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MRF4, MyoD, myogenin, and Myf-5 are muscle-specific basic helix-loop-helix transcription factors that
share the ability to activate the expression of skeletal muscle genes such as those encoding a-actin, myosin
heavy chain, and the acetylcholine receptor subunits. The muscle regulatory factors (MRFs) also exhibit the
unique capacity to initiate the myogenic program when ectopically expressed in a variety of nonmuscle cell
types, most notably C3H10T1/2 fibroblasts (10T1/2 cells). The commitment of myoblasts to terminal differen-
tiation, although positively regulated by the MRFs, also is controlled negatively by a variety of agents, including
several growth factors and oncoproteins such as fibroblast growth factor (FGF-2), transforming growth factor
b1 (TGF-b1), and Ras p21Val. The molecular mechanisms by which these varied agents alter myogenic
terminal differentiation events remain unclear. In an effort to establish whether Ras p21Val represses MRF
activity by directly targeting the MRF proteins, we examined the DNA binding and transcription activation
potentials of MRF4 and MyoD when expressed in 10T1/2 cells or in 10T1/2 cells expressing Ras p21Val. Our
results demonstrate that Ras p21Val inhibits terminal differentiation events by targeting the basic domain of
the MRFs, and yet the mechanism underlying this inhibition does not involve altering the DNA binding or the
inherent transcriptional activity of these regulatory factors. In contrast, FGF-2 and TGF-b1 block terminal
differentiation by repressing the transcriptional activity of the MRFs. We conclude that the Ras p21Val block
in differentiation operates via an intracellular signaling pathway that is distinct from the FGF-2 and TGF-b1
pathways.

The ability of the myogenic regulatory factors (MRFs) to
initiate a muscle phenotype in a variety of nonmuscle cells
makes skeletal myogenesis an excellent model system in which
to study the regulation of tissue-specific gene expression. Skel-
etal muscle precursor cells, or myoblasts, proliferate when
maintained in growth medium containing high levels of serum
or specific serum growth factors. Upon induction for differen-
tiation, i.e., removal of growth factors, myoblasts exit the cell
cycle and fuse into multinucleate myotubes. These terminally
differentiated cells express muscle-specific genes, many of
which encode the sarcomeric proteins that are responsible for
contraction.
The MRFs, which include MyoD (12), myogenin (16, 62),

Myf-5 (6), and MRF4 (5, 39, 50), share a highly conserved
basic helix-loop-helix (bHLH) domain that mediates DNA
binding and protein-protein interactions (reviewed in refer-
ences 15 and 45). The basic region of each MRF contains a
conserved myogenic regulatory motif (MRM) that is required
for the myogenic activity of the MRFs. The amino acid resi-
dues comprising the MRM are not found in any other known
bHLH proteins (7, 13, 14). The myogenic activity of the MRFs
also requires heterodimerization with ubiquitously expressed E
proteins (such as E12, E47, or HEB) to form functional tran-
scription complexes that bind to target E-box sequences
(-CANNTG-) located within muscle-specific promoters or en-
hancers. The binding of the heterodimer complex to these
specific E boxes is required to generate the tissue-specific gene
expression patterns characteristic of skeletal muscle.

The decision to differentiate into myotubes is influenced
negatively by several factors. Treatment of myoblasts with fetal
bovine serum (FBS), basic fibroblast growth factor 2 (FGF-2),
or transforming growth factor b1 (TGF-b1) is known to inhibit
differentiation of both primary myoblasts and established myo-
blast cell lines (reviewed in reference 43). The events respon-
sible for the inhibition of differentiation by these agents are
complex and occur via different molecular mechanisms. FBS
suppresses myogenesis by increasing intracellular levels of Id
(3, 8), a helix-loop-helix protein that heterodimerizes with E
proteins and prevents the formation of myogenic MRF-E pro-
tein complexes (23). TGF-b1, on the other hand, suppresses
the activity of the MRF protein myogenin by a mechanism that
is independent of Id and that does not disrupt the DNA bind-
ing properties of the protein (8). Inhibition of DNA binding
has been implicated as the mechanism through which FGF-2
represses myogenin activity, since FGF-2-induced phosphory-
lation of a conserved threonine residue in the basic domain
inhibits myogenin from binding to DNA (32). Interestingly,
this repression mechanism is not universal for all MRFs, since
FGF-2 fails to induce phosphorylation of this conserved threo-
nine in MRF4 (22) and MyoD mutants lacking the conserved
threonine residue remain repressed by FGF-2 (28). These con-
flicting results suggest that FGF-2 functions to inhibit myogen-
esis by targeting myogenin directly and by repressing MRF4
and MyoD activities indirectly.
Myogenesis also is regulated negatively by many oncogenes,

such as c-myc, c-jun, c-fos, H-ras and E1a (reviewed in refer-
ence 1). For many of these oncogenes, their expression in
myoblasts leads to cell transformation and the repression of
the MRF genes at the transcriptional level (10, 17, 27, 30).
Oncoproteins also can attenuate the formation of active
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MRF-E protein heterodimers by increasing levels of Id expres-
sion (1). Lastly, certain oncoproteins inhibit myogenesis by
directly silencing the transcriptional activity of the MRFs. In
the case of Fos and Jun, for example, a direct interaction
between these oncoproteins and MyoD or myogenin blocks
muscle-specific gene activation (4, 31).
Of the various oncogene-encoded proteins shown to inhibit

myogenesis, Ras p21Val may be the most intriguing. Ras p21Val

encodes a membrane-bound, constitutively active G protein
which initiates signal transduction events through the mitogen-
activated protein kinase (MAPK) pathway (41). Ras p21Val

represses the differentiation of myoblast cell lines indepen-
dently of their continued proliferation (46). One documented
mechanism by which Ras p21Val inhibits myogenic differenti-
ation involves repressing transcription of the endogenous
MyoD gene. Although this inhibition can be overridden by
forced overexpression of MyoD (27, 30), only a minimum num-
ber of cells overexpressing MyoD fully proceed through the
myogenic program. In a manner similar to the Ras p21Val-
induced inhibition of myogenic differentiation, treatment of
myoblasts with FGF-2 and TGF-b1 also down-regulates ex-
pression of the endogenous MyoD gene (58). Although this
finding would support a role for Ras G-protein activation in
the FGF-2 and TGF-b1 inhibition of myogenesis, it remains
unknown whether the signaling pathways triggered by these
distinct factors operate via the same downstream effector mol-
ecules.
In this study, we examined whether Ras p21Val and growth

factors inhibit muscle differentiation events through signaling
pathways that modify well-characterized functions of the MRF
proteins. We show that overexpression of MyoD or MRF4 in
C3H10T1/2 fibroblasts (10T1/2 cells) is not sufficient to over-
ride the inhibitory effect of Ras p21Val when tested in transient
DNA transfections. Ras p21Val inhibition of myogenesis is
targeted at the conserved MRM region of the MRFs, but
surprisingly, inhibition does not alter the dimerization, DNA
binding, or inherent transcriptional activity of MRF4 or MyoD.
This observation contrasts with the mechanisms utilized by
FGF-2 and TGF-b1 to block myogenesis, which involve the
direct inhibition of MRF transcription activities. The results
reported here strongly suggest that Ras p21Val inhibits myo-
genesis through a signal transduction pathway that is distinct
from the FGF-2 and TGF-b1 pathways.

MATERIALS AND METHODS

Cell culture and DNA transfections. 10T1/2 cells were maintained in growth
medium containing basal medium Eagle (GIBCO) supplemented with 10% FBS
plus penicillin (100 U/ml) and streptomycin (100 mg/ml). C3H10T1/2 ras neo 11A
and C3H10T1/2 ras 9B (10T1/2-Ras) cells (57, 61), which constitutively express
the activated human H-ras oncogene encoding Ras p21Val-12, were maintained in
growth medium containing basal medium Eagle, with and without, respectively,
400 mg of G418 (GIBCO) per ml. Rev12N2 (10T1/2-Ras-K-rev) cells (generous
gift of C. Ashendel) were derived from the C3H10T1/2 ras 9B cell line and
constitutively express the human K-rev-1 cDNA. These cells were maintained as
described above.
Transient DNA transfections were performed as previously described (63).

Briefly, 10T1/2 cells were plated at 9 3 105/100-mm dish, and 10T1/2-Ras or
10T1/2-Ras-K-rev cells were plated at 6 3 105/100-mm dish. On the following
day, DNA calcium phosphate precipitates were added to the dishes. DNA pre-
cipitates consisted of 2 or 5 mg of pEM-MRF4 or pEM-MyoD and 5 mg of
a-actin CAT (chloramphenicol acetyltransferase), TnICAT, a-AchR-CAT, or
(E-box)4CAT reporter gene (see below). After 4 h, cells were subjected to
osmotic shock for 2 min (for 10T1/2) or 1.5 min (for 10T1/2-Ras and 10T1/2-
Ras-K-rev) in serum-free medium containing 20% glycerol and then fed growth
medium containing 15% (for 10T1/2) or 10% (for 10T1/2-Ras and 10T1/2-Ras-
K-rev) FBS. Differentiation medium containing 2% horse serum (HS) in low-
glucose Dulbecco’s modified Eagle medium (GIBCO) was added to the cultures
on the following day, and the cultures were incubated for an additional 48 h.
Where indicated, cells were treated with differentiation medium supplemented
with 5 ng of FGF-2 or 5 ng of TGF-b1 (R & D Products) per ml as described

previously (58). For GAL4 assays, DNA precipitates consisted of 5 mg of the
reporter plasmid (GAL4)5-E1bTATA-CAT (33) and 5 mg of one of the following
plasmids: GAL4 (1-147) (33), GAL4-MRF4(1-60) (36), and GAL4-MyoD(1-66)
(60). After glycerol treatment, the cultures were maintained in growth medium
containing 10% FBS for 2 days. Cell extracts were harvested, and CAT assays
were performed as described by Gorman et al. (19). The amount of extract used
for each assay was normalized to the protein content of each sample. A minimum
of three independent transfections were performed for each experimental group.
For immunohistocytochemistry, cultures were rinsed twice in cold phosphate-

buffered saline and fixed in a 20:2:1 solution of 70% ethanol-formalin-acetic acid
for 1 min at 48C. Fixed cells were incubated with the antimyosin mouse mono-
clonal antibody MF-20 (2) and a biotinylated mouse secondary antibody. Immu-
noreactivity was visualized by using the Vectastain ABC reagent (Vector Labo-
ratories, Inc.).
Expression plasmids. Reporter genes used for CAT assays included a-actin

CAT, TnICAT, a-AchR-CAT, and (E-box)4CAT. a-Actin CAT is the human
a-actin reporter gene LK359CAT containing 359 bp of the a-actin promoter
ligated to the CAT gene (40). TnICAT is the troponin I reporter gene TnICAT-1
containing the first intron enhancer of the quail troponin I gene (63). a-AchR-
CAT is the 850-bp chicken a-subunit promoter fused to CAT (48). (E-box)4CAT
(also known as 4RTKCAT) contains four tandem copies of the muscle creatine
kinase enhancer right E-box sequence cloned 59 to the thymidine kinase CAT
reporter gene (60). In some instances, a constitutively expressed b-actin CAT
reporter gene was used as a positive control (18).
pEM-MRF4 and pEMc11s (pEM-MyoD) contain the rat MRF4 (50) and

mouse MyoD (12) cDNAs, respectively, cloned into the eukaryotic expression
vector pEMSVscribea2 (12). Truncated and mutated MyoD and E12 gene con-
structs were a generous gift of A. Lassar, R. Davis, and H. Weintraub and have
been previously described (14, 60). The expression plasmid pSVE2-5 contains
the E2-5 cDNA and was used in conjunction with the (mE51mE2)TATACAT
reporter gene as described previously (51).
Nuclear extracts and electrophoretic mobility shift assays (EMSAs). Each

100-mm dish containing 10T1/2 or 10T1/2-Ras cells was transiently transfected
with 30 mg of plasmid pEM-MRF4. The following day, cultures were treated with
2% HS or 2% HS supplemented with FGF-2 or TGF-b1 as described above.
Nuclear extracts were prepared by washing cells with cold phosphate-buffered
saline and then adding 2 ml of lysis buffer (20 mM N-2-hydroxyethylpiperazine-
N9-2-ethanesulfonic acid [HEPES; pH 7.6], 20% glycerol, 10 mM NaCl, 1.5 mM
MgCl2, 0.2 mM EDTA, 0.1% Triton X-100, 1 mM dithiothreitol, 1 mM phenyl-
methylsulfonyl fluoride, 10 mg of leupeptin per ml, 10 mg of pepstatin per ml, 100
mg of aprotinin per ml, 2 mM Na3VO4, 50 mM NaF, 5 mM Na4P2O7) to each
plate (29). Lysates were collected, and nuclei were pelleted by centrifugation for
5 min at 2,000 rpm at 48C. Nuclei were resuspended at 2.5 3 107/ml in nuclear
resuspension buffer (identical to lysis buffer except that 500 mM NaCl was
included) and gently rocked for 1 h at 48C. The resuspension was cleared by
centrifugation at 10,000 rpm for 10 min, and the supernatant was aliquoted and
stored frozen at 2808C.
Oligonucleotide probes containing the troponin I gene E-box site (34) were

generated by labeling one DNA strand with T4 polynucleotide kinase (New
England Biolabs) and [g-32P]ATP (New England Nuclear). Unincorporated
[g-32P]ATP was removed by G-50 spin columns. Labeled oligonucleotides then
were mixed with a 10-fold excess of unlabeled complementary oligonucleotides.
After denaturation by boiling for 5 min, the oligonucleotides were placed at
room temperature and allowed to anneal.
Nuclear extracts were normalized to MRF4 levels by Western blot (immuno-

blot) analysis (see below) prior to EMSAs. Typically, 25 mg of nuclear extract was
used for each 30 ml of binding reaction mixture in a buffer containing 20 mM
HEPES (pH 7.6), 1 mM dithiothreitol, 1 mM EDTA, and 5% glycerol. The
mixture was incubated at 378C for 15 min, and then 2 mg of poly(dI-dC) and 10
fmol of 32P-labeled troponin I gene E-box probe were added prior to an addi-
tional incubation for 20 min at room temperature. In some instances, 1 ml of
preimmune serum or 1 ml of MRF4, myogenin, or E12 antiserum was added to
the reaction mixtures (53). DNA-protein complexes were analyzed by polyacryl-
amide gel (5%) electrophoresis in TBE (50 mM Tris [pH 8.0], 50 mM boric acid,
1 mM EDTA), and the dried gels were subjected to autoradiography. A mini-
mum of three independent nuclear extract isolations and EMSAs were per-
formed for each experimental group.
In vivo labeling and immunoprecipitations. In vivo labeling and immunopre-

cipitations were carried out as described by Hardy et al. (22). In brief, 10T1/2 and
10T1/2-Ras cells were transiently transfected with 10 mg of pEM-MRF4 per
100-mm dish, rinsed twice in Dulbecco’s modified Eagle medium lacking methi-
onine, and incubated for 1 h. The cells then were treated with the same medium
containing 0.2 mCi of [35S]methionine. After 4 h, cells were rinsed in ice-cold
phosphate-buffered saline and harvested. Cells were pelleted at 48C and resus-
pended in 1 ml of radioimmunoprecipitation buffer (50 mM Tris [pH 7.2], 150
mM NaCl, 0.1% sodium dodecyl sulfate [SDS], 0.1% sodium deoxycholate, 0.1%
Triton X-100) containing aprotinin, pepstatin, and leupeptin (each at 2 mg/ml)
and incubated on ice for 30 min after vortexing. The suspension was cleared by
a brief centrifugation, and the supernatant was removed. Ten microliters of
MRF4 preimmune serum and 50 ml of protein A beads were added to the
supernatant, the mixture was rocked for 1 h, and nonspecific complexes were
removed by centrifugation. Ten microliters of MRF4 antibody plus 50 ml of
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protein A beads were added to the supernatant, and after rocking for 2 h, specific
complexes were isolated by centrifugation. The precipitates were washed in
radioimmunoprecipitation assay buffer, boiled in SDS loading buffer, and ana-
lyzed by SDS-polyacrylamide gel (12%) electrophoresis and autoradiography.
Western analysis. Nuclear extracts were prepared from 10T1/2 and 10T1/2-

Ras cells transfected with pEM-MRF4 as described above. Total nuclear pro-
teins (25 mg) were electrophoretically separated on SDS–10% polyacrylamide
gels. The gels were equilibrated in a transfer buffer composed of 50 mM Tris, 38
mM glycine, and 20% methanol, and the separated proteins were electrophoreti-
cally transferred to nitrocellulose for 40 min at 150 V, using a semidry blotter
(Pharmacia). After completion of the transfer, the filter was stained with 0.5%
Ponceau S in 1% acetic acid, and the positions of the molecular weight standards
were noted. Nonspecific binding sites were blocked by incubation of the filter
with 5% nonfat dry milk in Tris-buffered saline (TBS; 10 mM Tris [pH 8.0], 150
mM NaCl). Subsequently, the blot was incubated with a rabbit polyclonal anti-
body generated against the carboxy-terminal 20 amino acids of MRF4 (Santa
Cruz Biotechnology, Inc.) diluted 1:300 in 5% nonfat dry milk in TBS-T (10 mM
Tris [pH 8.0], 150 mM NaCl, 0.1% Tween 20). After the filter was washed with
TBS-T, the blot was incubated with a horseradish peroxidase-conjugated second
antibody diluted in 5% nonfat dry milk in TBS-T. Detection of the immune
complexes was achieved with an ECL (enhanced chemiluminescence) kit (Am-
ersham) and by exposure to X-ray film. MRF4 proteins were quantified with a
Molecular Dynamics PhosphorImager.

RESULTS

Expression of MRF4 or MyoD is not sufficient to override
Ras p21Val-dependent inhibition of myogenesis. Ras p21Val is
a potent transforming agent of mammalian cells and a negative
regulator of muscle differentiation (reviewed in reference 1).
One mechanism by which Ras p21Val inhibits the differentia-
tion of myoblasts involves repression of endogenous MyoD
gene transcription (27, 30), although additional evidence sug-
gests that in cells engineered to overexpress MyoD, Ras p21Val

also functions to inhibit the myogenic activity of the protein. In
an effort to examine how Ras p21Val blocks the activity of the
MRFs, 10T1/2 cells and a 10T1/2 cell line stably expressing Ras
p21Val (57) were transiently transfected with pEM-MRF4 or
pEM-MyoD. 10T1/2 cells expressing MRF4 or MyoD adopt a
myogenic phenotype and fuse into small myotubes that express
muscle-specific proteins such as the myosin heavy chains (Ta-
ble 1). On the other hand, in 10T1/2-Ras cells, MRF4 and
MyoD fail to induce myogenic events leading to myosin heavy-
chain gene expression (Table 1), suggesting that transient ex-
pression of the MRFs cannot overcome the negative effects of
Ras p21Val in these cells. Similar results were obtained when
10T1/2 cells were transiently cotransfected with MRF4 and
Ras p21Val (data not shown).
As a first step toward establishing how the MRFs are

blocked from generating a myogenic phenotype in 10T1/2-Ras
cells, MRF4 protein levels were examined. Following incuba-
tion in differentiation medium, lysates were prepared from
10T1/2 cells and from 10T1/2-Ras cells transfected with pEM-
MRF4, and the MRF4 protein in the lysates was immunopre-
cipitated with a MRF4-specific polyclonal antibody (53). As
shown in Fig. 1, equivalent amounts of MRF4 protein are
expressed in both 10T1/2 and 10T1/2-Ras cells, confirming the
presence of MRF4 in both transfected populations. The MRF4
protein, as well as the MyoD protein, also efficiently translo-
cates to the nucleus in both cell types (data not shown). Thus,
the MRF proteins are expressed stably in the 10T1/2-Ras cells
and yet remain unable to induce a muscle phenotype.
MRF4 and MyoD retain their heterodimerization and DNA

binding activities in 10T1/2-Ras cells. The failure of MRF4
and MyoD to initiate a myogenic program in the 10T1/2-Ras
cell line may be due to the production of dysfunctional pro-
teins. In an effort to examine the structural properties of the
MRFs in 10T1/2-Ras cells, nuclear extracts were prepared
from normal and transfected cells and normalized for MRF4
protein content by Western analysis (Fig. 2A). Equivalent
amounts of MRF4-containing extracts then were incubated
with a 32P-labeled E-box oligonucleotide probe and subjected
to EMSA. Nuclear extracts isolated from 10T1/2 cells tran-
siently transfected with MRF4 produce a novel shifted protein-
DNA complex which is not present in control extracts (Fig.
2B). This complex can be competed for by the addition of
excess wild-type E-box DNA but not mutant E-box DNA (data
not shown). The MRF4-DNA complex does not form when an
anti-MRF4 or anti-E12 antibody is added to the incubation
mixture, whereas addition of an antimyogenin antibody has no
effect on the binding pattern of the protein-DNA complex,
demonstrating that the shifted complex observed in these ex-
tracts contains an MRF4-E protein heterodimer (Fig. 2B). The
two non-MRF4-containing complexes detected in these assays
are E-box specific, since they are effectively competed for by
excess wild-type E-box DNA but not by mutant E-box DNA
(data not shown). These complexes do not contain E12, how-
ever, since incubation with the anti-E12 antibody does not alter
the mobility or reduce formation of either complex (Fig. 2B).
Similar assays using nuclear extracts from 10T1/2-Ras cells

demonstrated that the MRF4 protein retains its DNA binding
and protein heterodimerization properties. As shown in Fig.
2C, the three protein-DNA complexes detected in 10T1/2-
MRF4 extracts also are observed in 10T1/2-Ras-MRF4 ex-

FIG. 1. Immunoprecipitation of MRF4 proteins expressed in 10T1/2 and
10T1/2-Ras cells. 10T1/2 and 10T1/2-Ras cells were transiently transfected (Tx)
with pEM-MRF4 (1) and labeled with [35S]methionine for 4 h. After labeling,
the cells were lysed, the 33-kDa MRF4 protein was immunoprecipitated with an
MRF4-specific antibody, and the products were resolved by SDS-polyacrylamide
gel electrophoresis. Equivalent amounts of MRF4 protein are detected in the
transfected 10T1/2 and 10T1/2-Ras cells. No MRF4 protein is detected in the
untransfected (2) cell groups. Sizes are indicated in kilodaltons.

TABLE 1. Conversion of 10T1/2 and 10T1/2-Ras cells
to a muscle phenotypea

Plasmid
Myosin staining

10T1/2 10T1/2-Ras

EMSV 0 (0) 0 (0)
MRF4 100 (474) 0 (0)
MyoD 91 (431) 5 (25)

a Plasmid pEMSVscribea2 (EMSV), pEM-MRF4 (MRF4), or pEM-MyoD
(MyoD) were used to transiently transfect 10T1/2 and 10T1/2-Ras cells as de-
scribed in Materials and Methods. After 48 h in differentiation medium, cultures
were fixed and stained with a monoclonal antibody directed against the skeletal
myosin heavy chains. The number of nuclei contained in myosin-positive cells
was determined by visual examination of 10 fields per dish per experiment. The
values reported represent the percentage of myosin-positive cells observed rel-
ative to the number detected in the MRF4-transfected 10T1/2 cell group, which
was set to 100%. Numbers in parentheses represent the average number of nuclei
contained in myosin-positive cells per 10 fields. Parallel plates of 10T1/2 and
10T1/2-Ras cells transfected with pRSV-LacZ and analyzed for b-galactosidase
expression revealed that the two cell types exhibit similar levels of transfection
efficiency.
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tracts. Once again, formation of the MRF4-DNA complex is
inhibited when an anti-MRF4 or anti-E12 antibody is included
in the reaction mixtures, confirming that in 10T1/2-Ras cells,
MRF4-E12 heterodimers form and efficiently bind to E-box
DNA. Identical results are obtained when extracts prepared
from 10T1/2 and 10T1/2-Ras cells that were transiently trans-
fected with the pEM-MyoD construct are examined by EMSA
(data not shown). These data suggest that Ras p21Val does not
inhibit the MRF proteins from dimerizing with E-protein part-
ners or inhibit the MRF-E protein complexes from binding to
their normal DNA target sequences in vitro.
Transcriptional activity of MRF4 in 10T1/2-Ras cells. De-

spite retaining the ability to heterodimerize with E proteins
and to bind in a sequence-specific manner to DNA, MRFs
remain nonfunctional in 10T1/2-Ras cells, implying that their
role as transcriptional activators may be impaired by Ras
p21Val. To investigate this possibility, 10T1/2 and 10T1/2-Ras
cells were cotransfected transiently with pEM-MRF4 and with
the a-actin CAT or a-AchR-CAT reporter gene as described
in Materials and Methods. For 10T1/2 cells, both muscle-spe-
cific reporter genes are transcriptionally activated when pEM-
MRF4 is included (Fig. 3). In contrast, the a-actin CAT and
a-AchR-CAT genes are only minimally activated in 10T1/2-
Ras cells cotransfected with MRF4. The inability of muscle-
specific reporter genes to be expressed in 10T1/2-Ras cells
cannot be attributed to a general repression of transcription by
Ras p21Val, since b-actin CAT is activated to equivalent levels
in both 10T1/2 and 10T1/2-Ras cells (Fig. 3). The mechanism
of inhibition of MRF4 activity by Ras p21Val also does not

involve specific inhibition of E-protein function, since the
bHLH transcription factor E2-5, which binds as a homodimer
to mE5 and mE2 E-box DNA, activates a (mE51mE2)TATA-
CAT reporter gene to very high levels in both control and Ras
p21Val-expressing 10T1/2 cells (Fig. 3).
The 10T1/2-Ras cells used in these experiments represent an

established cell line that was selected for its Ras-transformed
phenotype. To address the possibility that the inability of the
MRFs to activate muscle-specific gene expression in 10T1/2-
Ras cells is caused by secondary events associated with the
long-term expression of Ras p21Val in these cells, we examined
the activity of MRF4 in a second, independently isolated
10T1/2-Ras cell line (61) and in 10T1/2-Ras cells expressing
the K-rev-1 cDNA. K-rev-1, also known as rap1A and smg p21A
(26), encodes a low-molecular-weight G protein with a high
degree of amino acid similarity to Ras p21, especially across
the effector domain. In many cell types, including 10T1/2 (17a),
overexpression of K-rev-1 reverses the transformed phenotype
initiated by Ras p21Val. As shown in Fig. 4, MRF4 is incapable
of efficiently activating expression of the myosin heavy-chain
and a-acetylcholine receptor genes in this 10T1/2-Ras cell line.
However, 10T1/2-Ras-K-rev cells respond to overexpression of
MRF4 by activating the myogenic program and restoring ex-
pression of the a-acetylcholine receptor and myosin heavy-

FIG. 2. The DNA binding activity of MRF4 is not inhibited in 10T1/2-Ras
cells. (A) Nuclear extracts derived from 10T1/2 and 10T1/2-Ras cells transiently
transfected (Tx) with MRF4 were separated by SDS-polyacrylamide gel electro-
phoresis, transferred to nitrocellulose, and incubated with an MRF4-specific
antibody. (B and C) Nuclear extracts from the cells in panel A were incubated
with a 32P-labeled E-box probe. MRF4 preimmune serum (P.I.), MRF4 anti-
serum (anti-MRF4), E12 antiserum (anti-E12), or myogenin antiserum (anti-
MG) was added, and the binding mixtures were separated by nondenaturing
polyacrylamide gel electrophoresis. Untransfected control 10T1/2 and 10T1/2-
Ras nuclear extracts also were tested. Arrows denote the specific protein-DNA
band containing the MRF4-E12 protein complex. F marks the migration of the
free probe.

FIG. 3. Ras p21Val inhibits MRF4 from trans activating expression of the
a-actin CAT and a-AchR-CAT genes. 10T1/2 and 10T1/2-Ras cells were co-
transfected with pEM-MRF4 or the control plasmid pEMSV and the a-actin
CAT or a-AchR-CAT reporter gene. The fold increase in CAT activity obtained
with pEM-MRF4 over pEMSV was established and set to 100% in all 10T1/2
groups. 10T1/2-Ras cells do not support the MRF4-induced expression of the
muscle-specific genes, while both cell types express high levels of b-actin CAT
and (mE51mE2)TATACAT (see text for details). Error bars reflect the standard
error of the mean.

FIG. 4. K-rev-1 reverses Ras p21Val-mediated inhibition of myogenesis.
10T1/2, 10T1/2-Ras, and 10T1/2-Ras-K-rev cells were cotransfected with pEM-
MRF4 and the a-AchR-CAT reporter gene. Cells were harvested for CAT
activity or stained with an antimyosin antibody to determine the number of
differentiated cells. All values are reported relative to the level of differentiation
obtained with the 10T1/2 cell groups, which was set to 100%. Error bars reflect
the standard error of the mean.
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chain genes. This result suggests that the inability of MRF4 to
activate muscle-specific gene expression in the 10T1/2-Ras
cells is linked to a signaling pathway activated by Ras p21Val,
since the molecular events triggered by K-rev-1 revert the Ras-
transformed phenotype of these cells and now allow MRF4 to
induce muscle-specific gene expression.
The promoters and enhancers responsible for regulating ex-

pression of the contractile protein genes, such as those encod-
ing a-actin and the a-acetylcholine receptor subunits, contain
regulatory elements in addition to E boxes that are required
for muscle-specific transcription (40, 48). Ras p21Val may in-
hibit the expression of the a-actin and a-acetylcholine receptor
genes by targeting the MRF transcription activation domains
or by repressing the activities of other enhancer-binding pro-
teins. In an attempt to analyze whether the transcription acti-
vation domains of MRF4 and MyoD are inhibited directly by
Ras p21Val, we used the GAL4 activator/reporter gene system
initially derived from Saccharomyces cerevisiae. A CAT re-
porter gene containing GAL4 protein binding sites was intro-
duced into 10T1/2 and 10T1/2-Ras cells along with a construct
encoding the GAL4 protein DNA binding domain fused to the
transcription activation domain of MRF4 or MyoD (36, 60). As
shown in Fig. 5A, the transcription activation domains of
MRF4 and MyoD efficiently activate the GAL4-CAT reporter
gene to equal levels in both cell types, demonstrating that Ras
p21Val does not inhibit the overall function of the MRF tran-
scription activation domains.
Given that the MRFs expressed in 10T1/2-Ras cells retain a

functional transcription activation domain and yet do not ac-
tivate muscle-specific expression, we decided to examine

whether Ras p21Val can inhibit an MRF-E protein complex
from activating transcription of a reporter gene controlled by
four copies of an E-box site and no other known regulatory
elements. 10T1/2 and 10T1/2-Ras cells were cotransfected with
MRF4 or MyoD and with the (E-box)4CAT reporter gene, and
CAT activity was monitored after 2 days in differentiation
medium. High levels of CAT expression from this reporter
gene were obtained in both cell types (Fig. 5B), even though
muscle differentiation (i.e., myosin heavy-chain expression and
myotube formation) was repressed in the 10T1/2-Ras cultures
(Table 1). Identical results were obtained when 10T1/2 cells
were transiently cotransfected with MRF4 and Ras p21Val

(data not shown). In all cases, the effects observed were de-
pendent on the presence of wild-type MRF4 or MyoD protein,
since control cells expressing a nonfunctional MRF protein do
not produce significant levels of CAT expression from the
(E-box)4 reporter genes (data not shown). Thus, in this in vivo
context, the MRFs bind to muscle-specific E-box elements and
efficiently activate expression of a reporter gene whose expres-
sion is controlled exclusively by MRF binding sites.
The Ras p21Val signaling pathway targets the MRF basic

domain in inhibiting myogenesis. Analysis of the transcrip-
tional activity of the MRFs in the context of a GAL4 fusion
protein or with respect to activating an artificial (E-box)4CAT
reporter gene does not address all aspects of muscle-specific
trans activation by MRFs. Many studies have suggested that it
is the conserved MRM within the basic domain of the MRF
proteins that is crucial for the induction of myogenesis in cells
(7, 13, 14). To test whether the Ras p21Val inhibition of MRF
activity is targeted at the MRM region, 10T1/2 and 10T1/2-Ras
cells were transfected with constructs expressing various mu-
tant MyoD proteins. As previously discussed, the full-length
MyoD protein induces myogenesis in 10T1/2 cells but is in-
hibited from functioning in that capacity when expressed in
10T1/2-Ras cells. As predicted, a truncated MyoD protein
(DN, DC-MyoD), containing only the bHLH region, is severely
impaired in its ability to convert 10T1/2 cells to a muscle
phenotype or to activate muscle-specific reporter genes (Fig.
6). Addition of the VP16 transcriptional activation domain
(DN, DC-MyoD-VP16) to this truncated MyoD protein fully
restores myogenic activity in 10T1/2 cells but not in 10T1/2-Ras
cells, suggesting that the Ras p21Val inhibition of MyoD in fact
is targeted at the bHLH domain. To further examine the spe-
cific molecular region that is subject to Ras p21Val inhibition,
MyoD and MyoD-VP16 constructs containing a substituted
E12 basic domain [MyoD-E12(B) and MyoD-E12(B)-VP16]
were tested for activity and found to be nonfunctional in both
cell types. As expected, the E12 protein also does not generate
a myogenic phenotype. However, when the basic domain of
MyoD is substituted for the basic domain in E12 [E12-
MyoD(BJ)], the E protein becomes myogenic in 10T1/2 cells
and, like MyoD, remains nonfunctional in 10T1/2-Ras cells
[compare E12 and E12-MyoD(BJ) in Fig. 6]. These experi-
ments demonstrate that the Ras signaling pathway likely tar-
gets the MRM regions of the MRFs, although the inhibition
does not involve overt changes in dimerization or in the DNA
binding properties which are specified by these regions of the
proteins (Fig. 2).
Ras p21Val inhibits myogenesis through regulatory path-

ways that are distinct from the FGF-2 and TGF-b1 pathways.
We have demonstrated that Ras p21Val inhibits MRF-depen-
dent myogenesis but does not alter the DNA binding or the
inherent transcriptional activities of the muscle regulatory fac-
tors. Several other agents, most notably FGF-2 and TGF-b1,
also inhibit MRF-dependent myogenesis through poorly char-
acterized signaling pathways (8, 22, 32, 38, 50, 63). To examine

FIG. 5. The transcription activation domains of MRF4 and MyoD are not
inhibited in 10T1/2-Ras cells. (A) GAL4-MRF4(1-60) and GAL4-MyoD(1-66)
containing the transcription activation domains of MRF4 and MyoD, respec-
tively, were cotransfected into 10T1/2 and 10T1/2-Ras cells with the (GAL4)5-
E1bTATA-CAT reporter gene. The transcription activation domains of MRF4
and MyoD function equivalently in both cell types. (B) 10T1/2 and 10T1/2-Ras
cells were cotransfected with pEM-MRF4 or pEM-MyoD and (E-box)4CAT.
Both MRF4 and MyoD activate transcription of the E-box reporter gene in
10T1/2 and in 10T1/2-Ras cells. Error bars reflect the standard error of the mean.
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whether Ras p21Val and growth factors inhibit terminal differ-
entiation events by similar mechanisms, nuclear extracts pre-
pared from 10T1/2 and 10T1/2-Ras cells transfected with
MRF4 and maintained in either 2% HS (differentiation medi-
um), 2% HS supplemented with FGF-2, or 2% HS supple-
mented with TGF-b1 were normalized for MRF4 content and
used for EMSA with a 32P-labeled E-box probe. As shown in
Fig. 7, extracts from 10T1/2 cells expressing MRF4 and main-
tained in differentiation medium contain MRF4-E protein
complexes that bind to E-box DNA. Interestingly, identical
binding complexes were detected in the extracts prepared from
cells maintained in FGF-2 and TGF-b1, demonstrating that
inhibition of MRF4 activity by FGF-2 and TGF-b1 does not
involve inhibiting protein heterodimerization or protein-DNA
interactions (Fig. 7). Similarly, 10T1/2-Ras cells contain an
active MRF4-E protein binding complex, regardless of whether
the 10T1/2-Ras cells were maintained in differentiation me-
dium (2% HS) or in medium supplemented with FGF-2 or
TGF-b1 (Fig. 7). Comparable results also were obtained for
nuclear extracts prepared from 10T1/2 and 10T1/2-Ras cells
transiently expressing MyoD and maintained in 2% HS in the
presence or absence of FGF-2 and TGF-b1 (data not shown).
Thus, transfected 10T1/2-Ras cells and wild-type 10T1/2 cells
maintained in FGF-2 or in TGF-b1 produce MRF proteins
that exhibit the appropriate DNA binding and heterodimer-
ization activities, even though the proteins are repressed from
inducing a myogenic phenotype.
FGF-2, TGF-b1, and Ras p21Val inhibit myogenesis through

mechanisms that are independent of MRF DNA binding ac-
tivity, since MRF-E protein complexes form and bind to DNA
under each of these conditions. To examine how specific
growth factors function in 10T1/2 and 10T1/2-Ras cells to in-
hibit the transcriptional activity of MRF4, both cell types were
transfected with pEM-MRF4 and the (E-box)4CAT reporter
gene in the presence or absence of FGF-2 or TGF-b1. In
10T1/2 cells, FGF-2 decreases the E-box-mediated transcrip-
tional activity of MRF4 by approximately 50%, while high
levels of (E-box)4CAT expression are maintained in 10T1/2-

FIG. 6. Ras p21Val inhibition of myogenesis is targeted at the basic domain of the MRFs. 10T1/2 and 10T1/2-Ras cells were cotransfected with the indicated MyoD
or E12 expression construct and a TnICAT reporter gene. Following 48 h in 2% HS, cells were harvested for CAT activity or stained for myosin expression (see
Materials and Methods for details). The number of nuclei present in myosin-positive cells was determined for 10 fields per dish per experiment. The values reported
represent the number of myosin-positive cells observed relative to the number detected in the MyoD-transfected 10T1/2 cell groups, which was set to 100%. Similarly,
all TnICAT expression values were normalized to the value obtained in the MyoD-transfected 10T1/2 cell group, which was set to 100%. E12-MyoD(BJ), which
expresses an E12 with a substituted MyoD basic domain, is myogenic in 10T1/2 cells but not in 10T1/2-Ras cells. nd, not determined.

FIG. 7. Western analysis and EMSA using extracts from 10T1/2 and 10T1/2-
Ras cells transfected with pEM-MRF4 and maintained in differentiation medium
(HS) or in differentiation medium supplemented with FGF-2 or TGF-b1. Equiv-
alent amounts of MRF4-containing nuclear extracts (as determined from the
Western analysis) were incubated with 32P-labeled E-box probes, and the pro-
tein-DNA complexes were separated by nondenaturing polyacrylamide gel elec-
trophoresis. MRF4-containing complexes are indicated by arrows. F denotes the
migration of the free probe.
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Ras cells maintained in the presence or absence of FGF-2 (Fig.
8A). In contrast, exposure of 10T1/2 and 10T1/2-Ras cells to
TGF-b1 produces a similar decrease in the E-box-dependent
CAT expression in both cell types (Fig. 8A). As a control, the
effects of Ras p21Val, FGF-2, and TGF-b1 on the activity of the
ubiquitous bHLH protein E2-5 also were examined, and sim-
ilar levels of (mE51mE2)TATACAT gene expression were
obtained in both cell types regardless of whether the cells were
maintained in 2% HS, TGF-b1, or FGF-2 (Fig. 8B). Our re-
sults suggest that Ras p21Val abrogates the signal transduction
pathway utilized by FGF-2 in 10T1/2 cells and that FGF-2,
TGF-b1, and Ras p21Val do not operate through identical
pathways to inhibit MRF-induced myogenesis.

DISCUSSION

The myogenic properties of myoblasts expressing the onco-
genic form of Ras p21 (Ras p21Val) are similar to the proper-
ties of myoblasts that are maintained in the presence of serum
growth factors; i.e., the cells remain mononuclear and do not
express muscle-specific genes such as the a-actin and myosin
genes (27, 30). This observation implies that Ras p21Val and
growth factor signaling pathways may converge at a single
point to inhibit terminal differentiation events. However, un-
like growth factor pathways which block myogenesis by inhib-
iting the DNA binding (8) and/or transcriptional activities of
the muscle regulatory factors (8, 22, 63), MRF proteins in Ras
p21Val cells correctly enter the nucleus, heterodimerize effi-

ciently with partner E proteins, bind to E-box elements in
DNA, and transcriptionally activate reporter genes controlled
by multiple E-box sites.
The molecular target of Ras p21Val-mediated inhibition of

MRF activity appears to be the basic domain. Both DN, DC-
MyoD-VP16, which expresses a fusion protein containing the
bHLH domain of MyoD and the VP16 activation domain, and
E12-MyoD(BJ), which expresses an E12 protein modified with
the MyoD basic domain, are inactive in the 10T1/2-Ras cells.
The basic domain of all four MRFs contains a conserved re-
gion, MRM (7, 13, 14), which maps to the alanine and threo-
nine at amino acid positions 114 and 115, respectively, of
MyoD. Interestingly, the MRM is absent from all nonmyogenic
bHLH proteins (7), and if MRM motifs are introduced into
other bHLH proteins by site-directed mutagenesis, the chi-
meric proteins now exhibit myogenic activity (14). This is con-
vincing evidence that the MRM of the MRFs imparts muscle
specificity on the bHLH factors. The basic region of the MRFs
also serves as the contact point for the major groove of DNA
(35), suggesting that the MRM functions in DNA recognition.
Although Ras p21Val appears to target the basic domain of the
MRFs, it is surprising that the DNA binding and the het-
erodimerization of the MRFs is unaffected. How Ras p21Val

inhibits a muscle phenotype is unknown, but one possibility is
that the Ras signaling pathway disrupts additional protein-
protein interactions involving the MRF proteins. For example,
the MRM has been shown to serve as a protein interface for
other transcription factors, most notably the myocyte enhancer
factor MEF2 (24). Although MEF2 efficiently activates a
(MEF2)2CAT reporter gene in 10T1/2-Ras cells (unpublished
data), it remains formally possible that MRF-MEF2 interac-
tions are altered in Ras cells so that MyoD and MEF2 remain
competent to activate a simple multimerized E-box and mul-
timerized MEF2 reporter but not a complex muscle promoter
containing both E-box and MEF2 sites. Studies addressing this
model are under way.
Understanding how serum growth factors control skeletal

muscle events by regulating the MRF function also has been
the subject of recent investigations (reviewed in references 43
and 44). In the present study, we have confirmed that myogenic
differentiation is repressed by FGF-2 and TGF-b1 through
mechanisms that target the transcriptional activity of the MRF
proteins independently of their ability to heterodimerize with
E proteins and to bind to DNA. The mechanism by which the
transcriptional activity of the MRFs is inhibited in FGF-2- and
TGF-b1-treated cells remains unknown but may involve
dimerization with partners that lack activation domains or may
be a consequence of a posttranslational modification. Indeed,
Li et al. (32) have shown that FGF-2 induces the phosphory-
lation of a conserved threonine residue in myogenin which
affects the ability of myogenin to bind to DNA. In the case of
MRF4 and MyoD, however, FGF-2 treatment does not lead to
detectable changes in the phosphorylation status of the pro-
teins (reference 22 and unpublished observations) and does
not prevent these MRFs from dimerizing with E proteins and
binding to DNA (Fig. 7).
The mechanism by which Ras p21Val, FGF-2, and TGF-b1

inhibit myogenesis is distinct from the mechanism by which
FBS blocks myogenesis. In serum, DNA binding by the MRFs
is inhibited (8), presumably because serum-treated cells ex-
press elevated levels of Id (3), a helix-loop-helix protein that
lacks a basic domain. The protein Id dimerizes efficiently with
E proteins and results in an overall decrease in the amount of
E-protein partners available for binding to the MRFs. For cells
expressing Ras p21Val, or for cells treated with FGF-2 or TGF-
b1, Id mRNA is detected at a constant, low level (unpublished

FIG. 8. Transcriptional activity of MRF4 and E2-5 in 10T1/2 and 10T1/2-Ras
cells maintained in FGF-2 and in TGF-b1. 10T1/2 and 10T1/2-Ras cells were
transfected with MRF4 and (E-box)4CAT or with E2-5 and (mE51mE2)TATA
CAT as described for Fig. 3 and 5. FGF-2 inhibits (E-box)4CAT expression in
10T1/2 cells but not in 10T1/2-Ras cells. TGF-b1 inhibits (E-box)4CAT expres-
sion in both cell types. Ras p21Val, FGF-2, and TGF-b1 do not inhibit E2-5
activity. Error bars reflect the standard error of the mean.
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results), which correlates well with the sustained ability of the
MRFs to bind to DNA under these conditions. Thus, a mech-
anism other than Id-mediated inhibition of myogenesis must
be evoked to explain the inhibition of MRF activity by Ras
p21Val, FGF-2, and TGF-b1.
An interesting and somewhat unexpected finding of this

study is that 10T1/2-Ras cells do not respond to FGF-2 signal-
ing in the same manner as 10T1/2 cells with respect to inhib-
iting MRF activities. In 10T1/2-Ras cells treated with FGF-2,
the MRFs continue to bind to specific DNA elements and
transcriptionally activate E-box reporter genes, even though
FGF-2 inhibits MRF transcriptional activity in normal 10T1/2
cells. This finding suggests that Ras p21Val antagonizes the
action of FGF-2 by interfering with one specific component of
the FGF-2 signal pathway, possibly the FGF receptor comple-
ment on cells. Alternatively, Ras p21Val and FGF-2 may func-
tion through similar intracellular pathways but exert different
effects on specific components of the respective pathway. One
candidate pathway is the MAPK cascade, which is known to
function as a signal transduction pathway in cells exposed to
FGF-2 or to Ras p21Val (41). Interestingly, for the MM14
muscle cell line, FGF-2 signaling stimulates MAPK kinase
activity but not MAPK (9). The block in the MAPK pathway
appears to be the result of a specific MAPK phosphatase ac-
tivity which is present in MM14 cell extracts. Thus, it is possible
that Ras cells can overcome the FGF-2-induced block in the
MAPK cascade and generate a profile of MRF activities that is
characteristic of Ras p21Val-expressing cells.
Previous studies from several laboratories have demon-

strated that constitutive expression of a stably transfected
MyoD cDNA partially restores the ability of myoblasts ex-
pressing Ras p21Val to differentiate (27, 30). The 10T1/2-Ras
cell lines used in this study also are capable of partially differ-
entiating into muscle cells when stably transfected with pEM-
MRF4 or pEM-MyoD (unpublished data). In transient assays,
however, MyoD andMRF4 proteins fail to initiate myogenesis.
A block in differentiation also is observed following cotrans-
fection of 10T1/2 cells with MyoD and Ras p21Val expression
constructs (unpublished results), indicating that long-term ex-
pression of Ras p21Val is not a prerequisite for this effect. The
failure of MyoD andMRF4 to induce a myogenic phenotype in
Ras cells may reflect instability in the RNA and/or protein
levels of muscle-specific genes or of the MRFs themselves.
However, examination of MRF protein levels in these studies
revealed that transiently transfected 10T1/2 cells express a
much higher level of MRF protein than is generated in a stable
transfection (unpublished results), indicating that loss of myo-
genic activity in Ras cells is not due to a reduced level of MRF
expression. It remains formally possible that MRF proteins
need to be expressed for longer periods of time in 10T1/2-Ras
cells in order to override the Ras-induced inhibition. Extended
expression periods may be necessary for the MRFs to activate
downstream genes, such as those encoding specific kinases
and/or phosphatases, that function to antagonize the Ras sig-
naling pathway. Recent studies (42, 55) have indicated that
expression of the MRFs may increase intracellular phos-
phatase activities that are critical for normal muscle differen-
tiation, since inhibition of phosphatase activity inhibits myo-
genesis (25, 47). Whether MRF4 or MyoD plays a direct role
in the regulation of phosphatase activity during myogenesis has
yet to be examined.
A hallmark of skeletal muscle differentiation is the require-

ment for myoblasts to withdraw from the cell cycle and arrest
in the G1 phase. Several pieces of evidence suggest that the
MRFs play a dual role both in the inhibition of cell cycle
progression and in the establishment of the myogenic pheno-

type (11, 20, 54, 56). Halevy et al. (21) have proposed that one
mechanism by which MyoD may promote cell cycle exit is by
inducing the expression of p21ClP1. p21ClP1 serves as a cellular
inhibitor of the cyclin-dependent kinases (cdks), enzymes im-
plicated in the phosphorylation and inactivation of the G1
repressor Rb (37, 59). From this finding, one can postulate that
Ras p21Val cells may be refractile to myogenic differentiation
as a result of the lack of a functional p21ClP1. However, when
p21ClP1, alone or in conjunction with MyoD, is overexpressed
in 10T1/2-Ras cells, the cultures fail to exhibit a myogenic
phenotype, suggesting that Ras p21Val inhibits differentiation
through pathways independent of p21ClP1 expression (unpub-
lished results). Alternatively, myogenic inhibition by Ras
p21Val may involve a change in the phosphorylation status of
the MRFs within the context of the cell cycle. In support of this
idea, overexpression of cyclin D1, a component of the G1 cdk
complex, has been shown to induce hyperphosphorylation of
MyoD and inhibit myogenesis (49, 52). Therefore, it is possible
that some aspect of the Ras signaling pathway is involved in the
activation of the cyclin D1-cdk complex which promotes the
phosphorylation of the MRFs. While studies from our labora-
tory indicate that this phosphorylation event is not likely to
involve the threonine residue located within the MRF MRM
domain, it may target other amino acids important for the
proper interaction of MRFs with the transcriptional machin-
ery. The goal of additional experiments will be to define each
of the downstream control points associated with the Ras
p21Val signaling pathway and to integrate those points into the
pathways that specify cell cycle progression and that are trig-
gered by the treatment of cells with FGF-2 or TGF-b1. Clearly,
it is the synergy between the positive and negative effects of
these cellular pathways that coordinates the molecular regula-
tion of skeletal muscle differentiation.
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