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ABSTRACT During myogenesis, induction of muscle-spe-
cific genes is subject to negative control by polypeptide
mitogens and type-13 transforming growth factor. Since trans-
duction of growth factor signals may require proteins encoded
by cellular ras oncogenes, we have tested whether a mutation-
ally altered Harvey ras expression vector, by itself, can prevent
establishment of a differentiated phenotype in BC3H1 mouse
myoblasts. Transfection with the valine-12 allele of the human
Harvey ras gene, under the control of its own promoter, was
sufficient to prevent the induction of both muscle creatine
kinase activity and the nicotinic acetylcholine receptor follow-
ing mitogen withdrawal but did not inhibit withdrawal from the
cell cycle. The loss of creatine kinase activity resulted from a
corresponding block to induction of muscle creatine kinase
mRNA. Similarly, mitogen withdrawal elicited little or no
a-actin mRNA in ras-transfected cells. These results suggest
that an activated ras allele can inhibit myogenesis through a
mechanism independent of cell proliferation and can preclude
activation of genes whose up-regulation normally accompanies
mitogen withdrawal.

Muscle differentiation is accompanied by induction of a set of
tissue-specific gene products including the muscle isoenzyme
of creatine kinase (mCK) and the nicotinic acetylcholine
(AcCho) receptor, whose up-regulation can be suppressed by
serum components (1-7), purified mitogens (8, 9), and trans-
forming growth factors (10-12). The pathway for growth
factor signals from cell membrane to nucleus is postulated to
involve a cascade of proteins encoded by cellular oncogenes
(13). For example, c-sis encodes a subunit of platelet-derived
growth factor (14), c-erbB encodes the receptor for epidermal
growth factor (15), and the ability of quiescent cells to reenter
the cell cycle is attributed to intranuclear proteins encoded by
c-fos and c-myc (e.g., refs. 16 and 17). Moreover, certain
variant myocytes that cannot differentiate fail to down-
regulate either c-myc (18) or the epidermal growth factor
receptor encoded by erbB (19). The viral myc gene may
inhibit myogenesis, but only indirectly, by maintaining myo-
blasts in a proliferative state (20). Furthermore, reinduction
of c-myc in terminally differentiated myotubes does not
impair the continued transcription of muscle-specific genes
(6). Previously, we examined the possible functional role of
c-myc in muscle differentiation by means ofgene transfer (21)
using the myogenic murine cell line BC3H1 (22). We dem-
onstrated that autonomous expression of c-myc did not
prevent the establishment of a differentiated phenotype in
BC3H1 cells (7). Thus, induction of muscle-specific genes is
not obligatorily coupled to down-regulation of c-myc.

In the present study, as a step toward defining the molec-
ular mechanisms by which growth factors regulate myogen-
esis, we tested the potential contrasting role of cellular ras
genes, by transfection of BC3H1 cells with a ras expression
vector activated by missense mutation (23). Transduction of
growth signals has been ascribed to proteins encoded by
three cellular ras genes, Harvey (Ha), Kirsten (Ki), and N
(13), which share homology with guanine nucleotide-binding
regulatory proteins such as transducin and the proteins that
couple adrenergic receptors to adenylate cyclase (24, 25). At
least some point mutations in ras impair hydrolysis of bound
G'P and appear to activate the ras peptide constitutively (26,
27). Furthermore, activated ras proteins may themselves
enable certain quiescent cells to traverse the cell cycle and
replicate DNA (28). Conversely, monoclonal antibodies
against ras proteins prevent DNA synthesis evoked by fetal
serum (29). Finally, elevated ras expression can amplify
growth factor effects without affecting receptor number or
affinity (30). Thus, ras proteins might couple growth factor
receptors to effector enzymes such as phospholipase C or A2
and mediate the transduction of growth factor signals that
lead to DNA synthesis and mitotic division. Whether down-
regulation of muscle-specific genes by mitogens and trans-
forming growth factors involves a ras-dependent cascade for
transmembrane signal transduction is unknown. For exam-
ple, in certain cells, activated ras proteins elicit differentia-
tion, not cell division (31). Moreover, activated ras genes
may not promote DNA replication in cells that are senescent
(32). Thus, responses to ras-dependent signals reflect not
only properties inherent in ras proteins but also properties
intrinsic to a particular cell lineage or developmental stage.
To test the prediction that activation of ras can block the
induction of muscle-specific genes, we have investigated
BC3H1 cells that bear the valine-12 allele of the human
Harvey ras gene (Val-12 ras). The missense ras mutant was
found to prevent myogenic differentiation evoked by mitogen
withdrawal.

METHODS
Cell Culture and Transfection. BC3H1 cells (22) were

cultured in Dulbecco's modification of Eagle's minimal
essential medium/Ham's nutrient mixture F-12 (1:1) supple-
mented with 17 mM Hepes (pH 7.4), 3 mM NaHCO3, 2 mM
L-glutamine, 50 ,ug of gentamicin per ml, and 20% heat-
inactivated fetal bovine serum (FBS). Cells were transfected
with a 1:10 mixture of plasmids pSV2neo (33) and pEJ (23).
pSV2neo provides mammalian cells with resistance to the

Abbreviations: mCK, muscle creatine kinase; Val-12 ras, the valine-
12 missense mutation of the human Harvey ras gene; FBS, fetal
bovine serum; AcCho, acetylcholine.
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neomycin analogue G418. pEJ comprises the Val-12 ras gene
under the control of its own promoter. Transfection was
performed by the calcium phosphate method (21, 23). Colo-
nies were selected in medium containing G418 at 400 pug/ml.
DNA Blot Hybridization. Southern analysis of restriction

endonuclease-digested genomic DNA was done as described
(34), using stringent conditions for hybridization and wash-
ing.
RNA Blot Hybridization. Total cellular RNA was isolated

by the proteinase K/NaDodSO4 method (35). Aliquots (15 ,ug
per lane) were size-fractionated by formaldehyde/agarose gel
electrophoresis and were transferred to nitrocellulose filters
(36). cDNA hybridization probes (see Fig. 4 legend) were
labeled to a specific activity of 1-4 x 109 dpm/ttg (37).
Following overnight incubation at 680C (106 dpm/cm2), the
blots were washed twice in 2 x SSC/0.5% NaDodSO4 at room
temperature and twice in O.1x SSC/0.5% NaDodSO4 at
680C. (SSC, standard saline citrate, is 150 mM NaCI/15 mM
sodium citrate.)

RESULTS
An Activated c-Ha-ras Gene Induces Morphological Alter-

ation But Not Autonomous Proliferation in BC3H1 Cells.
Colonies resulting from transfection with the neomycin-
resistance gene (pSV2neo) alone were morphologically in-
distinguishable from parental BC3H1 cells (Fig. 1A). In
contrast, colonies transfected with pSV2neo plus the Val-12
ras gene (pEJ) contained large, phase-bright, refractile cells
(Fig. 1B), distinct from the effects of an activated c-myc
vector (7). The normal Gly-12 c-Ha-ras protooncogene (23)
produced no morphological change (data not shown). South-
ern hybridization confirmed the stable incorporation of the
exogenous human Ha-ras gene (Fig. 1C). To determine
whether an activated ras allele could block exit from the cell
cycle under conditions used to induce myocyte differentia-
tion (4, 7), confluent cultures were exposed to medium
containing 0.5% FBS, cell number was determined with an
electronic particle counter (Fig. 2A), and DNA synthesis was
monitored by [3H]thymidine autoradiography (Fig. 2B).
BC3H1 cells transfected with the Val-12 ras vector ceased
DNA replication within 24 hr of mitogen withdrawal. In 20%
FBS, 52.4% of the nuclei incorporated [3H]thymidine (n =
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FIG. 2. The Val-12 ras gene does not induce autonomous pro-
liferation or DNA synthesis in BC3H1 cells. (A) Cell number was
determined at intervals during mitogen withdrawal in 0.5% FBS,
using a Coulter counter. (B) For thymidine autoradiography after
mitogen withdrawal for 3 days, ras-transfected cells were incubated
for 24 hr in medium containing [3H]thymidine and 20% (Upper) or
0.5% (Lower) FBS. (Bar = 200 ,um.)

2180), while DNA synthesis was found in only 1.33% of
nuclei in 0.5% FBS (n = 5450). Thus, potential effects of the
Val-12 ras gene on myogenic differentiation were indepen-
dent of cell proliferation, since the ras expression vector was
not itself mitogenic for BC3H1 cells.
An Activated c-Ha-ras Gene Prevents Induction ofmCK and

AcCho Receptor. To test the prediction that a mutationally
activated ras gene could abolish the expression of tissue-
specific gene products whose induction normally accompa-
nies growth factor withdrawal, proliferative BC3H1 cells and
ras-transfectants were shifted from 20% to 0.5% FBS. As
shown in Fig. 3A, mCK activity was induced within 2 days in
control cells and was expressed at maximal levels within 7
days. Similar induction ofmCK was confirmed in each of five
replicate clones transfected with the Gly-12 ras protoonco-
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FIG. 1. (A and B) Morphology of transfected BC3H1 myocytes. Phase-contrast microscopy is shown for representative G418-resistant

colonies resulting from transfection with pSV2neo (A) or with pSV2neo plus the Val-12 ras vector pEJ (B). (Bar = 100 Mim.) (C) Southern blot
analysis of BC3H1 (lanes 1-3) and the clonal ras-transfectant shown in B (lanes 4-6). DNA (10 ,ug per lane) was digested with restriction
endonuclease HindIII (lanes 1 and 4), BamHI (lanes 2 and 5), or EcoRI (lanes 3 and 6). The 6.3-kilobase-pair (kbp) insert of pEJ was used as
hybridization probe. Markers at right show positions of HindlIl-digested phage X DNA electrophoresed in parallel.
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FIG. 3. Expression of CK activity and AcCho receptors is abolished in BC3H1 myocytes transfected with the Val-12 ras allele. At the
indicated times after mitogen withdrawal, CK activity (units/g of protein) was determined enzymatically (2) (A) and AcCho receptors were

quantitated by specific binding of 1251I-labeled a-bungarotoxin (3) (B). Results comparable to those shown for BC3H1 cells were obtained using
cells modified by pSV2neo alone or with the Gly-12 ras protooncogene. Arrowheads denote withdrawal of 20% FBS.

gene. In contrast, transfection with the Val-12 ras allele
prevented the expression of mCK activity in each of four
independent clones, even after 5 days of growth factor
withdrawal. For BC3H1 cells, mCK activity evoked by
serum-free medium (5) was -1.8-fold higher than in 0.5%
FBS; no mCK was elicited in ras-transfected cells by either
medium. Furthermore, the Val-12 ras allele also prevented
expression of the nicotinic AcCho receptor (Fig. 3B). To-
gether, these observations suggest that an activated ras gene
can block the induction of representative and unlinked
muscle proteins in BC3H1 cells, through a mechanism inde-
pendent of cell proliferation. These results contrast with
those we obtained previously using the neomycin-resistance
gene alone (7), an autonomous c-myc vector (7), or a viral
erbB gene (unpublished results) or in the present study using
the c-Ha-ras protooncogene.
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The Val-12 ras Allele Can Block Activation of Muscle-
Specific Genes. The induction of mCK activity by mitogen
withdrawal in myogenic cells is contingent on accumulation
of mCK transcripts and is mediated by increased transcrip-
tion of the mCK gene (38), as shown for diverse sarcomeric
proteins (39). To determine whether suppression of mCK
activity by the Val-12 ras gene depends, conversely, on a
block to expression of mCK mRNA, blot hybridization of
electrophoretically fractionated RNA was performed. Levels
of c-Ha-ras mRNA were -3-fold higher after c-Ha-ras
transfection than in the control cells (Fig. 4, lanes 1 and 2).
In agreement with the absence of mCK activity, no detect-
able mCK mRNA was evoked by mitogen withdrawal after
transfection with the Val-12 ras gene (lanes 3 and 4), even in
a 10-fold longer exposure of the autoradiogram than that
shown here.
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FIG. 4. Val-12 ras blocks the induction of mCK and a-actin mRNAs. For blot hybridization (7), total RNA was isolated from BC3H1 cells

(lanes 1, 3, 5, and 7) and ras transfectants (lanes 2, 4, 6, and 8) after mitogen withdrawal for 4 days. Arrowheads denote 28S and 18S ribosomal
RNA. Hybridization probes were as follows. Lanes 1 and 2: Ha-ras, the 1.0-kbp BamHI fragment of Harvey murine sarcoma virus clone HB-11
(40). Lanes 3 and 4: mCK, the 0.85-kbp Pst I fragment of pHMCKIa (41). Lanes 5 and 6: actin, the 0.93-kbp Pst I fragment of pJ, a skeletal
muscle a-actin clone isolated from a differentiated BC3H1 cDNA library (provided by S. Sharp, R. LaPolla, and N. Davidson). Lanes 7 and
8: glyceraldehyde-3-phosphate dehydrogenase (gad), the 1.65-kbp Hha I fragment of pGAD-28 (42), and c-myc, the 2.5-kbp Xba 1-HindIll
fragment of pSVc-myc-1 (23).
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In BC3H1 cells as in embryonic skeletal muscle, the /3 and
y-cytoplasmic isoforms of actin are down-regulated upon
differentiation, and a-actin is induced (39, 43). At 4 days of
mitogen withdrawal, BC3H1 cells expressed predominantly
a-actin transcripts, together with lesser amounts of 3- and
'y-actin mRNA (lane 5). In contrast, expression of a-actin was
extinguished in the ras-transfected cells (lane 6). As shown
by a 2- to 3-fold increase in c-myc expression and by the
constitutive expression of glyceraldehyde-3-phosphate dehy-
drogenase mRNA (lanes 7 and 8), transfection with the
Val-12 ras allele did not result in a parallel reduction of all
cellular transcripts. Taken together, our data suggest that an
activated ras allele introduced into BC3H1 cells can selec-
tively suppress the induction of muscle-specific genes whose
expression normally is coupled to release from exogenous
growth factors.

DISCUSSION
In the present study, we have demonstrated that a single
altered Harvey ras allele inserted into BC3H1 myoblasts can
interfere with the activation of muscle-specific genes. More-
over, we have shown that the molecular mechanisms that
preclude myogenic differentiation do not require continued,
autonomous proliferation. These observations are in agree-
ment with effects exerted by polypeptides such as fibroblast
growth factor and type-p transforming growth factor, which
directly inhibit myogenic differentiation but do not them-
selves provoke DNA replication or mitotic division (4,
10-12). The BC3H1 myogenic cell line, widely studied as a
model of muscle differentiation and its modulation by growth
factors, was selected for these studies because differentiation
in this system is accompanied by induction ofmCK, nicotinic
AcCho receptor subunits and a-actin; is essentially synchro-
nous; and remains susceptible to inhibition by mitogens or
transforming growth factors (2-4, 7, 10, 22). Furthermore, we
previously showed that the establishment of a biochemically
differentiated state in these cells is not prevented by trans-
fection with the neomycin-resistance gene alone or with a
transcriptionally activated c-myc vector (7). Thus, the results
reported here are specifically due to the Val-12 ras gene that
was used. Corroborative findings have been reported for a
complementary muscle cell line (44).

Caffrey et al. (45) recently obtained evidence that differ-
entiated BC3H1 myocytes express voltage-gated Ca2+ chan-
nels that are distinct from those in smooth muscle cells and
largely correspond to Ca2+ channels formed in the transverse
(T) tubules of skeletal muscle. During logarithmic growth,
neither functional Ca2+ channels assayed by whole-cell
clamp techniques nor the associated dihydropyridine-binding
protein could be detected (cf. refs. 46 and 47). Furthermore,
transfection with the Val-12 ras gene (but not an autonomous
c-myc gene) prevented the induction of Ca2+ channels (45).
The formation of "skeletal muscle" Ca2+ channels agrees
with the expression of nicotinic AcCho receptors, a-skeletal
actin, and mCK in this line and supports the inference that
BC3H1 cells can be useful as a model to investigate mecha-
nisms of gene activation during skeletal muscle differentia-
tion. Since BC3H1 cells do not fuse or commit to terminal
differentiation, alternative methods are necessary to study
these later transitions (6). Because Ca2+ channels could not
be detected in Val-12 ras-transfected cells even after 40 days
in serum-free medium, our results may indicate that cell
differentiation induced by mitogen withdrawal was prevent-
ed, not merely delayed, by this missense mutation of the
Ha-ras gene.

Several possible mechanisms exist to account for the
concomitant regulation of diverse muscle-specific genes by
an exogenous ras expression vector. In view of extensive
evidence that this mutation may up-regulate a number of

autocrine factors including type-1 transforming growth factor
(48), it is plausible to surmise that suppression of muscle-
specific genes in ras-transfected BC3H1 cells might depend,
at least in part, on increased synthesis and release of type-p
transforming growth factor or other autocrine peptides.
Alternatively, or in addition, an activated ras protein might
exert negative regulation principally through its own ability to
serve as a surrogate for growth factors and initiate inositol-
phospholipid hydrolysis. The results we present here do not
allow us to distinguish between these intriguing possibilities.

Mitogenic control of muscle-speciflic genes has been shown
to involve regulation at the level of gene transcription
possibly involving the conformation or methylation of spe-
cific flanking sequences (39), as well as posttranscriptional
mechanisms (49). The coordinate suspension of multiple
muscle-specific genes by the introduction of a single mutation
suggests that control of muscle-specific gene induction might
occur via recognition of cis-acting DNA sequences shared by
these genes (38, 39). It is unknown whether an activated ras
gene can alter mCK-gene chromatin structure and transcrip-
tion rates, corresponding to the effects of growth factors
themselves. Since BC3H1 myocytes first express smooth
muscle a-actin after 'mitogen withdrawal, followed by the
sarcomeric isoform (50), it would be of interest to establish
whether ras might impinge on the consecutive induction of
these two contrasting act genes. Modifying cells by gene
transfer with mutationally Mtered ras alleles thus can provide
a useful model not only for studies of the cascade leading to
cell proliferation but also for understanding the molecular
mechanisms employed by factors that regulate cell differen-
tiation.
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