0.8 ug of the reporter constructs, -either
MLCIAWT-CAT or MLC1A(mSRF)-CAT, together with either 0.8
ug of empty vector (CMV), CMVRhoA-WT or CMVRhoA-Vall4,
and 0.4 pg of CMVgal. Forty-eight hours after transfection, CAT
activity was measured and corrected with respect to Bgal activity.
(B) C2 cells plated in 60-mm dishes were transfected with 1 pg of
MLC1AWT-CAT or MLC1A(mSRF)-CAT together with 1 ug of
CMV Bgal. Twenty-four hours after transfection, cells were treated
with C3 transferase at 4 ug/ml (or not, as indicated) for 24 h. CAT
activity was then determined as in panel A. CAT activities are
expressed relative to that of MLCIAWT-CAT transfected with the
empty vector set as 100%.

CArG box (Treisman, 1990). It appears that different
independent signaling pathways converge on the c-fos
promoter SRF-binding site: a Ras/MAP kinase pathway
specifically activates the TCF-dependent SRF transcrip-
tional activity, whereas a Rho-mediated pathway is
shown to activate SRF in a TCF-independent manner,
(Hill et al., 1995; reviewed in Van Aelst and D’Souza-
Schorey, 1997). In this respect, it is interesting to note that
most SRF-fixation sites present in muscle genes do not
have a 5'-adjacent site for TCF fixation (Catala et al., 1995;
Croissant et al., 1996; Galvagni et al., 1997).

Here, we have shown that inhibition of SRF activity or
RhoA- but not Rac- or CDC42-dependent pathways led
to a selective inhibition of MyoD gene expression, which
did not interfere with the MyoD-related protein, Myf5.
Interestingly, most if not all extracellular signals (serum,
lysophosphatidic acid, 12-O-tetradecanoylphorbol 13-ac-
etate, AIF4™) known to activate SRF are inhibited by
C3-transferase, thus establishing RhoA as a key effector
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Figure 7. (3 transferase represses MyoD promoter activity. MyoD
promoter (DRR and PRR regions driving Bgal reporter gene, Tap-
scott et al., 1992) was stably transfected in mouse C2 myoblasts and
mouse 10T1/2 fibroblasts in the presence of PSV2neo encoding a
gene for resistance to geneticin (G418). After selection with G418, a
pool of clones was cultured as a permanent cell line. (A) Shown is
Bgal activity in myoblasts (Myob.), in fibroblasts (Fibr.), and after
the onset of differentiation (Myot.). Bgal values are expressed rela-
tive to that of myoblasts set as 100%. (B) To determine the effect of
C3 transferase on MyoD promoter activity, cells stably transfected with
MyoD promoter were grown for 48 h in proliferation medium and
then treated for 24 h with 4 pg/ml C3 transferase. As a control,
CMV Bgal was transiently transfected in myoblasts cells in the presence
or not of C3 transferase. Bgal values determined in nontreated cells
were fixed at 100 for each case, and those obtained after C3 treatment
were expressed relative to their respective control.

of SRF transcriptional activation (Hill et al., 1995). Addi-
tionally, we show that, in our muscle cell system, only
the expression of a MLCIA gene promoter construct
containing an intact SRF-binding site, and not a mutated
one, is stimulated by cotransfection with a constitutively
active form of RhoA and inhibited by C3 transferase
(Figure 6), further supporting that RhoA effects are me-
diated through SRF (Catala et al., 1995; Figure 6). To-
gether with these data, our results imply that RhoA and
SRF act in the same regulatory pathway in muscle cells.

We show that although inhibition of RhoA can pre-
vent MyoD expression, overexpression of a constitu-
tively active form of RhoA (RhoV14) cannot activate

1900

endogenous MyoD (our unpublished results), thus dem-
onstrating that RhoA-dependent signals are necessary
but not sufficient for activation of endogenous MyoD.
Recently, Alberts et al. (1998) reported that even though
a constitutively active form of RhoA induces expression
of extrachromosomal SRF reporter gene, it fails to regu-
late chomosomal SRF reporter gene unless acetylation-
linked signaling pathways were activated (Alberts et al.,
1998). Similarly, cooperation between RhoA and acety-
lation signaling pathways might be required to activate
endogenous MyoD gene expression.

We show here that SRF- and Rho GTPase-mediated
regulation of MyoD expression appears to take place
at the transcriptional level. Demonstrating how Rho
and SRF proteins act to regulate MyoD transcription
will require the identification of their site(s) of action
on MyoD-regulatory sequences: since RhoA is an up-
stream regulator of SRF, RhoA and SRF must regulate
MyoD transcriptional activity by targeting the same
DNA sequence(s) on MyoD promoter region. Indeed,
MyoD promoter region (PRR and DRR, Tapscott et al.,
1992) contains several putative CArG boxes that di-
verge more or less from the consensus CArG sequence
CC(A/T),GG, one of which is identical to the SRF-
binding site shown to be functional in MLC1A gene
(Catala et al., 1995) and used in our study (Figure 6).

Potential Upstream Factors of the RhoA/SRF
Signaling Cascade in Muscle Cells

The identification of a RhoA/SRF-specific pathway
upstream of MyoD raises the question of how this
signaling cascade itself is activated. It is generally
accepted that Rho and SRF protein activities are de-
pendent on growth factors (for reviews: Treisman,
1990; Van Aelst and D’Souza-Schorey, 1997; see also
Hill et al., 1995). Several growth factors are known to
affect the differentiation of muscle cells including
members of fibroblast growth factors, TGFs, and IGFs
(Florini et al., 1991a; Filvaroff et al., 1994; Floss et al.,
1997). IGFs emerged from this list since they are re-
quired for muscle differentiation and for MyoD but
not for Myf5 gene expressions (Florini et al., 1991b;
Montarras et al., 1996). Thus, inactivation of IGFs, SRF,
or Rho proteins have similar consequences: a dramatic
decrease of MyoD expression and the maintenance of
Myf5 expression. The link between IGFs and Rho was
established from studies on signal transduction path-
ways of type 1 IGF receptors. It is becoming clear that
myogenic effects of ligand-activated IGF receptor 1 are
due to stimulation of a phosphatidylinositol 3-kinase
(PI 3-kinase) pathway but not of Ras/MAP kinase
pathway (Kalinam et al., 1996; Pinset et al., 1997). Fur-
thermore, Ras is a strong inhibitor of myogenesis and
MyoD expression (Lassar et al., 1989). Several groups
have now provided evidence that PI 3-kinase and Rho
GTPases operate in hierarchy, where activated PI 3-ki-
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nase triggers membrane ruffles and stress fibers in a
Rac- and Rho-dependent manner (Nobes et al., 1995;
Reif et al., 1996). It is therefore tempting to speculate
that IGFs, Rho, and SRF may lie on the same linear
signal transduction cascade. However, this appealing
hypothesis is challenged by different observations: 1)
Overexpression of constitutively active CDC42, Rac,
or Rho proteins failed to restore MyoD expression in
differentiation-deficient myoblasts unlike insulin (our
unpublished observation); 2) Activation of GTPase is
not the sole result of PI 3-kinase activation (Cohen et
al., 1997); 3) Other growth factors, namely TGEp, are
important for muscle cell differentiation and can inter-
act with Rho GTPases (Zentella and Massague, 1992;
Filvaroff ef al., 1994; Mucsi ef al., 1996, Afti et al., 1997).
Thus, further studies will be required to piece together
members of the Rho/SRF/MyoD signaling cascade in
muscle cells. In this respect, the identification of RhoA
protein as a specific effector of a pathway that controls
the expression of the key muscle regulator MyoD will
be useful to examine the transduction pathways that
link growth factors and myogenic gene expression.
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