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It is now well-recognized that the mitogen-activated protein (MAP) kinase cascade facilitates signaling from
an activated tyrosine kinase receptor to the nucleus. In fact, an increasing number of extracellular effectors
have been reported to activate the MAP kinase cascade, with a significant number of cellular responses
attributed to this activation. We set out to explore how two extracellular effectors, basic fibroblast growth factor
(bFGF) and insulin-like growth factor 1 (IGF-1), which have both been reported to activate MAP Kkinase,
generate quite distinct cellular responses in C2C12 myoblasts. We demonstrate here that bEGF, which is both
a potent mitogen and inhibitor of myogenic differentiation, is a strong MAP kinase agonist. By contrast, IGF-1,
which is equally mitogenic for C2C12 cells but ultimately enhances the differentiated phenotype, is a weak
activator of the MAP kinase cascade. We further demonstrate that IGF-1 is a potent activator of both insulin
receptor substrate IRS-1 tyrosyl phosphorylation and association of IRS-1 with activated phosphatidylinositol
3-kinase (PI 3-kinase). Finally, use of the specific MAP kinase kinase inhibitor, PD098059, and wortmannin,
a PI 3-Kkinase inhibitor, suggests the existence of an IGF-1-induced, MAP kinase-independent signaling event
which contributes to the mitogenic response of this factor, whereas bFGF-induced mitogenesis appears to
strongly correlate with activation of the MAP kinase cascade.

The binding of hormones or growth factors to their cognate
cell surface receptor/tyrosine kinases initiates an intricate array
of phosphorylation events that have been implicated in the
control of cellular growth, differentiation, and metabolism.
The mitogen-activated protein (MAP) kinase phosphorylation
cascade is one mechanism by which a signal generated by
ligand binding at the cell membrane is transduced to the nu-
cleus. The MAP kinase signaling cascade is triggered by hor-
mone or growth factor binding to a receptor/tyrosine kinase
followed by receptor autophosphorylation and recruitment of
the Src homology 2 (SH2)-domain-containing proteins to
phosphorylated tyrosine residues on the receptor (7, 48). Sub-
sequent to these receptor-proximal events, a protein phosphor-
ylation cascade that involves association of GTP-bound Ras
with Raf followed by activation of MAP kinase kinase (MEK)
and MAP kinase (23, 43) is stimulated. In turn, activated MAP
kinases translocate to the nucleus, where they phosphorylate
appropriate transcription factors and ultimately exert their ef-
fects on cellular growth and differentiation (9, 13, 37). A par-
adox exists, however, because activation of the MAP kinase
signaling pathway by various extracellular effectors appears to
be initiated by a common cascade of phosphorylation events,
whereas the downstream cellular responses which have been
attributed to activation of this pathway can vary dramatically.
For instance, in neuronal cells, MAP kinase activity results
from stimulation with nerve growth factor, basic fibroblast
growth factor (bFGF), insulin-like growth factor 1 (IGF-1), or
epidermal growth factor (EGF). Interestingly, IGF-1 and EGF
are mitogenic for these cells, whereas bFGF and nerve growth
factor induce neuronal differentiation (17, 32). Mitogenicity
correlates with a transient peak of MAP kinase activity,
whereas differentiation results from prolonged activation of
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the MAP kinase signal. The role of the MAP kinases during
adipogenesis has also been the focus of much recent research
(for a review, see reference 11). While there is evidence favor-
ing a role for the MAP kinases in the growth-promoting effects
of EGF and insulin in adipocytes, activation of the MAP kinase
cascade does not appear to be sufficient to stimulate insulin-
regulated metabolic effects such as glucose transport and in-
creases in glycogen synthase activity (9).

In comparison with our understanding of the role of MAP
kinase signaling during adipogenesis and neuronal differenti-
ation, the role of the MAP kinases in myogenic growth and
differentiation remains unclear. In vivo, it has been demon-
strated that intravenous injection of insulin into rats causes a
two- to threefold increase in MAP kinase activity detected in
muscle cell extracts (18, 53). In myogenic cell lines, a role for
the MAP kinases in processes ranging from the differentiation
of myoblasts into postmitotic myotubes to the bFGF-induced
inhibition of myogenic differentiation and the insulin- or IGF-
1-induced inhibition of glycogen synthase kinase-3 activity has
been suggested (6, 10, 16, 25). We questioned how bFGF,
IGF-1, and insulin, all reportedly acting through the MAP
kinase pathway, ultimately could elicit such disparate effects on
the myogenic phenotype. Specifically, we sought to elucidate
the potential role of the MAP kinases in myoblast growth. To
address this question, we have employed a cell culture system
in which C2C12 myoblasts are growth arrested in G,,, without
a concomitant induction of muscle-specific genes, by being
cultured in methylcellulose-containing suspension medium
(28). Upon reattachment to a solid substratum, these quies-
cent, synchronized myoblasts can be activated either to enter
the cell cycle or to differentiate by varying the growth factor
composition of the media in which the cells are plated. We had
previously demonstrated that bFGF or IGF-1 caused quiescent
myoblasts to progress synchronously through one round of the
cell cycle (28). After this initial round of cell division, however,
bFGF inhibited induction of the muscle-specific phenotype,
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whereas IGF-1 enhanced the myogenic response. Quiescent
myoblasts plated in bFGF and IGF-1 in combination pro-
gressed through multiple rounds of the cell cycle and remained
undifferentiated.

We demonstrate here that bFGF, IGF-1, and insulin all
elicit a mitogenic response in C2C12 myoblasts cultured as
described previously (28). bFGF-stimulated mitogenesis is ac-
companied by a robust peak of MAP kinase activity between 2
and 10 min following stimulation, whereas myoblasts treated
with either IGF-1 or insulin exhibit only minimal MAP kinase
activity. The combination of either IGF-1 or insulin with bFGF
results in the highest levels of DNA synthesis; however, this
increased mitogenicity could not be accounted for by an in-
crease in MAP kinase activity. When the signaling events fol-
lowing stimulation with IGF-1 or insulin were characterized,
we found that both IGF-1 and insulin stimulate tyrosyl phos-
phorylation of the physiologic insulin receptor substrate, IRS-1
(49, 50), and phosphatidylinositol 3-kinase (PI 3-kinase) activ-
ity. IGF-1 and insulin stimulation also resulted in a significant
increase in the PI 3-kinase activity associated with IRS-1. Both
bFGF- and IGF-1-induced activation of DNA synthesis was
sensitive to the MEK inhibitor, PD098059, whereas a wort-
mannin-insensitive signaling event involving association of PI
3-kinase with IRS-1 is believed to contribute to IGF-1-induced
mitogenesis. Therefore, the data presented here represent at
least a partial explanation for the divergent effects resulting
from signaling via the bFGF and IGF-1 receptor tyrosine ki-
nases during the mitogenic response of C2C12 myoblasts to
these soluble factors.

MATERIALS AND METHODS

Cell culture. C2C12 mouse myoblasts (4) were passaged and maintained as
subconfluent monolayers in high-glucose Dulbecco modified Eagle medium
(DMEM) supplemented with 20% fetal bovine serum. To growth arrest myo-
blasts, subconfluent cells were trypsinized and suspended at a final density of 3 X
10°/ml in DMEM containing 1.5% Methocel A4M (Dow Chemical Company,
Midland, Mich.) supplemented with 20% fetal bovine serum. After 48 to 72 h,
the suspended cells were recovered for replating by dilution of methylcellulose-
containing medium with 4 volumes of sterile phosphate-buffered saline (PBS)
followed by centrifugation at 2000 X g for 10 min at 15°C. All culture media
contained 100 U of penicillin per ml and 100 g of streptomycin per ml. Qui-
escent cells (10 X 10%150-mm-diameter dish) were replated and, unless other-
wise indicated, allowed to adhere for 1 h prior to stimulation by the following
soluble growth factors: recombinant human bFGF and IGF-1 (PeproTech,
Rocky Hill, N.J.) or insulin from bovine pancreas (Sigma Chemical Co., St.
Louis, Mo.). Where indicated, PD098059 (a kind gift from Alan R. Saltiel,
Parke-Davis Pharmaceutical Research, Ann Arbor, Mich.) or wortmannin (Sig-
ma) was added to preadhered cells, which were then incubated for 30 min prior
to growth factor stimulation.

MAP kinase activity assays. Cells were washed with ice-cold PBS and then
scraped into lysis buffer, consisting of 70 mM B-glycerophosphate (pH 7.2), 100
uwM sodium orthovanadate, 2 mM MgCl,, 1 mM ethylene glycol-bis(B-amino-
ethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), 0.5% Triton X-100, 5 pg of
leupeptin per ml, 2 pg of aprotinin per ml, and 1 mM dithiothreitol, on ice. The
lysates were then cleared by centrifugation at 10,000 rpm at 4°C for 10 min
followed by filtration through Spin-X 0.22-um-pore-size cellulose acetate cen-
trifuge filter units (Costar, Cambridge, Mass.) at 10,000 rpm (Eppendorf model
5414; Brinkmann Instruments, Westbury, N.Y.) at 4°C for 10 min. Soluble ex-
tracts (0.5 to 1 mg of protein) were fractionated by anion-exchange chromatog-
raphy on a 1-ml Resource Q column by the Pharmacia FPLC system (Pharmacia
Biotech, Uppsala, Sweden). Chromatography was performed and fractions were
assayed exactly as described previously (17) with 0.33 mg of myelin basic protein
(MBP) per ml used as a substrate.

PI3-kinase assays. Cells were washed with PBS-1 mM CaCl,~1 mM MgCl,—
100 pM sodium orthovanadate and then with buffer A (20 mM Tris [pH 7.4], 137
mM NaCl, 1 mM MgCl,, 1 mM CaCl,, 100 uM sodium orthovanadate). The cells
were scraped into buffer A containing 1% Nonidet P-40 (NP-40) and 1 mM
phenylmethylsulfonyl fluoride (PMSF) and were incubated on ice for 30 min with
occasional vortexing. Samples were microcentrifuged for 10 min at 12,000 rpm
(Eppendorf model 5414) at 4°C to remove insoluble material, and 500 pg of
supernatant was incubated for 90 min with 2 pl of anti-PI3-kinase antibody
(Upstate Biotechnology Inc., Lake Placid, N.Y.) at 4°C. A 40-pl volume of
protein A-TrisAcryl (Pierce, Rockford, Ill.) was added, and the samples were
rotated for 1 h at 4°C. The immunocomplexed beads were washed three times
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with PBS containing 1% NP-40, three times with 100 mM Tris (pH 7.4)-5 mM
LiCl, and twice with TNE buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 5 mM
EDTA). All washes included 100 M sodium orthovanadate. After the last wash,
the beads were incubated with 50 wl of TNE buffer, 20 ug of phosphatidylinositol
(Avanti Polar Lipids, Alabaster, Ala.), 10 pl of 100 mM MgCl,, and 5 pl of ATP
solution (0.88 mM ATP, 20 mM MgCl,, 30 p.Ci of [y->*P]ATP) for 10 min with
constant agitation. Reactions were stopped with 20 wl of 6 N HCI. Lipids were
extracted with CHCl;-methanol (CHCIl;-MeOH) (1:1), and the lower phase was
spotted on thin-layer chromatography plates treated with oxalate. Lipids were
resolved by chromatography in CHCl;-MeOH-H,0-NH,OH (60:47:11.3:2). The
plates were dried and autoradiographed, and, where quantitation is indicated,
spots were scraped from the thin-layer chromatography plates and radioactivity
was measured in liquid scintillation fluid (Liquiscint; National Diagnostics, At-
lanta, Ga.).

Western blot (immunoblot) analysis. (i) MAP kinase. Cells were washed with
ice-cold PBS and then scraped into Western lysis buffer (25 mM Tris [pH 7.4], 50
mM NaCl, 0.5% sodium deoxycholate, 2% NP-40, 0.2% sodium dodecyl sulfate
[SDS], 1 mM PMSF, 1 uM aprotinin, 1 pM leupeptin). After 20 min on ice with
occasional vortexing, the lysates were cleared by centrifugation at 10,000 rpm
(Eppendorf model 5414) at 4°C for 10 min. Soluble proteins were quantitated by
using the bicinchoninic acid assay (Pierce). Alternatively, Resource Q fractions
(9 volumes) were precipitated with 72% trichloroacetic acid (TCA)-0.15% so-
dium deoxycholate (1 volume) in a Microfuge tube for 2 h at 4°C and then
centrifuged at 15,000 rpm at 4°C for 10 min. Samples were separated on SDS—
12% polyacrylamide gels (26) and then electrophoretically transferred to nitro-
cellulose at 4°C for 16 to 18 h (the transfer buffer contains 39 mM glycine, 48 mM
Tris base, 0.037% SDS, and 20% methanol). The membranes were incubated in
PBST (PBS plus 0.1% Tween 20) containing 4% nonfat dry milk for 30 min at
25°C to block nonspecific binding, then incubated with monoclonal anti-pan-Erk
antibody (Transduction Laboratories, Lexington, Ky.) diluted 1:500 in PBST-1%
bovine serum albumin-0.02% NaNj for 1 h at 25°C, and finally incubated with
horseradish peroxidase-conjugated rabbit anti-mouse immunoglobulin G
(1:1,000; Sigma) in PBST for 1 h. The blots were then developed with a Renais-
sance chemiluminescence kit (DuPont, Boston, Mass.) and exposed to X-ray film
for approximately 1 min to visualize specific proteins.

(ii) Activated MAP kinase. Western blot analysis was performed as described
above except that the membranes were incubated with a polyclonal antiserum
which recognizes only the activated 42- and 44-kDa forms of MAP kinase (ob-
tained from Quality Controlled Biochemicals, Inc., Hopkinton, Mass.) at a
1:2,300 dilution. Horseradish peroxidase-conjugated goat anti-rabbit immuno-
globulin G (1:1,000; Sigma) was used as the secondary antibody.

(iii) IRS-1. Adherent cells were washed twice in ice-cold PBS and then scraped
into lysis buffer (20 mM Tris [pH 8.0], 137 mM NaCl, 10% glycerol, 1% NP-40,
1 mM PMSF, 0.3 uM aprotinin, 1 mM sodium orthovanadate). Western blot
analysis was performed as described above for MAP kinase except that the
samples were fractionated on 6% gels and the membranes were incubated with
affinity-purified polyclonal anti-IRS-1 antibody (2 wg/ml; a kind gift from Mi-
chael Gibbs, Pfizer, Inc., Groton, Conn.). Horseradish peroxidase-conjugated
goat anti-rabbit immunoglobulin G (1:1,000; Sigma) was used as the secondary
antibody.

(iv) Phosphotyrosine. IRS-1 was immunoprecipitated as described below and
then fractionated on 6% polyacrylamide gels. The primary antibody was mouse
monoclonal PY20 antibody (1:1,000; Transduction Laboratories). The secondary
antibody was the same as that used for detecting MAP kinase above.

IRS-1 immunoprecipitation. Adherent cells were washed twice with ice-cold
PBS and then scraped into 1 ml of lysis buffer (50 mM Tris-base [pH 8.0], 150
mM NaCl, 1% NP-40, 1 mM PMSF, 1 mM sodium orthovanadate, 10 pg of
aprotinin per ml). The lysates were incubated on ice for 20 min with occasional
vortexing and then cleared by centrifugation at 10,000 rpm (Eppendorf model
5414) at 4°C for 10 min. The lysates were then incubated with 10 pl of rabbit
polyclonal anti-IRS-1 antiserum R2656 (also a gift from Michael Gibbs) on ice
for 1 h, after which 40 pl of protein A-TrisAcryl (Pierce) was added. After
rotation for 1 h at 4°C, immunocomplexed beads were washed briefly three times
with lysis buffer. Lastly, the beads were boiled in 1X Laemmli sample buffer for
5 min to elute immunocomplexes, and the supernatants were processed for
further Western blot analysis as described above. Where indicated, IRS-1 im-
munocomplexes were substituted for PI 3-kinase immunoprecipitates and as-
sayed for PI 3-kinase activity.

DNA synthesis assay. Cells were labeled for 19 to 23 or 24 to 28 h with 2 pCi
of [methyl-*H]thymidine per ml (1 to 10 Ci/mmol; Amersham, Arlington Heights,
IIL.). The cells were rinsed thoroughly with PBS and then fixed with 100%
MeOH. The fixed cells were coated with a thin layer of autoradiography emul-
sion, type NTB2 (Eastman Kodak Company, Rochester, N.Y.), and labeled
nuclei were detected 3 days later by developing the emulsion with D-19 devel-
oper followed by Rapid Fix (Kodak).

RESULTS

MAP kinase activity in C2C12 myoblasts stimulated with
bFGF and IGF-1. Quiescent myoblasts were recovered from
suspension culture and plated on tissue culture dishes for 1 h
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FIG. 1. bFGF, but not IGF-1, markedly stimulates MAP kinase activity in C2C12 myoblasts. C2C12 cells were cultured in suspension for 48 h to arrest growth and
then plated for 1 h in the absence of growth factors. The cells (10 X 10°) were then stimulated with bFGF (1 nM) (<), IGF-1 (3 nM) (O), or bFGF and IGF-1 in
combination (A) or were left untreated (O0) and harvested as described in the text. Cytosolic proteins (1 mg per condition) were fractionated by Resource Q
chromatography, and fractions (20-pl aliquots) were assayed for the ability to phosphorylate MBP. Panels A and B represent separate experiments.

in DMEM alone to facilitate attachment and spreading. Ad-
hered myoblasts were then stimulated with either 1 nM bFGF,
3 nM IGF-1, or bFGF and IGF-1 in combination for the times
indicated, and cell lysates were fractionated by Resource Q
anion-exchange chromatography as described in Materials and
Methods. As Fig. 1A demonstrates, stimulation of quiescent
myoblasts with 1 nM bFGF resulted in a transient activation of
two peaks of MAP kinase activity between 2 and 10 min when
fractions were assayed for their ability to phosphorylate MBP.
When cell extracts were assayed between 15 and 180 min (Fig.
1B, from a separate experiment), it is clear that MAP kinase
activity has decreased to near baseline levels by 180 min fol-
lowing stimulation. When myoblasts were exposed to 3 nM
IGF-1, kinase activity was barely detectable between 2 and 10
min and undetectable when assayed 15 to 180 min following
stimulation. Activation of quiescent myoblasts with 3 nM
IGF-1 in combination with 1 nM bFGF results in slightly en-
hanced MAP kinase activity between 5 and 15 min following
stimulation; however, this bFGF-IGF-1-induced activity also
returns to near baseline levels by 180 min poststimulation.
Finally, extracts from adhered myoblasts to which no exoge-
nous growth factor had been added (2 or 15 min) exhibit no
detectable MAP kinase activity when assayed in vitro for the
ability to phosphorylate MBP.

Identification of specific protein kinases in supernatants
from bFGF- and IGF-1-stimulated myoblasts. In order to
identify the specific proteins responsible for the two peaks of
kinase activity demonstrated above, cells were stimulated for
15 min with the various effectors and fractions from Resource
Q were TCA precipitated, electrophoresed, and immunoblot-
ted with anti-pan-Erk, a monoclonal antibody which recognizes
various members of the MAP kinase family, including extra-
cellular signal-regulated kinases 1 and 2 (Erkl and Erk2).
When the MAP kinase profiles from unstimulated cells are
compared with those of myoblasts stimulated with bFGF,
alone or in combination with IGF-1, two distinctions become

apparent (Fig. 2). First, a portion of the 42-kDa MAP kinase,
Erk2, migrates with a slightly slower electrophoretic mobility
attributable to a change in phosphorylation state of this species
(1) (fractions 11 and 12, appearance of middle species). Sec-
ond, in both myoblasts treated with bFGF alone and those
treated with bFGF and IGF-1 together, a new species of MAP
kinase appears in fractions 15 and 16 at approximately 44 kDa,
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FIG. 2. Immunodetection of various MAP kinase isoforms in fractionated
extracts from quiescent C2C12 myoblasts stimulated with bFGF, IGF-1, or bFGF
and IGF-1 together for 15 min. After being assayed for protein kinase activity,
fractions eluted from a Resource Q column (fractions 8 to 18) were TCA
precipitated, separated by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE), and immunoblotted with anti-pan-Erk antibody, which recognizes both
the 42- and the 44-kDa MAP kinase family members. [0 and *[J, more slowly
migrating, phosphorylated Erk2 and Erkl1 species, respectively.
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FIG. 3. MAP kinase activation by growth factors can be demonstrated by an
antibody specific for the activated species. C2C12 myoblasts were growth ar-
rested by being cultured in suspension for 48 h and then preplated for 1 h prior
to stimulation with growth factors. Cytosolic proteins (50 pg) were separated by
SDS-PAGE and then immunoblotted with either polyclonal anti-activated MAP
kinase (A) or monoclonal anti-pan-Erk antibody (B). Lanes 1, untreated myo-
blasts; lanes 2 and 3, cells treated with 1 nM bFGF for 5 or 10 min, respectively;
lanes 4 and 5, cells treated with 3 nM IGF-1 for 5 or 10 min, respectively; and
lanes 6 and 7, cells treated with bFGF and IGF-1 together for 5 or 10 min,
respectively. O and *[, more slowly migrating, phosphorylated Erk2 and Erk1
species, respectively.

again with a slightly slower electrophoretic mobility than its
unmodified 44-kDa counterpart eluting earlier in the NaCl
gradient (fractions 11 and 12, highest-molecular-mass species).
These data indicate that the MAP kinase activity in peak 1 is
due to phosphorylated Erk2 and that peak 2 activity results
from phosphorylated Erk1, and these results are in agreement
with those of detailed studies performed elsewhere to identify
the MAP kinase activity peaks from nerve growth factor-
treated PC12 cells and EGF-stimulated NIH 3T3 fibroblasts
(1, 5). Finally, when quiescent myoblasts are treated with
IGF-1, phosphorylated Erkl and Erk2 are virtually undetect-
able with this antibody. The abundance of the slower-mobility
phosphorylated species correlates well with levels of kinase
activity assayed as in Fig. 1.

It is clear from Fig. 1 and 2 that while there are appreciable
levels of MAP kinase activity in extracts from cells stimulated
for 15 min with either bFGF alone or bFGF and IGF-1 in
combination, only a fraction of the total MAP kinases are
activated following stimulation for this time. The same was
true for extracts from cells stimulated for 5 or 10 min. Immu-
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noblotting of unfractionated extracts with anti-pan-Erk anti-
body demonstrated that <50% of the detectable Erk2 protein
migrated as the slower-mobility, phosphorylated species fol-
lowing 5-min stimulation with bFGF alone or bFGF and IGF-1
(Fig. 3B, lanes 2 and 6). However, immunoblotting of extracts
with an antibody that recognizes only the phosphorylated
forms of Erkl and Erk2 demonstrates that the abundance of
these species is dramatically increased relative to that in un-
stimulated cells (Fig. 3A). Immunoblotting with an activated
MAP kinase-specific antibody also confirms the observation
made from Fig. 1 that IGF-1 stimulates only very low levels of
MAP kinase activation (Fig. 3A, lanes 4 and 5).

Signaling through the IGF-1 receptor in C2C12 myoblasts
results in tyrosine phosphorylation of IRS-1. The low levels of
MAP kinase activity in IGF-1-treated myoblasts interested us,
especially in light of recent reports that implicate the Ras
signaling pathway in both IGF- and insulin-induced mitogenic-
ity (3, 15, 42, 45, 51). In order to demonstrate that these growth
factors were in fact transmitting a functional signal via their
respective receptors, we first measured ligand-dependent ty-
rosine phosphorylation of the physiologic insulin receptor sub-
strate, IRS-1 (35, 36). Figure 4A shows the relative abundance
of IRS-1 protein in cell extracts isolated from cells treated with
1 nM bFGF, 3 nM IGF-1, or the two factors in combination.
Cells were harvested between 15 and 180 min poststimulation,
and 100 wg of total cell protein per condition was analyzed by
immunoblotting with anti-IRS-1 antibody. IRS-1 was readily
detectable in suspended, quiescent myoblasts, and the level of
protein was not influenced by attachment to a solid substra-
tum. Furthermore, protein levels remained roughly constant
throughout the time course studied, independent of growth
factor exposure. However, when the corresponding phospho-
tyrosine levels in IRS-1 are measured, the changes due to
IGF-1 exposure are quite evident. In the experiment whose
results are shown in Fig. 4B, cells were treated as for Fig. 4A
and then harvested between 15 min and 24 h following stimu-
lation. IRS-1 was first immunoprecipitated from lysates as de-
scribed in Materials and Methods and then subjected to West-
ern blot analysis using a monoclonal antiphosphotyrosine
antibody. As expected, suspended myoblasts, preplated control
cells, and myoblasts treated with bFGF alone exhibit virtually
undetectable levels of phosphotyrosine. By contrast, cells
treated with either IGF-1 alone or IGF-1 in concert with bFGF
exhibit abundant phosphotyrosine in IRS-1 immunocom-
plexes.
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FIG. 4. IGF-1, but not bFGF, can stimulate tyrosine phosphorylation of IRS-1 in C2C12 myoblasts. C2C12 cells were growth arrested and plated as described in
the text. The cells were then stimulated with either bFGF (1 nM) or IGF-1 (3 nM) or the two soluble factors in combination for the indicated times prior to harvesting.
Cytosolic extracts were separated by SDS-PAGE and immunoblotted with polyclonal anti-IRS-1 antibody (A) or, conversely, IRS-1 was immunoprecipitated with
anti-IRS-1 antiserum and then immunoblotted with monoclonal antiphosphotyrosine antibody (B). SB, suspended myoblasts harvested prior to preplating; C,

preadhered myoblasts not subjected to growth factor stimulation.
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FIG. 5. Insulin can mimic the effects of IGF-1 on MAP kinase activation.
Growth-arrested C2C12 myoblasts were harvested from suspension culture and
preplated for 1 h in DMEM alone. After growth factor stimulation, cytosolic
proteins were harvested and fractionated (1 mg per condition) by Resource Q
chromatography. Fractions (20-pl aliquots) were assayed for the ability to phos-
phorylate MBP. (A) Myoblasts stimulated with insulin (10 nM) (@), bFGF (1
nM) (©), or bFGF and insulin together (A). (B) Cells stimulated with IGF-1 (3
nM) (O), bFGF (1 nM) (<), or bFGF and IGF-1 together (A). (C) Cells
stimulated with IGF-1 (3 nM) (O), IGF-1 (10 nM) (®), or 3 nM IGF-1 plus 1 nM
bFGF (A).

The effects of IGF-1 on MAP kinase activity and IRS-1
tyrosyl phosphorylation can be mimicked by insulin. The issue
of whether the MAP kinases are important for signaling via the
insulin or IGF-1 receptors is currently unresolved (for a re-
view, see reference 11). Indeed, the MAP kinases were first
identified in insulin-stimulated 3T3L1 adipocytes (39, 41), and
a number of more recent studies have utilized these cells in an
attempt to understand the role of the MAP kinase signaling
pathway in insulin action (12, 36, 40). Insulin has also been
shown to activate MAP kinase in the L6 myoblast cell line (10),
in the myeloid progenitor 32D™ cell line (insulin receptors
expressed at levels 30-fold higher than those of parental 32D
cells) (30), in rat 1 fibroblasts overexpressing insulin receptors
(12 X 10° receptors per cell, a 750-fold increase over the
parental line) (5), and in HIR cells (NIH 3T3 cells expressing
6 X 10° human insulin receptors per cell) (32).

We therefore assayed for the ability of insulin to stimulate
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MAP kinase activity in G,, growth-arrested C2C12 myoblasts.
Preadhered quiescent myoblasts were stimulated for 15 min
with either 10 nM insulin or 3 nM IGF-1, alone or in combi-
nation with 1 nM bFGF. Figure SA demonstrates that insulin-
stimulated MAP kinase activity was virtually undetectable
when cells were stimulated with insulin alone, as is the case
with IGF-1 (Fig. 5B). Furthermore, increasing the IGF-1 con-
centration from 3 to 10 nM does not result in enhanced MAP
kinase activity, indicating that the absence of activity is not
merely due to a suboptimal concentration of available growth
factor (Fig. 5C). Interestingly, insulin stimulation resulted in
an apparently synergistic effect on MAP kinase activity when
insulin was added in combination with 1 nM bFGF (Fig. 5A),
as was the case at 15 min poststimulation with IGF-1 and
bFGF (Fig. 5B and 1B). This synergy has been observed in
several separate experiments comparing the effects of bFGF
versus bFGF in combination with IGF-1 but is detectable only
between 15 and 30 min poststimulation, when the peak of
MAP kinase activity has passed. Thus, while this result is highly
reproducible, the significance of this synergy is obscure at this
time.

Figure 6 shows the relative abundance of tyrosyl-phosphor-
ylated IRS-1 detected in insulin- versus IGF-1-stimulated myo-
blasts. Consistent with the data presented in Fig. 4, phospho-
tyrosine is virtually undetectable in IRS-1 immunoprecipitated
from either control or bFGF-treated cells (Fig. 6, lanes 2 and
3). By contrast, treatment with either IGF-1 alone, IGF-1 and
bFGF in combination, or insulin alone stimulated rapid phos-
phorylation on tyrosine in IRS-1 immunoprecipitates (Fig. 6,
lanes 4 to 6, respectively).

Correlation between growth factor-induced MAP kinase ac-
tivity in adhered myoblasts and progression through the cell
cycle. Previously, it was demonstrated that quiescent sus-
pended myoblasts adhered in the presence of either bFGF or
IGF-1 progress through S phase between 18 and 28 h after
attachment, with the peak of DNA synthesis of cells adhered in
the presence of IGF-1 lagging slightly behind that of cells
adhered in bFGF (28). We therefore questioned whether ac-
tivation of MAP kinase by bFGF, IGF-1, or insulin at early
times correlated with mitogenicity as evidenced by progression
through S phase. Quiescent myoblasts were plated in the pres-
ence of the indicated concentrations of soluble factors, and
[*H]thymidine was added to the media, which were allowed to
incubate for 4 h, either 19 to 23 or 24 to 28 h following
stimulation. As is demonstrated in Fig. 7, 39% of cells adhered
in the presence of bFGF incorporated [?H]thymidine during
the first window of labeling and 42% incorporated label 24 to
28 h poststimulation. This correlates well with the fact that
bFGF potently induced MAP kinase activity at the earlier
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FIG. 6. Insulin stimulation results in tyrosine phosphorylation of IRS-1 in
C2C12 myoblasts. C2C12 cells were cultured as described in the text prior to
stimulation with 10 nM insulin (lane 6), 3 nM IGF-1 (lane 4), 1 nM bFGF (lane
3), bFGF and IGF-1 together (lane 5), or no growth factors (lane 2). IRS-1 was
first immunoprecipitated from cytosolic extracts (1 mg) with anti-IRS-1 anti-
serum and then subjected to SDS-PAGE and immunoblotting with monoclonal
antiphosphotyrosine (p-tyr) antibody. Lane 1 contains electrophoretic molecular
mass markers that are nonspecifically detected with immunoblotting reagents.
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% labeled nuclei

19-23 hour

24-28 hour

FIG. 7. Levels of DNA synthesis in suspension-arrested C2C12 myoblasts
adhered in the presence of defined growth factors for 19 to 28 h. G, myoblasts
were recovered after 48 h from suspension culture and plated in the presence of
either 1 nM bFGF, 3 or 10 nM IGF-1, bFGF plus 3 nM IGF-1, 10 nM insulin, or
bFGF plus 10 nM insulin. [*H]thymidine was added and the cells were incubated
for 4 h prior to fixation of the cells at 23 or 28 h. A total of 300,000 cells were
plated per 2-cm? well, and each condition was analyzed in triplicate. At least 500
cells were counted per well.

times assayed. Interestingly, stimulation with 3 or 10 nM IGF-1
or with 10 nM insulin alone, which only poorly activated the
MAP kinases, facilitated progression of a significant number of
cells through S phase 24 to 28 h poststimulation, as indicated
by 38% of nuclei being labeled in 3 nM IGF-1, 42% being
labeled in 10 nM IGF-1, and 28% being labeled in 10 nM
insulin. Furthermore, the combination bFGF-IGF-1 or bFGF-
insulin was the most mitogenic, with 73% of nuclei being la-
beled in cells stimulated with bFGF-IGF-1 and 68% being
labeled in bFGF-insulin (24 to 28 h poststimulation).

One possible interpretation of the data presented in Fig. 7 is
that low-level signaling of the MAP kinase cascade via IGF-1
or the insulin receptor is sufficient to drive a significant per-
centage of myoblasts through the cell cycle. An alternative
explanation is that MAP kinase activation plays only a minor
role in IGF-1- or insulin-mediated proliferation and that other
MAP kinase-independent signaling pathways contribute to the
mitogenic response. In order to explore these possibilities, we
made use of the MEK inhibitor, PD098059 (35), to inhibit
signaling via the MAP kinase cascade. In the experiment whose
results are shown in Fig. 8A, growth-arrested myoblasts were
adhered to tissue culture dishes for 60 min and then incubated
with 20 uM PD098059 or dimethyl sulfoxide (DMSO) for an
additional 30 min. The cells were then stimulated with increas-
ing concentrations of bFGF for 5 min and harvested. Alterna-
tively, myoblasts were stimulated with increasing concentra-
tions of IGF-1, with or without PD098059 pretreatment (Fig.
8B). In the case of bFGF, PD098059 inhibited the activated
MAP kinase species by >90% and IGF-1-induced MAP kinase
activity was completely inhibited. Furthermore, the inhibitory
effect on activated MAP kinase was specific to the MEK in-
hibitor, since the fungal metabolite wortmannin, which inhibits
PI 3-kinase by irreversibly binding to the 110-kDa catalytic
subunit, had no effect (Fig. 8C).

When identically treated cells were assayed for progression
through S phase 24 h poststimulation, PD098059 pretreatment
of both bFGF- and IGF-1-stimulated cells resulted in an ap-
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FIG. 8. The MEK inhibitor, PD098059, inhibits both growth factor-induced
MAP kinase activation and DNA synthesis. (A) Preadhered quiescent myoblasts
were treated for 30 min with either DMSO or 20 uM PD098059 prior to
stimulation with increasing concentrations of bFGF. The cells were lysed after 5
min, and proteins were harvested for Western blot analysis with anti-activated
MAP kinase antibody. (B) Myoblasts were pretreated with either DMSO or
PD098059 prior to stimulation with increasing concentrations of IGF-1. (C) Cells
were pretreated with either DMSO alone, 20 uM PD098059, 100 nM wortman-
nin, or PD098059 and wortmannin together. (D) Quiescent myoblasts were
treated with either DMSO or 20 uM PD098059 for 30 min prior to the addition
of 1 nM bFGF or 3 nM IGF-1. The cells were labeled with [*H]thymidine from
22 to 26 h and then fixed and processed as described in the text. 1, DMSO-
treated myoblasts; B, cells pretreated with PD098059.

proximately 30 to 40% decrease in the percentage of cells
undergoing DNA synthesis (Fig. 8D). While it is clear that
PDO098059 inhibition of MAP kinase activity correlates with a
decrease in S-phase progression when cells were stimulated
with either bFGF or IGF-1, it is important that in neither case
was DNA synthesis inhibited to control levels. Of particular
interest is the fact that a significant percentage of the cells
pretreated with PD098059 prior to IGF-1 stimulation were
capable of S-phase progression even in the complete absence
of detectable activated MAP kinase (see Discussion).

In an attempt to identify a potential MAP kinase-indepen-
dent pathway that may contribute to the mitogenic effect of
IGF-1 on C2C12 myoblasts, we measured the activity of PI
3-kinase, an SH2-domain-containing protein that interacts
with IRS-1 in an IGF-1- or insulin-dependent manner (14, 29,
46, 52). The stimulation of PI 3-kinase activity has been impli-
cated in the metabolic effects of both IGF-1 and insulin in
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FIG. 9. IGF-1 and insulin activate PI 3-kinase activity in both p85 and IRS-1
immunoprecipitates. (A) Quiescent myoblasts were stimulated with IGF-1 (3 or
10 nM) or insulin (Ins.) (10 nM) for 5 min. The cells were lysed in PI 3-kinase
lysis buffer (see Materials and Methods), and anti-p85 antibody was added to
cleared lysates. PI 3-kinase assays were then performed on immunoprecipitates,
with phosphatidylinositol used as a substrate. ori. (origin), material insoluble in
the organic phase. (B) Myoblasts were first treated with either DMSO or wort-
mannin (100 nM) prior to growth factor stimulation. The cells were then stim-
ulated for 5 min with either bFGF (1 nM), IGF-1 (3 nM), or insulin (10 nM).
Cleared lysates were subjected to immunoprecipitation with anti-IRS-1 antibody,
and PI 3-kinase assays were performed on the immunoprecipitated material. (C)
Cells were treated as for panel B except the lysates were immunoprecipitated
with anti-p85 antibody prior to the assays for PI 3-kinase activity. Error bars
indicate standard errors from three separate experiments. E, DMSO-treated
myoblasts; N, cells pretreated with wortmannin. C, control cells.

adipogenic and myogenic cell systems (for reviews, see refer-
ences 21 and 31). Furthermore, activation of PI 3-kinase has
been correlated with mitogenicity in PC12 cells (8, 33, 38).
Figure 9A shows the levels of PI 3-kinase activity in cells
treated with either IGF-1 (3 and 10 nM) or 10 nM insulin. A
500-wg sample of total cell proteins was immunoprecipitated
with a monoclonal antibody to the 85-kDa subunit of PI 3-ki-
nase. The immunoprecipitates were then assayed for the ability
to phosphorylate the 3’ hydroxyl group of the inositol ring of
phosphoinositide. Both IGF-1 and insulin are capable of stim-
ulating PI 3-kinase activity to a level above that measured in
control cells. However, the basal level of total PI 3-kinase
activity was significant. Data from three separate experiments
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indicated that 3 nM IGF-1 and 10 nM insulin increased PI
3-kinase activity an average of 1.6- and 2.1-fold, respectively,
whereas bFGF-stimulated increases in PI 3-kinase activity
were not consistently observed (Fig. 8C and data not shown).
While there was a high level of basal PI 3-kinase activity in p85
immunoprecipitates from control cells, the PI 3-kinase activity
in IRS-1 immunoprecipitates was virtually undetectable in con-
trol and bFGF-treated cells. Furthermore, both IGF-1 and
insulin treatment of myoblasts resulted in a dramatic increase
of PI 3-kinase activity in IRS-1 immunoprecipitates (Fig. 9B).
It is interesting that in vivo addition of wortmannin had no
effect on the IGF-1- or insulin-induced PI 3-kinase activity in
IRS-1 immunoprecipitates (Fig. 9B), whereas it inhibited the
activity in p85 immunoprecipitates approximately 40 to 50%
(Fig. 9C). In addition, wortmannin had no significant effect on
IGF-1-induced DNA synthesis (data not shown). Collectively,
these data suggest the possibility that a wortmannin-insensitive
signaling event involving complex formation between IRS-1
and active PI 3-kinase may contribute to the IGF-1-induced
mitogenic effect in myoblasts.

DISCUSSION

What role do the MAP kinases play in bFGF-induced reg-
ulation of growth and differentiation in myogenic cells? In
myogenic cells, bFGF is both a mitogen and a potent inhibitor
of differentiation. We demonstrate here that G, growth-ar-
rested C2C12 myoblasts undergo a robust peak of MAP kinase
activity within 2 to 10 min after stimulation with bFGF. This
bFGF-induced activation of the MAP kinases correlates with
progression of virtually the entire population of cells through S
phase within 24 h following bFGF treatment (Fig. 7) (28). In
further support of the fact that signaling via the MAP kinase
pathway is important for the mitogenic response of myoblasts
to bFGF, Lim and coworkers reported a bFGF-stimulated
increase in MAP kinase activity in asynchronously proliferating
C2C12 myoblasts which had been serum starved for 4 h prior
to stimulation with bFGF (27). This fibroblast growth factor
(FGF)-induced MAP kinase activity correlated with increased
expression of the immediate-early response gene, TISS (also
known as egrl, NGFIA, and zif268), although the study left
open the question of whether these bFGF-induced responses
were playing a role in myogenic growth or differentiation pro-
cesses (27). In addition, Shaoul and coworkers reported that
expression of FGF receptor 1 (FGFR1) in L6E9 myogenic cells
(which normally do not express FGFRs) conferred on them
FGF-dependent growth as well as MAP kinase responsiveness
(44). When we treated G, myoblasts with the MEK inhibitor,
PD098059, bFGF-stimulated DNA synthesis was inhibited 30
to 40%, demonstrating that S-phase progression is at least
partially MEK dependent. It was not possible to completely
inhibit either bFGF-induced DNA synthesis or bFGF-stimu-
lated MAP kinase activity by using this compound, presumably
because of limited solubility at higher concentrations (unpub-
lished data and reference 2). As has been previously suggested,
use of this inhibitor is limited when a strong MAP kinase
agonist such as EGF, platelet-derived growth factor, or bFGF
is being studied (reference 2 and this study), especially in light
of the potential of amplification by molecules further down-
stream in the cascade of any signal that is not inhibited. While
inhibition of MAP kinase clearly has an effect on DNA syn-
thesis, we suggest that the inability to completely block DNA
synthesis may be due to the fact that the bFGF-activated MAP
kinase cannot be fully inhibited. Alternatively, bFGF may stim-
ulate some MAP kinase-independent processes that contribute
to the mitogenic phenotype. For instance, it has previously
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been suggested that PI 3-kinase is involved in the mitogenic
response of PC12 cells to bFGF (38). In our system, however,
wortmannin pretreatment of C2C12 myoblasts had no effect on
bFGF-induced DNA synthesis (data not shown).

It is interesting that two recent reports have suggested that
bFGF-dependent inhibition of differentiation does not involve
activation of the MAP kinase pathway. Campbell and cowork-
ers suggested that the bFGF-induced repression of differenti-
ation in the MM14 myogenic cell line was not dependent on
MAP kinase signaling because they were able to detect MAP
kinase activity in cells serum starved for 10 h, at a time when a
majority of cells were no longer responsive to bFGF’s differ-
entiation-inhibiting effects (6). Additional studies by Kudla et
al. confirmed this result with MM14 cells serum starved for
4.5 h prior to bFGF stimulation (25). Although these data
suggest that bFGF-induced inhibition of differentiation occurs
in a MAP kinase-independent manner, a possible role for the
MAP kinases in inhibition of myogenic differentiation cannot
conclusively be ruled out. For instance, Kudla and coworkers
reported that MAP kinase activity was detectable in MM14
cells overexpressing FGFR1 at a time when myoblasts were
still responsive to the differentiation-inhibiting effects of
bFGF. It is possible that the relatively low number of FGFRs
on MM14 cells (700 compared with ~5,000 on the C2C12
surface [34]) or the asynchronous nature of the MM14 cell
culture system utilized in the aforementioned studies could
obscure a potentially important role of bFGF-stimulated MAP
kinase activity in the inhibition of myogenic differentiation. We
are in the process of addressing the possible role of MAP
kinase in myogenic differentiation. Preliminary data suggest
that treatment of bFGF-stimulated G, myoblasts with
PD098059 enhances the expression of at least two markers of
the differentiated phenotype, myogenin and myosin heavy
chain (data not shown). However, it is not yet clear whether
this is a direct effect of the drug on the myogenic program per
se or a secondary effect resulting from the inhibition of growth.
Studies are under way to more fully address this question.

Does insulin and IGF-1 signaling in myogenic cells utilize
the MAP kinase pathway? In a recent review by Denton and
Tavaré, the cases for and against a role of MAP kinase in
insulin action were presented (11). In light of the studies re-
viewed, the authors suggested that the MAP kinases may play
a role in insulin-stimulated growth events such as c-Fos induc-
tion and DNA synthesis, whereas the metabolic effects of in-
sulin occur in a MAP kinase-independent manner. In the study
presented here, we were able to detect only very low levels of
MAP kinase activity when quiescent, undifferentiated C2C12
myoblasts were challenged with either 3 nM IGF-1 or 10 nM
insulin (Fig. 1 to 4 and 8A). In addition, both IGF-1 and insulin
stimulated rapid tyrosyl phosphorylation of IRS-1, PI 3-kinase
activity in p85 immunoprecipitates, PI 3-kinase activity in
IRS-1 immunoprecipitates, and subsequent activation of DNA
synthesis 20 to 30 h after stimulation. Three pieces of evidence
suggest that the mitogenic effects of IGF-1 are due to both
MAP kinase-dependent and -independent signaling pathways.

First, as was the case with bFGF, IGF-1-stimulated DNA
synthesis was inhibited ~40% when cells were treated with
PD098059 prior to addition of growth factor, indicating the
probable existence of a MAP kinase-dependent component of
the mitogenic response. In contrast to the case with bFGF,
however, complete inhibition of IGF-1-induced MAP kinase
activity was obtained with the MEK inhibitor, PD098059 (even
after overnight exposure of the autoradiographic film shown,
no activated MAP kinase was detectable in either control or
IGF-1-treated cells following PD098059 exposure). This is in
good agreement with the complete inhibition of MAP kinase
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activity observed with this compound when other relatively
weak agonists, including insulin, were tested (2). The fact that
a significant portion of the cell population was still capable of
undergoing S-phase progression even in the complete absence
of activated MAP kinase indicates that a MAP kinase-inde-
pendent event may also be contributing to the IGF-1-induced
mitogenic effect.

Second, there is clearly a signaling pathway involving IRS-1
and PI 3-kinase which is unique to IGF-1 signaling in myo-
blasts. Both IGF-1 and insulin stimulation resulted in a dra-
matic increase in IRS-1 phosphorylation, and increased PI
3-kinase activity was detected in p85 immunoprecipitates. In-
terestingly, whereas PI 3-kinase activity in p85 immunoprecipi-
tates was sensitive to in vivo addition of wortmannin, the frac-
tion of total cellular PI 3-kinase that associated with IRS-1
upon stimulation with either IGF-1 or insulin did so in a
wortmannin-insensitive manner. This correlated with the fact
that DNA synthesis in these cells was wortmannin insensitive.
This finding is in good agreement with data presented previ-
ously by researchers studying the potential role of PI 3-kinase
in the insulin-sensitive metabolic functions of L6 myotubes
(47). In these studies, wortmannin was able to inhibit PI 3-ki-
nase activity in IRS-1 immunoprecipitates only when added to
the in vitro kinase assay (47). PI 3-kinase activity has been
implicated in a wide array of cellular processes, including in-
hibition of apoptosis, regulation of glucose transport, and mi-
togenesis (21). The diversity of this signaling molecule may be
regulated by both its subcellular localization and its association
with other key signaling molecules (19, 20, 22, 24). Detection
of both wortmannin-sensitive and -insensitive signaling events
in myogenic cells upon which IGF-1 and insulin have pluripo-
tent effects lends support to this theory. Studies are under way
to address these questions and, in particular, the question of
whether the activation of a specific signaling event results in
distinct cellular functions depending on the cell context in
which that signaling pathway is activated.

A third and last point should be made concerning the data
obtained when myoblasts are treated with both bFGF and
IGF-1 or bFGF and insulin in combination. Clearly, treatment
of myoblasts with either bFGF-IGF-1 or bFGF-insulin causes
them to reach their full mitogenic potential (Fig. 7). However,
the levels of MAP kinase activity in cells treated with bFGF
and IGF-1 in combination were remarkably similar to those
detected when myoblasts were treated with bFGF alone, as
analyzed by both the in vitro ability of MAP kinase to phos-
phorylate MBP and Western blotting with an antibody specific
for only activated Erkl and Erk2 (Fig. 1 and 3). Since IGF-1
and bFGF are synergistic in their overall mitogenic response
but are not obviously so in their ability to stimulate MAP
kinase, this also supports the theory that a MAP kinase-inde-
pendent mitogenic pathway is stimulated by IGF-1.

Conclusion. The data presented here indicate a strong role
for the MAP kinase signaling cascade in bFGF-induced mito-
genesis in muscle, whereas IGF-1 or insulin appears to be
capable of initiating a growth response in both a MAP kinase-
dependent and a MAP kinase-independent manner. Studies
are under way to clarify the potential role of the MAP kinases
in myogenic differentiation. Clearly, processes as complex as
cellular growth and differentiation involve activation of multi-
ple signaling cascades and cross-talk between these pathways.
Furthermore, the pluripotent effects of factors such as bFGF,
IGF-1, and insulin may depend on the cell context in which
each receptor is activated. We feel that the data presented here
represent at least a partial explanation for the divergent effects
resulting from signaling via the bFGF and IGF-1 receptor
tyrosine kinase receptors during myogenesis.
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