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The distinct effects of cytokines on cellular growth and differentiation suggest that specific signaling
pathways mediate these diverse biological activities. Fibroblast growth factors (FGFs) are well-established
inhibitors of skeletal muscle differentiation and may operate via activation of specific signaling pathways
distinct from recently identified mitogen signaling pathways. We examined whether platelet-derived growth
factor (PDGF)-activated signaling pathways are sufficient to mediate FGF-dependent repression of myogenesis
by introducing the PDGF b receptor into a mouse skeletal muscle cell line. Addition of PDGF-BB to cells
expressing the PDGF b receptor activated the PDGF b receptor tyrosine kinase, stimulated mitogen-activated
protein (MAP) kinase, and increased the steady-state levels of junB and c-fos mRNAs. Despite the activation
of these intracellular signaling molecules, PDGF b receptor activation elicited no detectable effect on cell
proliferation or differentiation. In contrast to PDGF-BB, addition of FGF-2 to myoblasts activated signaling
pathways that resulted in DNA synthesis and repression of differentiation. Because of the low number of
endogenous FGF receptors expressed, FGF-stimulated signaling events, including tyrosine phosphorylation
and activation of MAP kinase, could be detected only in cells expressing higher levels of a transfected FGF
receptor cDNA. As the PDGF b receptor- and FGF receptor-stimulated signaling pathways yield different
biological responses in these skeletal muscle cells, we hypothesize that FGF-mediated repression of skeletal
muscle differentiation activates signaling pathways distinct from those activated by the PDGF b receptor.
Activation of PDGF b receptor tyrosine kinase activity, stimulation of MAP kinase, and upregulation of
immediate-early gene expression are not sufficient to repress skeletal muscle differentiation.

Intracellular signaling cascades initiated by growth factor
binding to cell surface tyrosine kinase receptors transmit sig-
nals that control cell proliferation, differentiation, cell migra-
tion, and cell fate. We are examining the fibroblast growth
factor (FGF)-mediated signaling pathways that control prolif-
eration and differentiation of skeletal muscle cells. The effects
of FGF on both skeletal muscle cell proliferation and differ-
entiation have been well documented in studies using cell lines
(40) and primary cell cultures (1, 46, 53).
A satellite cell line (MM14) derived from an adult mouse

muscle exhibits an absolute dependence on exogenously sup-
plied FGFs (12, 34). Removal of FGF from the culture me-
dium results in terminal differentiation, which initiates with an
irreversible withdrawal from the cell cycle, is followed by ex-
pression of muscle-specific genes and culminates with fusion
into multinucleated myotubes. The biological activity of FGFs
on these cells requires an interaction with heparan sulfate
proteoglycans (HSPGs) (43, 48). HSPGs have been proposed
to form a high-affinity FGF-binding and signaling complex with
the FGF receptor tyrosine kinase 1, the only identified FGF

receptor tyrosine kinase in MM14 cells (30, 57). Although a
pathway involving the receptor kinase is likely to be required
for generating the FGF response, signaling by other FGF re-
ceptors, including the HSPGs and a cysteine-rich FGF recep-
tor (8), has not been excluded. Furthermore, a role for intra-
cellular FGF in other cell types has been reported, but the
mechanism of action has not been determined (5, 24, 61).
Distinct signaling pathways may be involved in modulating

proliferation and differentiation of skeletal muscle cells as
MM14 cell proliferation requires both FGF and serum. In the
absence of serum and the presence of FGF, MM14 cells do not
terminally differentiate but are reversibly quiescent (12). Only
when FGF is withdrawn do the cells terminally differentiate
(12). To analyze the signaling pathways activated by FGF, we
determined if signaling by the platelet-derived growth factor
(PDGF) b receptor could replace FGF signaling in skeletal
muscle cells. In PC12 cells expressing the PDGF b receptor,
both FGF and PDGF stimulate neuronal differentiation via
activation of Ras and mitogen-activated protein (MAP) kinase
(23). We have examined PDGF-BB-activated signaling in skel-
etal muscle cells overexpressing the PDGF b receptor. We
report that PDGF-BB stimulation of PDGF b receptor-ex-
pressing MM14 myoblasts activated signaling pathways that
result in autophosphorylation of the PDGF b receptor, activa-
tion of MAP kinase, and increases in the steady-state levels of
junB and c-fos mRNAs. However, we observed no effect of
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PDGF b receptor stimulation on skeletal muscle cell growth or
differentiation. These data indicate that activation of endoge-
nous MAP kinase, immediate-early genes, and other signaling
events initiated by an activated PDGF b receptor are not
sufficient to regulate skeletal muscle cell growth or differenti-
ation. Thus, FGF mediates repression of skeletal muscle dif-
ferentiation through signaling pathways distinct from those
activated by the PDGF b receptor.

MATERIALS AND METHODS
Cell culture and stable transfection.Mouse MM14 cells (34) were cultured on

gelatin-coated plates in growth medium consisting of Ham’s F-10 (Gibco) sup-
plemented with 0.8 mMCaCl2, 100 U of penicillin G per ml, 5 mg of streptomycin
sulfate per ml, and 15% horse serum. The concentration of FGF-2 (purified from
a yeast strain expressing human FGF-2 [47]) was increased from 0.3 to 2.5 nM
with increasing cell density.
A human PDGF b receptor cDNA controlled by the simian virus 40 enhancer

and an adenovirus late promoter (pDX-hPDGFR expression vector) (19) and a
vector containing the neomycin resistance gene (pKO-neo) (59) were introduced
into MM14 cells by calcium phosphate-mediated transfection (52). PDGF b
receptor-expressing cells were isolated from neomycin-resistant cells by fluores-
cence-activated cell sorting, using anti-PDGF receptor monoclonal antibody
PR7212 (22), biotinylated goat anti-mouse immunoglobulin G (IgG), and fluo-
rescein isothiocyanate-avidin. The isolated cells were subcloned to derive cell
clones (MM14/PR clones) that had morphology and differentiation kinetics sim-
ilar to those of nontransfected MM14 cells.
An expression vector containing the mouse FGF receptor 1 cDNA under the

control of the Molony murine leukemia virus long terminal repeat (63) (provided
by David Ornitz, Washington University Medical School, St. Louis, Mo.) was
cotransfected by the calcium phosphate method (52) with pHyg (56) to confer
hygromycin resistance to transfected cells. Hygromycin-resistant cells (MM14/
FR1 cells) were selected. Binding of 125I-FGF-2 to nontransfected and FGF
receptor 1-transfected cells indicates that transfected cells express 7.5-fold more
FGF-2 high-affinity binding sites than do nontransfected cells (30).
125I-PDGF binding. Specific binding of 125I-PDGF was determined essentially

as previously described (54). Briefly, the wells to be used for determination of
nonspecific binding were preincubated for 2 h with 200 ng of PDGF-BB per ml.
Wells were then incubated at 48C for 3 h with increasing concentrations of
125I-PDGF, and cell-associated radioactivity was harvested with 1% Triton
X-100. Specific binding was calculated by subtracting binding not eliminated by
the preincubation with unlabeled PDGF-BB. Three additional wells were used to
determine cell number. Specific activities were 19,369 cpm/ng for 125I-PDGF-AA
and 2,104 cpm/ng for 125I-PDGF-BB.
Immunoblot analysis. (i) Anti-PDGF receptor. Cell lysates were prepared by

solubilizing cells in a mixture containing 50 mM NaH2PO4 (pH 7.4), 100 mM
NaCl, 4 mM EDTA, 1% Triton X-100, 1 mg of leupeptin per ml, and 1 mM
phenylmethylsulfonyl fluoride (PMSF). Extracts were clarified by centrifugation,
and the protein content was determined by the bicinchoninic acid protein assay
(Pierce). Extracts containing 50 mg of protein were separated on 7.5% acrylam-
ide gels by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) under nonreducing conditions, and proteins were electrophoretically
transferred to an Immobilon membrane (Millipore). Nonspecific membrane
binding sites were blocked with 50 mM Tris (pH 7.4)–100 mM NaCl–0.1%
Tween 20–0.25% gelatin. The membrane was incubated with 10 mg of anti-
PDGF receptor antibody PR7212 (22) per ml followed by 125I-labeled goat
anti-mouse IgG. Bands were visualized by autoradiography.
(ii) Antiphosphotyrosine. Proliferating cells were washed and incubated in

growth medium without FGF-2 for 10 h. Cells were stimulated as indicated for
10 min and then solubilized in a mixture containing 25 mM Tris (pH 7.4), 50 mM
NaCl, 5 mM EDTA, 50 mM sodium pyrophosphate, 50 mM NaF, 0.1 mM
sodium orthovanadate, 1% Triton X-100, 2 mg of leupeptin per ml, 2 mg of
aprotinin per ml, 1 mM PMSF, and 2 mM EGTA. Solubilized cell lysates were
clarified by centrifugation, and protein content was quantitated by the bicincho-
ninic acid protein assay. Twenty micrograms of protein from MM14 and
MM14/PR cells and 10 mg of protein from MM14/FR1 cells were separated by
SDS-PAGE on 7.5% acrylamide gels, and proteins were electrophoretically
transferred to an Immobilon membrane. Phosphotyrosine-containing proteins
were detected by using horseradish peroxidase-conjugated antiphosphotyrosine
monoclonal antibody RC20 (Transduction Laboratories) and chemilumines-
cence as instructed by the manufacturer.
MAP kinase assays. Proliferating MM14/PR cells or MM14/FR1 cells were

washed and incubated in growth medium with 2% horse serum and without
FGF-2 for 4 to 5 h. Cells were stimulated with the specified factor for the
indicated time. Cell lysates were prepared by washing cells with iced Tris-buff-
ered saline (50 mM Tris [pH 7.4], 150 mM NaCl), scraping into homogenization
buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 5 mM EDTA, 5 mM p-nitrophenyl
phosphate, 1 mM sodium orthovanadate, 10 mM pyrophosphate decahydrate, 10
mg of aprotinin per ml, 10 mg of leupeptin per ml, 1 mM PMSF), sonicating, and
centrifuging to remove insoluble particulates. Lysates were adjusted to 1% Tri-

ton X-100–0.5% sodium deoxycholate–0.1% SDS. Anti-MAP kinase polyclonal
antibody bound to protein A-Sepharose was incubated with each lysate for 2 to
3.5 h. The immunoprecipitates were washed with homogenization buffer con-
taining 1% Triton X-100, 0.5% sodium deoxycholate, and 0.1% SDS and then
subjected to a final wash with 20 mM Tris (pH 7.4). The washed immunopre-
cipitates were resuspended in reaction buffer (12.8 mM Tris [pH 7.4], 5.5 mM
p-nitrophenyl phosphate, 51.5 mM MgCl2, 2 mg of myelin basic protein per ml,
0.5 mCi of [g-32P]ATP [;3,000 Ci/mmol; Amersham] per ml) and incubated at
308C for 30 min. The reaction mix was separated by electrophoresis on 12%
polyacrylamide gels by SDS-PAGE. Phosphorylation of myelin basic protein was
visualized by autoradiography and quantitated on a Molecular Dynamics Phos-
phoImager.
The anti-MAP kinase antibody was a gift from Curtis Ashendel (Purdue

University) and was generated by immunizing rabbits with a mouse MAP kinase
glutathione S-transferase fusion protein (13). The antibodies recognize the 42-
and 44-kDa forms of MAP kinase, as determined by immunoblotting of crude
soluble cell lysates with both the anti-MAP kinase and antiphosphotyrosine
primary antibodies (2).
RNase protection assay. Proliferating MM14/PR cells were washed and incu-

bated in growth medium with 2% horse serum and without FGF-2 for 10 h. Cells
were stimulated for 45 min with the indicated growth factor, and total RNA was
isolated (10). Analysis of immediate-early gene mRNA levels over a 4-h time
course of growth factor treatment demonstrated that expression levels peaked at
45 min (27). Radiolabeled RNA probes with a specific activity of 33 108 cpm/mg
were transcribed in vitro according to Promega’s standard transcription protocol
(44), using [a-32P]UTP (;3,000 Ci/mmol; Amersham) and the following DNA
templates. A HindIII fragment of mouse c-myc cDNA (55) in the HindIII site of
pGEM-4 (Promega) (construct provided by Elizabeth Taparowsky, Purdue Uni-
versity) was linearized with XmnI, and the probe was transcribed with T7 RNA
polymerase; mouse junB cDNA (51) in the EcoRI site of pGEM-2 (Promega)
(construct provided by Eric Olson, The University of Texas M. D. Anderson
Cancer Center) was linearized with XhoI, and the probe was synthesized with
SP6 RNA polymerase; mouse junD cDNA (50) in the EcoRI site of pBluescript
(Stratagene) (construct provided by Eric Olson) was linearized with DraI, and
the probe was transcribed with T7 RNA polymerase; mouse c-fos cDNA (58) in
the EcoRI site of pGEM-4 (Promega) (construct provided by Anthony Lanahan,
Johns Hopkins University) was linearized with HgaI, and the probe was synthe-
sized with T7 RNA polymerase. Following transcription, the DNA template was
digested with DNase, and the entire reaction mix was separated by electrophore-
sis through a 6% Long Ranger acrylamide (AT Biochem) denaturing gel. The
area of the gel containing the probe was excised, and the probe was eluted in 0.5
M ammonium acetate with 1 mM EDTA and 0.2% SDS. RNase protection
assays were performed with an RPA II RNase protection assay kit (Ambion,
Inc.) as instructed by the manufacturer. Briefly, the indicated amount of total
RNA was mixed with 9 3 104 cpm of gel-purified radiolabeled RNA probe.
Hybridization buffer was added, and the RNA was denatured by heating at 958C.
Two hybridizations with yeast RNA and probe were also done as controls. The
samples and probes were allowed to hybridize at 438C for approximately 24 h.
Unhybridized single-stranded RNA was digested with 0.5 U of RNase A and 10
U of RNase T1 at 378C for 30 min. RNases were added to only one of the two
yeast RNA control hybridizations. The RNase was inactivated, and the hybrid-
ized RNAs were precipitated, solubilized in gel loading buffer, denatured, and
analyzed by electrophoresis through a 6% Long Ranger acrylamide denaturing
gel. The gel was dried, and phosphoimages were collected and quantitated on a
Bio-Rad Molecular Imager system.
Clonal growth assays. Cells were plated onto 60-mm-diameter plates at 200

cells per plate in growth medium with the indicated growth factor. Cells were
cultured for 36 h, fixed (70% ethanol–37% formaldehyde–glacial acetic acid
[20:2:1 volume ratio]), nuclei were stained with hematoxylin, the number of cells
per colony was determined, and the average number of population doublings was
calculated.
Analysis of progression into S phase of the cell cycle. Mitotic cells were

collected by gently rocking plates of proliferating MM14/PR cells, removing the
medium, and pelleting the suspended cells. The pelleted cells were incubated
with 0.05% trypsin and 0.53 mM EDTA for 3 min at 378C. Iced growth medium
was added, and the cells were pelleted. The cells were plated in 24-well plates in
growth medium with the indicated growth factor(s). At the indicated time, 2 mCi
of [3H]thymidine (70 to 90 Ci/mmol; DuPont) per ml was added, the cells were
incubated for an additional 2 h, and [3H]thymidine incorporation was measured
in a Microbeta liquid scintillation plate counter (Wallac, Inc.).
Cell cycle exit assay. Cell cycle exit was assessed by incorporation of [3H]thy-

midine into MM14/PR cells as previously described (41). Briefly, cells were
plated in 24-well plates at 2,000 cells per well in growth medium with the
indicated growth factor(s). Cells were incubated for 18 h and then incubated for
9 h with 2 mCi of [3H]thymidine per ml. [3H]thymidine incorporation was mea-
sured by liquid scintillation counting.
Transient transfection assays. Cells were plated at 105 cells per 100-mm-

diameter plate 6 to 8 h before transfection. A calcium phosphate-DNA precip-
itate containing 5 pmol of a-cardiac actin/luciferase or 10 pmol a-cardiac actin/
luciferase with 25 pmol of pDX-hPDGFR (19) was prepared in 0.55 ml of
N-2-piperazine-N9-2-ethanesulfonic acid (HEPES)-buffered saline (25 mM
HEPES [pH 7.05], 140 mM NaCl, 5 mM KCl, 0.75 mM Na2HPO4, 6 mM
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dextrose) containing 0.11 M CaCl2. (The a-cardiac actin/luciferase reporter
construct was a gift from Stephen Konieczny, Purdue University. The EcoRI site
of a 245-bp EcoRI-HindIII fragment of pHCA177CAT [36] containing the re-
gion of the human a-cardiac actin gene from 2177 bp to 168 bp was filled in,
and the insert was cloned into the SmaI-HindIII site at the 59 end of the
luciferase gene in the pGL2-basic vector from Promega Co.) The cells were
incubated with 0.5 ml of the precipitate for 20 min before addition of growth
medium and 0.5 nM FGF-2. After 4 h, the cells were glycerol shocked for 2.5 min
with 15% glycerol in HEPES-buffered saline. Growth medium containing 1 mM
insulin and FGF-2 or PDGF-BB as indicated was added. Additional FGF-2 or
PDGF-BB was added every 12 h as described for FGF-2 in ‘‘Cell culture and
stable transfection’’ above. To block the activity of any PDGF-BB that may be in
the horse serum of the growth medium in experiments in which pDX-hPDGFR
was transiently transfected, 10 ml of ascites fluid containing anti-human PDGF b
receptor monoclonal antibody 162.6.2.6.2 (supplied by Charles Hart, ZymoGe-
netics, Inc., Seattle, Wash.), which neutralizes PDGF-BB activity (21), was added
to the medium of cells treated with FGF-2 or with no growth factor. The cells
were harvested for assay of luciferase activity and protein content 36 to 38 h
following the glycerol incubation. Luciferase activity was assayed in a Berthold
Lumat luminometer by using the luciferase assay system as instructed by the
manufacturer (Promega) except for the addition of 2 mM PMSF and 1 mg of
leupeptin per ml to the cell solubilization buffer. Protein content was determined
by the method of Bradford (6). Light intensity per microgram of protein was
calculated for each cell extract. Relative activity of a-cardiac actin/luciferase was
calculated by dividing the light intensity per microgram of protein for each
treatment by the light intensity per microgram of protein for non-growth factor-
treated cells and multiplying by 100. All transfections were done in triplicate.
Analysis of DNA synthesis and myosin heavy-chain expression in single cells.

Cells were plated in six-well plates at 1.5 3 104 cells per well in growth medium
containing 300 pM FGF-2. After 19 h, the cells were washed and growth medium
alone or with 1 nM FGF-2 or 0.7 nM PDGF-BB was added. The medium was
replaced every 12 h. After 48 h, 2 mCi of [3H]thymidine (70 to 90 Ci/mmol;
DuPont) per ml was added and the cells were incubated for an additional 8.5 h.
The cells were treated with 2% trichloroacetic acid and 0.1% sodium pyrophos-
phate and then fixed as described for clonal growth assays. Myosin heavy chain
was immunostained with monoclonal antibody MF-20 (3) followed by biotiny-
lated anti-mouse IgG (Vector Laboratories). Detection was by avidin/biotiny-
lated horseradish peroxidase and diaminobenzidine as instructed by the manu-
facturer (Vector Laboratories). For detection of [3H]thymidine, the plates were
coated with NTB2 autoradiography emulsion (Kodak), exposed for 9 days, and
developed according to Kodak’s directions.

RESULTS

MM14 skeletal muscle cells were transfected with the PDGF
b receptor cDNA to determine if signaling from this receptor
can elicit the biological responses mediated by FGF-2. Similar
experiments performed with PC12 cells showed that PDGF-BB
elicits neurite outgrowth by using pathways common to those
activated by the endogenous FGF receptor (23). PDGF b and
PDGF a receptor expression are undetectable in MM14 cells
(Fig. 1). Following transfection with a PDGF b receptor-ex-
pressing plasmid, cells expressing the highest levels of PDGF b
receptor were isolated by fluorescence-activated cell sorting.
Individual clones exhibiting morphologies and differentiation
kinetics similar to those of nontransfected cells were isolated
and expanded. Saturation binding analysis of one of these
clones, MM14/PR 1, indicates approximately 35,000 PDGF b
receptors per cell (Fig. 1A), 50-fold more than the number of
endogenous FGF receptors (42). As expected, cells expressing
the PDGF b receptor do not bind PDGF-AA (Fig. 1B). Im-
munoblot analysis of MM14/PR 1 cells with an anti-PDGF b
receptor antibody confirmed expression of PDGF b receptors
(Fig. 1C). The results subsequently shown are from the
MM14/PR 1 clone; however, we have isolated a second PDGF
b receptor-expressing clone that responds similarly to PDGF-
BB.
To assess whether addition of PDGF-BB to cells expressing

the PDGF b receptor activated the receptor tyrosine kinase,
we removed FGF from MM14/PR cells and then added
PDGF-BB. Tyrosine phosphorylation of the receptor kinase
and other intracellular proteins was observed (Fig. 2A). FGF-
stimulated tyrosine phosphorylation could be detected only in
MM14 cells that were transfected with FGF receptor 1 (Fig.

2B), suggesting that the low number of endogenous FGF re-
ceptors expressed (only approximately 700 receptors per cell)
(42) is not sufficient to generate a detectable change in tyrosine

FIG. 1. PDGF receptor expression in MM14 and MM14/PR 1 cells. 125I-
PDGF-BB (A) and 125I-PDGF-AA (B) binding to nontransfected MM14 cells
(E), MM14 cells transfected with the PDGF b receptor (F), and human dermal
fibroblasts (h) was determined. Data are expressed as the number of PDGF
molecules specifically bound per cell and are averages of triplicate analyses.
Standard deviation was always less than 10% of the average. (C) Immunoblot
analysis of PDGF b receptor expression in MM14 and MM14/PR 1 cells. PDGF
b receptor expression was detected by an anti-PDGF receptor monoclonal an-
tibody and visualized with 125I-labeled anti-mouse IgG and autoradiography.
Lane 1, lysate from MM14/PR 1 cells; lane 2, lysate from untransfected MM14
cells. The position of the PDGF receptor is indicated by an arrow. Migration of
molecular mass markers is indicated on the left.

FIG. 2. Stimulation of tyrosine phosphorylation by PDGF-BB in MM14/PR
cells and by FGF-2 in MM14/FR1 cells. (A) Nontransfected (lanes 1 to 3) and
PDGF b receptor-transfected (lanes 4 to 6) MM14 cells were deprived of FGF
for 10 h and were then left untreated (lanes 1 and 4) or stimulated for 10 min
with 1 nM FGF-2 (lanes 2 and 5) or 1 nM PDGF-BB (lanes 3 and 6). Cell lysates
were prepared as described in Materials and Methods and were analyzed by
immunoblotting with an antiphosphotyrosine antibody conjugated to horseradish
peroxidase. Bound antibody was visualized by using a chemiluminescent perox-
idase substrate. (B) FGF receptor 1-transfected cells were deprived of FGF for
10 h and were then left unstimulated (lane 1) or stimulated with 1 nM FGF-2
(lane 2). Antiphosphotyrosine immunoblot analysis of cell lysates was as de-
scribed for panel A. Arrows indicate proteins tyrosine phosphorylated in re-
sponse to PDGF-BB (A) and FGF-2 (B). In panel A, the top arrow indicates the
PDGF b receptor. Migration of molecular weight markers is indicated on the left.
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phosphorylation. FGF and PDGF stimulation yield different
patterns of tyrosine phosphorylation, suggesting activation of
unique intracellular signal transduction pathways. These data
indicate that the expressed PDGF b receptor is capable of
autophosphorylation and phosphorylation of intracellular sub-
strates in a cell type that does not normally express either
PDGF receptor isoform. Thus, the PDGF b receptor is com-
petent to activate intracellular signaling pathways; however,
these pathways may be different from those activated by the
FGF receptor.
Because tyrosine kinase activity is stimulated following ad-

dition of PDGF-BB to PDGF b receptor-expressing MM14
cells, we predicted that intracellular signaling pathways depen-
dent on receptor autophosphorylation would be activated.
Therefore, we examined the ability of the activated PDGF b
receptor to stimulate MAP kinase, as this signaling protein has
been implicated in cellular differentiation (26). We observed
activation of MAP kinase (3.3-fold) upon addition of PDGF-BB
to cells expressing the PDGF b receptor (Fig. 3A). As ex-
pected, an intact PDGF signaling pathway is present from the
cell membrane to the cytoplasm. In contrast, FGF addition
resulted in minimal elevation of MAP kinase activity over a
45-min time course (Fig. 3A). FGF-stimulated MAP kinase
activation could also not be detected in parental MM14 cells

(30). It is possible that the FGF signaling pathway does not
include activation of MAP kinase or that the low level of
endogenous FGF receptor (42) does not activate MAP kinase
sufficiently for detection in our assay. The latter is suggested by
the observation that activation of MAP kinase by FGF-2 can be
detected in MM14 cells overexpressing mouse FGF receptor 1
(Fig. 3B).
As our data demonstrate that PDGF binding to its receptor

transduces a signal to the cytoplasm, we examined, by RNase
protection analysis of the mRNA levels of four nuclear proto-
oncogenes (junB, c-fos, c-myc, and junD), whether the signal
was relayed into the nucleus. In serum-starved BALB/c 3T3
cells, activation of PDGF receptors by PDGF induces tran-
scription of junB, c-fos, and c-myc (18, 28, 32, 51); therefore,
we expect a similar transcriptional induction to occur in PDGF
b receptor-expressing MM14 cells upon stimulation by PDGF-
BB. Because complete mitogen withdrawal for extended times
leads to terminal differentiation, we were able to withdraw
mitogens for only a short time before growth factor stimulation
and RNA analysis. The short withdrawal times used may be
responsible for the elevated background levels of mRNA in
nonstimulated cells and for the low levels of gene induction
following growth factor stimulation. Addition of PDGF re-
sulted in 1.9- and 2.4-fold increases in the steady state levels of
junB and c-fos, respectively (Fig. 4). The level of c-myc
changed only 1.2-fold, while the level of junD remained un-
changed following PDGF-BB stimulation (Fig. 4). Similar re-
sults were observed by Northern (RNA) blot analysis (30). The
changes in gene expression demonstrate that the signal gener-
ated by PDGF-BB binding to its receptor is transduced to the
nucleus.
In contrast to PDGF, FGF stimulation increased proto-on-

cogene steady-state mRNA levels less than twofold (Fig. 4).
Increases of 1.5- and 1.2-fold were observed for junB and c-fos,
respectively (Fig. 4). The levels of c-myc and junD increased
1.2- and 1.1-fold, respectively (Fig. 4). Similar results were
observed by Northern blot analysis (30). As was suggested in
the analyses of FGF-stimulated tyrosine phosphorylation (Fig.

FIG. 3. Growth factor activation of MAP kinase in MM14/PR and MM14/
FR1 cells. (A) Proliferating MM14/PR cells were incubated in 2% horse serum
for 4.5 h. Cells were then treated for the indicated time with either 1 nM FGF-2
(h) or 1 nM PDGF-BB (E). MAP kinase was immunoprecipitated from cell
lysates by using an anti-MAP kinase polyclonal antiserum. The MAP kinase
substrate myelin basic protein (MBP) and [g-32P]ATP were incubated with
immunoprecipitated MAP kinase, and the reaction products separated by SDS-
PAGE. Phosphorylation of myelin basic protein was visualized by autoradiogra-
phy and quantitated by phosphoimage analysis. (B) Proliferating MM14/FR1
cells were incubated in 2% horse serum for 5 h. Cells were then stimulated with
1 nM FGF-2, and MAP kinase activity was assayed as described for panel A.

FIG. 4. FGF-2 and PDGF-BB regulation of immediate-early gene expression
in MM14/PR cells. Proliferating cells were washed and incubated in 2% horse
serum for 10 h and then either left unstimulated (lane 1) or stimulated for 45 min
with 1 nM FGF-2 (lane 2) or 1 nM PDGF-BB (lanes 3 and 4). RNase protection
analyses were done as described in Materials and Methods, using 20 mg of total
RNA for the assays shown in lanes 1 to 3 and 5 mg of total RNA for the assays
shown in lane 4. Lanes 5 and 6 are controls in which the probe was incubated with
yeast RNA and then treated with RNase (lane 5) as were the samples in lanes 1
to 4 or mock treated without RNase added (lane 6). The amount of probe
hybridized to each of the indicated RNA samples was quantitated by phospho-
image analysis. Ethidium bromide staining of 0.25 mg of RNA isolated from cells
treated with each of the growth factors confirms that equal amounts of RNA
were used in the RNase protection assays.

VOL. 15, 1995 PDGF SIGNALING CANNOT REPLACE FGF SIGNALING 3241



2) and FGF-stimulated MAP kinase activity (Fig. 3), the in-
ability to detect significant changes in FGF-stimulated gene
expression could be due to the low number of endogenous
FGF receptors expressed. Alternatively, proto-oncogene ex-
pression may be cell cycle regulated, as FGF is required only
during the G1 phase of the cell cycle (12). However, despite the
low level of immediate-early gene expression in FGF-treated
cells, the cells respond exquisitely to FGF, suggesting that
either the immediate-early genes are not intimately involved in
FGF mediated repression of differentiation or a low level of
gene expression is sufficient to mediate the effects of FGF.
The PDGF b receptor expressed in MM14 cells was acti-

vated by PDGF-BB and transduced intracellular signals, as
demonstrated by three independent assays: (i) autophosphor-
ylation of the receptor, a cell membrane-associated signal; (ii)
activation of MAP kinase, a cytoplasmic signal; and (iii) induc-
tion of immediate early proto-oncogenes, a nuclear signal. To
determine if activation of these signals is sufficient to replace
all or part of the signaling pathways required for myoblast
growth, the effects of PDGF-BB on differentiation and prolif-
eration were independently examined. To analyze prolifera-
tion, a clonal growth assay was performed with MM14/PR
cells. Addition of PDGF-BB did not alter the number of pop-
ulation doublings of clones cultured in the absence of FGF
(Fig. 5A). In contrast, both nontransfected control and PDGF
b receptor-expressing cells proliferated in the presence of
FGF-2 (Fig. 5A). Even at PDGF-BB concentrations as high as
2 nM, no cell growth response was seen (30). Moreover,
PDGF-BB does not have an additive or synergistic effect on
proliferation when combined with FGF-2, nor does it decrease
the number of population doublings when combined with
FGF-2 (30). As PDGF-BB exerts neither a positive nor a
negative influence on the response to FGF-2, the PDGF b
receptor-stimulated signaling pathway is unlikely to converge
with the FGF signaling pathway involved in cell growth despite
the fact that PDGF b receptors are expressed at levels 50-fold
greater than those of the endogenous FGF receptors.
Although PDGF-BB cannot stimulate cell growth, activation

of the PDGF b receptor may promote DNA synthesis. We
determined if PDGF-BB could stimulate DNA synthesis by
examining [3H]thymidine incorporation into mitotically syn-
chronized MM14/PR cells. In response to FGF-2, cells isolated
at the M/G1 boundary remain synchronized through the first S
phase, as evidenced by their pattern of [3H]thymidine uptake
(Fig. 5B). Minimal [3H]thymidine uptake was seen in mitoti-
cally synchronized cells if FGF-2 was absent (Fig. 5B); indis-
tinguishable results were observed in the presence of
PDGF-BB (Fig. 5B). These data suggest that PDGF-BB can-
not replace the FGF signal required for passage of MM14 cells
through G1 and into S phase.
Continued growth of MM14 cells requires FGF and 15%

horse serum. FGF represses myogenesis in the absence of
serum but cannot promote DNA synthesis, demonstrating a
requirement of serum for maintenance of cell growth. Our
data demonstrate that PDGF-BB cannot replace FGF-2 for
maintenance of cell growth and DNA synthesis. However,
PDGF-BB may be capable of replacing the requirement of
serum for proliferation and thus promote cell growth in the
presence of FGF-2. To address this possibility, the ability of
PDGF-BB and FGF-2 to maintain MM14/PR cells in the cell
cycle was determined in different concentrations of serum. If
the requirement for serum can be replaced by PDGF-BB, then
at low serum concentrations in the presence of FGF-2 and
PDGF-BB, DNA synthesis should be stimulated. In addition, if
PDGF-BB blocks FGF signaling, then PDGF-BB in combina-
tion with FGF-2 would lead to a reduction in DNA synthesis.

In the presence of FGF-2, increasing serum concentrations
resulted in a concomitant increase in DNA synthesis, reaching
a maximum at 15% serum (Fig. 5C). In the absence of FGF-2
or in the presence of PDGF-BB alone, no increase in DNA
synthesis was observed (Fig. 5C). When PDGF-BB and FGF-2
were combined, the results were identical to those obtained for
FGF-2 alone (Fig. 5C). These data indicate that PDGF-BB
cannot replace the serum requirement for MM14 cell prolif-
eration or antagonize FGF signaling.
FGF-2 represses differentiation independently of cell prolif-

eration, and thus the signaling pathways for these two events

FIG. 5. PDGF receptor does not promote cell proliferation or DNA synthe-
sis in MM14/PR cells. (A) Lack of cell proliferation in PDGF-BB-treated
MM14/PR cells. Clonal growth assays of MM14 cells (1) and MM14/PR cells
(■) were performed as described in Materials and Methods. Cells were cultured
at low density in 15% horse serum alone (columns 1 and 4) or in 15% horse
serum supplemented with 0.2 nM PDGF-BB (columns 2 and 5) or 0.2 nM FGF-2
(columns 3 and 6). After 36 h, the number of cells in each clone was counted. A
minimum of 20 clones were scored for each point. Error bars represent the
standard deviation. This experiment was repeated three times with similar re-
sults. (B) PDGF-BB does not replace FGF signaling required for progression
from G1 into S phase in MM14/PR cells. Cells synchronized at the M/G1 bound-
ary were plated in medium containing 15% horse serum (}), 15% horse serum
plus 0.2 nM FGF-2 (h), or 15% horse serum plus 0.2 nM PDGF-BB (E). At the
indicated number of hours after plating, [3H]thymidine was added, and after an
additional 2 h, the cells were harvested for scintillation counting. Error bars
represent the standard deviation of triplicate points. This experiment was re-
peated twice with similar results. (C) PDGF-BB does not replace serum to
maintain MM14/PR cells in the cell cycle. Cells were plated in growth medium
containing the indicated concentration of horse serum supplemented with no
growth factors (}), 0.2 nM FGF-2 (h), 0.2 nM PDGF-BB (E), or 0.2 nM FGF-2
plus 0.2 nM PDGF-BB (F). After 18 h, DNA synthesis was assessed by measur-
ing [3H]thymidine incorporation as described in Materials and Methods. Similar
results were seen in two repetitions of this experiment.
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are experimentally separable. One component of differentia-
tion that is repressed by FGF-2 is transcription of skeletal
muscle-specific genes. We examined whether the PDGF b
receptor signaling pathway was capable of modulating skeletal
muscle-specific gene expression by examining the ability of
PDGF-BB to affect expression of a muscle-specific reporter
gene (a cardiac a-actin promoter controlling expression of
luciferase). Differentiation of skeletal muscle cells activates
this promoter, resulting in an increase in luciferase activity. A
repressor of differentiation is expected to inhibit luciferase
expression, reflected in low luminescence levels. Inclusion of
FGF-2 represses activation of the reporter gene in comparison
with non-growth factor-treated controls (Fig. 6). These data
indicate that FGF-2 functions as a repressor of skeletal muscle
gene transcription. Activation of the PDGF b receptor by
PDGF-BB yielded luminescence levels indistinguishable from
those of 15% serum controls, demonstrating that PDGF has no
detectable effect on skeletal muscle gene expression (Fig. 6).
Upon FGF withdrawal, MM14 myoblasts exit the cell cycle,

express muscle-specific genes, and fuse to form multinucleated
myotubes, demonstrating that FGF represses all of these phe-
notypes associated with terminal differentiation (12). We have
shown that PDGF b receptor activation cannot maintain
MM14 cells in the cell cycle and has no effect on a muscle-
specific reporter gene construct. To examine whether PDGF-BB
affected endogenous muscle-specific gene expression or fusion
of MM14/PR cells into multinucleated myotubes, we com-
pared the expression of skeletal muscle-specific myosin heavy
chain and cellular morphology in FGF-2-treated cultures with
that in PDGF-BB-treated cultures. In the absence of FGF-2,
the cells do not incorporate [3H]thymidine, express skeletal
muscle-specific myosin heavy-chain protein, and fuse (Fig. 7A).
In the presence of FGF, cells incorporate [3H]thymidine but
do not express myosin heavy chain and do not fuse (Fig. 7B).
Myoblasts cultured in the presence of PDGF-BB (Fig. 7C)
were similar to those cultured in the absence of FGF-2, indi-
cating that activation of PDGF b receptor signaling pathways
has no effect on the morphology associated with the differen-
tiated skeletal muscle cell phenotype. In MM14 myoblasts, a
low percentage of cells that have lost the capacity to differen-
tiate even when growth factors are removed (differentiation-
defective cells) arise. Additional experiments have shown that
differentiation-defective cells isolated from the MM14/PR cell
line respond to PDGF-BB as a mitogen (30). In the population
of MM14/PR cells treated with PDGF-BB, a cell that has

incorporated [3H]thymidine is indicated (Fig. 7C). This most
likely represents a differentiation-defective cell. Because these
cells arise at a very low frequency, their mitogenic response to
PDGF-BB would not be detectable in our other growth assays
(Fig. 5).
We have isolated two independent cell clones that express

PDGF b receptor. The two clones respond similarly to PDGF-
BB. To address the possibility that our cloning procedure se-
lected against cells responsive to PDGF-BB, we transiently
cotransfected MM14 cells with plasmids containing the PDGF
b receptor cDNA and the cardiac a-actin/luciferase reporter
gene. As expected, luciferase activity was increased in the ab-
sence of FGF-2, while inclusion of FGF repressed luciferase
activity (Fig. 8). Consistent with the data for the clones of
MM14 cells stably expressing the PDGF b receptor, addition

FIG. 6. Expression of a skeletal muscle-specific gene is not repressed by
activation of the PDGF b receptor. Nontransfected cells (columns 1 to 3) and
PDGF b receptor-transfected cells (columns 4 to 6) were transiently transfected
with a luciferase reporter gene controlled by the skeletal muscle-specific a-car-
diac actin promoter. Following transfection, cells were cultured in either serum
alone (columns 1 and 4) or serum supplemented with FGF-2 (columns 2 and 5)
or PDGF-BB (columns 3 and 6), and luciferase activity was assayed. Luciferase
activity relative to activity in cells cultured in serum alone is shown. Error bars
represent standard deviations.

FIG. 7. PDGF receptor activation does not inhibit endogenous muscle-spe-
cific gene expression or fusion to form multinucleated cells. MM14/PR cells were
cultured for 48 h in 15% horse serum alone (A) or in combination with 1 nM
FGF-2 (B) or 0.7 nM PDGF-BB (C). [3H]thymidine was added, and the cells
were incubated for an additional 8.5 h before fixation. As described in Materials
and Methods, the cells were immunostained for myosin heavy chain. [3H]thymi-
dine was detected by autoradiography. For all panels, the bar represents 0.1 mm.
The light gray color represents myosin heavy chain staining in differentiated cells
(large arrows), and the black dots are silver grains representing [3H]thymidine
incorporated by proliferating cells (small arrows).
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of PDGF-BB to cells transiently transfected with the PDGF b
receptor did not inhibit expression of the cardiac a-actin/lucif-
erase reporter gene (Fig. 8).

DISCUSSION
The mechanisms involved in generating specificity in growth

factor responses in different cell types are not understood.
Among the diverse activities mediated by the FGF family are
induction of mesoderm, limb outgrowth and patterning, stim-
ulation of neurite outgrowth and neuronal survival, angiogen-
esis, and repression of myogenic differentiation (4, 16, 37, 49).
Some of these specific signals in different cell types are initi-
ated by binding of the same growth factor (FGF-2) to the cells
and activation of similar or identical tyrosine kinase receptors.
Specific responses elicited by the same growth factor in differ-
ent cell types could be generated by (i) differences in the extent
of activation of common signaling pathways, (ii) activation of
distinct signaling pathways, (iii) presence of different nega-
tive regulators of a pathway, or (iv) differences in the acti-
vation of additional growth factors that act in an autocrine
fashion.
Different growth factors can also elicit the same or a differ-

ent effect in a single cell type. In PC12 cells, neurite outgrowth
is stimulated by FGF and nerve growth factor (NGF), while
epidermal growth factor (EGF) promotes mitogenesis. FGF
and NGF signal the cells to withdraw from the cell cycle and
differentiate, while EGF signals DNA synthesis and mitosis
(9). Introduction of the PDGF b receptor into PC12 cells
results in neurite outgrowth following PDGF-BB addition (23).
Thus, the PDGF b receptor signals via a common pathway
used by NGF and FGF. Using PDGF b receptor point mu-
tants, critical modulators of neurite outgrowth stimulation can
be identified.
We introduced the PDGF b receptor into the MM14 skel-

etal muscle cell line to determine if PDGF-BB could replace
all or part of the FGF signaling pathway, which is required for
repression of differentiation and for cellular proliferation. Ad-
dition of PDGF-BB to MM14 cells expressing PDGF b recep-
tors activates an intact signaling pathway that can be traced
from the cell surface, through the cytoplasm, and into the
nucleus. However, PDGF-BB surprisingly does not replace
FGF signaling, nor does PDGF-BB interfere with FGF signal-
ing even though the PDGF b receptor is expressed at levels
50-fold in excess of the endogenous FGF receptor (i.e., 35,000
and 700 receptors per cell, respectively).
Addition of PDGF-BB to MM14 cells expressing the PDGF

b receptor activated the receptor kinase, resulting in receptor
autophosphorylation. Although a number of signaling path-
ways are activated by autophosphorylation of the PDGF b
receptor (11), stimulation of these pathways is insufficient to
modulate FGF-dependent growth or differentiation of skeletal
muscle cells. We analyzed the activation of MAP kinase, an
enzyme stimulated by activation of the PDGF b receptor and
involved in growth factor signaling (35). We have shown that
PDGF-BB activates MAP kinase in PDGF b receptor-trans-
fected MM14 cells and yet has no effect on cell proliferation or
differentiation. Moreover, treatment of MM14 cells with the
phorbol ester 12-O-tetradecanoyl phorbol-13-acetate also ac-
tivates MAP kinase activity without an effect on MM14 cell
growth or differentiation (30). Activation of MAP kinase by
FGF was not detected in nontransfected or in PDGF b recep-
tor-transfected MM14 cells. In contrast, FGF activation of
MAP kinase was observed in MM14 cells expressing ele-
vated levels of FGF receptor 1, suggesting that our inability
to detect MAP kinase activation may be due to the low
number of endogenous FGF receptors. Activation of MAP
kinase by PDGF-BB is insufficient to replace FGF signaling,
and FGF fails to detectably activate MAP kinase in MM14
myoblasts expressing only endogenous FGF receptors. Thus,
we postulate that FGF receptor 1 activates a pathway dis-
tinct from the MAP kinase pathway activated by the PDGF
b receptor.
A nuclear event activated by stimulation of growth factor

signaling pathways is gene transcription. Transcription of sev-
eral immediate-early genes is enhanced upon activation of the
PDGF b receptor (18, 28, 32, 51). Among these genes are
c-myc, c-fos, and junB, all of which are proposed to repress
myogenic differentiation when expressed under nonphysiologi-
cal conditions in skeletal muscle cells (39). However, increases
in the steady-state levels of mRNA for c-fos and junB following
PDGF-BB stimulation of MM14 cells expressing the PDGF b
receptor did not affect differentiation or cell growth. The levels
of immediate-early gene activation seen after stimulation by
both PDGF and FGF in MM14 cells are lower than levels in
studies with noncycling mouse fibroblasts (28, 29). This differ-
ence could be a consequence of the inability to serum starve
MM14 cells for prolonged periods of time. Under nonphysi-
ological conditions of extensive serum starvation, immediate-
early genes can be induced 20- to 40-fold (28, 29). However,
under conditions in which MM14 cells are capable of exhibit-
ing a complete biological response to FGF, minimal induction
of c-fos, c-myc, and junB is seen, and moreover, a low level of
induction of these genes by PDGF-BB is insufficient to mediate
FGF signaling.
In skeletal muscle cells, FGFs repress the permanent acqui-

sition of a terminally differentiated state independent of pro-
moting proliferation (12). Repression of myogenesis is ulti-
mately achieved by inhibiting the transcriptional and
posttranscriptional activation of one or more of four skeletal
muscle specific transcription factors: MyoD, myogenin, MRF4,
and Myf-5 (15, 31, 38, 60). Ser/Thr phosphorylation is pro-
posed to play an important role in regulating the activity of
myogenin (33). However, the activities of MRF4 and MyoD
are not regulated analogously, suggesting phosphorylation of
the transcription factors is not a general regulatory mechanism
(20, 31). Our data suggest that PDGF-BB is not capable of
regulating muscle-specific transcription factors in PDGF b re-
ceptor-transfected MM14 cells.
Two hypotheses can be generated from the data presented

in this report: the FGF intracellular signal transduction path-
ways activated by the cell surface FGF receptor are distinct
from those activated by the PDGF b receptor, and/or a com-

FIG. 8. PDGF-BB does not repress muscle differentiation in MM14 cells
transiently transfected with the PDGF b receptor. MM14 cells were cotrans-
fected transiently with the PDGF b receptor and the a-cardiac actin promoter/
luciferase gene construct and then cultured in 15% serum alone (lane 1) or
serum in addition to FGF-2 (lane 2) or PDGF-BB (lane 3). Luciferase activity
was assayed and is expressed as activity relative to activity in cells cultured in
serum alone. Error bars represent standard deviations.
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plete response to FGF requires intracellular transport of the
ligand and perhaps the FGF receptor (45). Evidence from
other laboratories supports the latter hypothesis. First, re-
placement of a single lysine residue of FGF-1 with glutamic
acid by site-directed mutagenesis results in a protein that has
decreased mitogenic activity but still binds to cell surface re-
ceptors, stimulates tyrosine kinase activity, and induces expres-
sion of c-fos, c-jun, and c-myc (7). Second, removal of a puta-
tive nuclear localization sequence in FGF-1 renders the FGF-1
incapable of stimulating cell proliferation while still allowing
activation of tyrosine phosphorylation and upregulation of c-
fos expression (24). Third, FGF-1 introduced into cells that
lack FGF tyrosine kinase receptors stimulates DNA synthesis
in the absence of any change in tyrosine phosphorylation (61).
Therefore, FGF may function intracellularly in addition to
activating its cell surface receptor, and this intracellular func-
tion may be critical for FGF-dependent cell proliferation or
repression of differentiation.
Although PDGF does not affect MM14 cell differentiation, it

has been shown to repress myogenesis and promote prolifer-
ation of other muscle cell lines (25, 62) and primary muscle cell
cultures (14, 62). In these studies, the mechanisms involved
were not investigated, and it is possible that PDGF was stim-
ulating FGF activity indirectly. Consistent with this hypothesis,
three recent studies demonstrate that FGFs play a direct role
in the regulation of myogenesis. First, Rando and Blau have
shown that optimum growth of primary mouse myoblasts re-
quires FGF-2 (46), consistent with previous studies using par-
tially purified FGF (34). A variety of other growth factors
tested, including PDGF, could not replace the requirement for
FGF-2. Second, many skeletal muscle cell lines can be grown in
fetal bovine serum that contains no biologically active FGFs.
One such cell line, Sol 8, has been recently shown to be ulti-
mately dependent on FGFs. Inhibition of endogenous FGF-1
expression by antisense RNA confers dependence on exoge-
nous FGF for repression of differentiation (17). Sol 8 cells
expressing antisense FGF-1 thus exhibit an FGF dependence
similar to that of MM14 cells and mouse primary cultures. It
will be interesting to determine if other skeletal muscle cell
lines exhibit a similar requirement for FGF that has been
masked by endogenous FGF expression. Third, recent data
from our laboratory have demonstrated that autocrine activa-
tion of FGF receptors in MM14 cultures by expression of a
transfected FGF cDNA is sufficient to replace exogenously
added FGFs. Together, these data suggest that FGFs play a
direct, critical role in skeletal muscle growth and develop-
ment.
In contrast to results of experiments using PC12 cells in

which PDGF b receptor signaling elicits the same end result
(neuronal differentiation) as does FGF initiated signaling (23),
we have provided direct evidence that activation of intracellu-
lar signaling by the PDGF b receptor is insufficient to mediate
FGF-dependent regulation of skeletal muscle growth and dif-
ferentiation. These data suggest the FGF and PDGF signal
transduction pathways are different in MM14 skeletal muscle
cells and PC12 neuronal cells or that modulations of the path-
ways differ in the two cell types. Continued analysis of these
systems will help in understanding the unique responses of dif-
ferent cell types to the same growth factor. We are pursuing
characterization of the FGF-dependent signal transduction path-
ways that regulate myogenic differentiation. Further elucidation
of these pathways will aid in our understanding of the mecha-
nisms involved in regulation of myogenesis by the FGF family.
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