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Terminal differentiation of skeletal muscle cells in culture is inhibited by a number of different growth
factors whose subsequent intracellular signaling events are poorly understood. In this study, we have inves-
tigated the role of heterotrimeric G proteins in mediating fibroblast growth factor (FGF)-dependent signals
that regulate myogenic differentiation. Pertussis toxin, which ADP-ribosylates and inactivates susceptible G
proteins, promotes terminal differentiation in the presence of FGF-2, suggesting that Ga or Gf3y subunits or
both are involved in transducing the FGF-dependent signal(s) that inhibits myogenesis. We found that Gy
subunits are likely to be involved since the expression of the C terminus of 3-adrenergic receptor kinase 1, a
Gy subunit-sequestering agent, promotes differentiation in the presence of FGF-2, and expression of the free
GB7y dimer can replace FGF-2, rescuing cells from pertussis toxin-induced differentiation. Addition of per-
tussis toxin also blocked FGF-2-mediated activation of mitogen-activated protein kinases (MAPKs). Ectopic
expression of dominant active mutants in the Ras/MAPK pathway rescued cells from pertussis toxin-induced
terminal differentiation, suggesting that the GBvy subunits act upstream of the Ras/MAPK pathway. It is
unlikely that the pertussis toxin-sensitive pathway is activated by other, as yet unidentified FGF receptors since
PDGF (platelet-derived growth factor)-stimulated MM14 cells expressing a chimeric receptor containing the
FGF receptor-1 intracellular domain and the PDGF receptor extracellular domain were sensitive to pertussis
toxin. Our data suggest that FGF-mediated signals involved in repression of myogenic differentiation are
transduced by a pertussis toxin-sensitive G-protein-coupled mechanism. This signaling pathway requires the

action of GBvy subunits and activation of MAPKSs to repress skeletal muscle differentiation.

Of the soluble growth factors thought to play critical roles in
the development of skeletal muscle, fibroblast growth factors
(FGFs), Sonic hedgehog, scatter factor/hepatocyte growth fac-
tor, and transforming growth factor B are thought to be re-
quired for skeletal muscle development in vivo (2, 5, 16, 23,
48). We are attempting to delineate the signaling pathways
utilized by FGFs that regulate the proliferation and differen-
tiation of skeletal muscle cells. Previous studies performed by
other groups as well as data obtained in our laboratory have
demonstrated that (i) distinct FGF pathways are involved in
regulating MM 14 myoblast growth and differentiation (37), (ii)
FGF signaling pathways cannot be replaced by stimulation of
other growth factor receptors (36, 38, 39), and (iii) FGFs
stimulate activation of mitogen-activated protein kinase
(MAPK) pathways (8, 36, 45, 47). Of the four identified FGF
receptor tyrosine kinases, only one, FGF receptor-1, is detect-
ably expressed in MM14 cells (37, 63); it is required for FGF-
mediated repression of terminal differentiation (22). Addition-
ally, high-affinity binding and subsequent signaling events
require that FGFs bind to both the tyrosine kinase and a
heparan sulfate proteoglycan (49, 53, 54).

Pertussis toxin-sensitive, G-protein-coupled mechanisms
have been reported to affect myoblast differentiation and pro-
liferation, although the mechanisms involved have not been
investigated (30, 67). Pertussis toxin (PT), a protein virulence
factor produced by Bordetella pertussis, is composed of an A
protomer and a B oligomer. The A protomer consists of a
single peptide that ADP-ribosylates specific eucaryotic G pro-
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teins (G;,,), locking the G protein in the GDP-bound state and
preventing dissociation of Ga and GB+y subunits, thus leading
to inactivation of the G-protein signal. The B oligomer binds to
cell surface receptor proteoglycans and transfers the A pro-
tomer to the interior of the cell (29).

The heterotrimeric G proteins are composed of distinct o, B,
and -y subunits, and all three can participate in signal trans-
duction. Following receptor activation by agonist, Ga subunits
of PT-sensitive proteins transmit signals to adenylyl cyclase
and other effector molecules (66). The GBvy heterodimer, re-
leased upon activation of PT-sensitive G proteins, activates K*
channels (35), mediates the translocation of the B-adrenergic
receptor kinase 1 (BARKI1) (64), regulates specific isoforms of
adenylyl cyclase (62) and phospholipase C (PLC) (9), and
stimulates the MAPKs (12, 15, 41). Stimulation of MAPK
activity by the insulin-like growth factor 1 (IGF-1) receptor
tyrosine kinase depends on participation of Gf+y subunits de-
rived from PT-sensitive G proteins (41). As for the G-protein-
coupled receptor-mediated pathways, IGF-1 signaling can be
inhibited by PT treatment or by a GR+y subunit inhibitor (41).

A large number of polypeptide growth factor receptors stim-
ulate activation of MAPKs (4, 46, 55). A few reports have
demonstrated that MAPK stimulation is PT sensitive. Among
the receptor tyrosine kinases, PT interferes with the activation
of MAPK by epidermal growth factor in hepatocytes (20) and
by IGF-1 in Rat-1 fibroblasts (66). Activation of MAPKs is
known to occur via the Ras/Raf/MKKI1/2 pathway (27, 60).
Recently, MAPKs were reported to be activated by Ras-inde-
pendent mechanisms that include c-Src protein tyrosine kinase
(18) and protein kinase C (7, 44, 46, 65) pathways. Additional
complexity in these signaling pathways is suggested by the
existence of MAPK kinase kinases other than Raf (3). G-
protein-dependent signaling can be coupled to the MAPK
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cascade through release of free B subunits, which is linked to
activation of a Ras-dependent pathway (32), or through acti-
vation of MAPK by PT-sensitive Ga subunits (31, 64).

Here we report that PT stimulates myogenic differentiation
in the presence of FGF-2, inhibits FGF-induced proliferation
of MM14 cells, and blocks FGF-2-stimulated MAPK activity.
In addition, FGF-2 signaling can be blocked by inhibitors of
Gpvy subunits. Expression of the free GBvy dimer suppresses
PT-stimulated differentiation and mimics the effect of FGF-2
on MM14 cells. Thus, we demonstrate for the first time that
signaling pathways regulated by binding of FGF-2 to FGF
receptor-1 can be mediated by GBvy subunits of PT-sensitive
heterotrimeric G proteins.

MATERIALS AND METHODS

Cell culture. Mouse MM 14 cells (39) were cultured on gelatin-coated plates in
growth medium consisting of Ham’s F10 (Life Technologies, Gaithersburg, Md.)
supplemented with 0.8 mM CaCl,, 100 U of penicillin G per ml, 5 ug of
streptomycin sulfate per ml, and 15% horse serum. The concentration of FGF-2
was increased from 0.3 to 2.5 nM with increasing cell density. Human recombi-
nant FGF-2 was purified from a yeast strain expressing this growth factor (53).
PT and cholera toxin (CT) were purchased from Life Technologies), B oligomer
of PT was purchased from Calbiochem (San Diego, Calif.), and forskolin was
purchased from Sigma (St. Louis, Mo.).

Clonal growth assay. Cells were plated onto six-well plates at a density of 50
cells per well in growth medium containing 0.3 nM FGF-2, cultured for 48 h, then
fixed with AFA (70% ethanol-37% formaldehyde—-glacial acetic acid, 20:2:1) at
4°C, and immunostained for myosin heavy chain (MHC) as previously described
(36). Colonies were analyzed by phase-contrast microscopy. The number of
nuclei per colony was determined, and percent MHC-positive cells per well was
quantified. PT at a concentration of 50 ng/ml was used in a first series of
experiments. In subsequent experiments, we determined that PT at 20 ng/ml
produced an equivalent effect, and this concentration was used.

DNA transfection. DNA was transiently transfected into MM14 cells by a
calcium phosphate-DNA precipitate method as described previously (36). The
expression vector pBJ5 PDGFRB/FGFRI, encoding a chimeric platelet-derived
growth factor (PDGF) B receptor/FGF receptor 1 construct (PDGF/FGF recep-
tor chimera), is composed of the PDGF B-receptor extracellular domain and the
FGF receptor-1 transmembrane and intracellular domains. This vector was pre-
viously constructed in our laboratory (37). Eucaryotic expression vectors
pCDMS8.1GB1 and pCDM8.1Gv2, encoding GB1 (17) and Gvy2 (19), respec-
tively, were a gift from M. Simon (California Institute of Technology). pPCEV
CD8 BARK, an expression vector that encodes a membrane-targeted C-terminal
fragment of BARKI (11), and a control vector (pCEV CD8) were provided by S.
Gutkind (National Institute of Dental Research, National Institutes of Health).
MMTV-LTR Ras Ej6, carrying the Ha-ras oncogene (51), RSV-Raf-BXB, car-
rying a constitutively active form of the raf-1 proto-oncogene, Raf-BXB (6)
(referred to as BXB-Raf in this report), and CMV-MKKI(R4F), a cytomegalo-
virus (CMV)-based vector encoding a constitutively active mutant of MAPK
kinase 1 (R4F-MKK1) (43), were provided by R. Palmiter (Howard Hughes
Medical Institute, University of Washington), U. Rapp (National Cancer Insti-
tute, Frederick Cancer Research and Development Center), and N. Ahn
(Howard Hughes Medical Institute, University of Colorado), respectively.

Muscle-specific promoter assay. A differentiation-sensitive muscle-specific re-
porter activity assay was used to determine the extent of MM14 differentiation
following transient transfection. The reporter contained the firefly luciferase
gene driven by a muscle-specific promoter (MSP; human «-cardiac actin pro-
moter) (36). MM14 cells were plated on six-well plates at a density of 10,000
cells/well and cotransfected with 1 pg of MSP reporter vector, 1 pug of CMV-
LacZ, and different amounts of expression vector or control vector as indicated.
Equivalent DNA concentrations were maintained by the addition of pcDNA3
vector (Invitrogen, San Diego, Calif.). Cells were harvested and luciferase activ-
ity was determined 36 h following transfection. Luciferase activity was deter-
mined by using a Tropix (Bedford, Mass.) Dual Light assay kit and quantitated
with a luminometer (Optocomp I; MGM Instruments, Inc., Hamden, Conn.).
Luciferase activity values (relative light units) were normalized to B-galactosi-
dase activity values (relative light units) to correct for transfection efficiency. The
CMYV promoter was chosen to drive the lacZ gene since this promoter exhibits
the lowest level of change of all promoters tested (<1.5-fold) between prolifer-
ating and differentiated MM14 cell populations.

MAPK activity assay. MAPK activity was determined by using the PathDetect
EIk1 reporting system (Stratagene, San Diego, Calif.). (68). MM14 cells were
plated on six-well plates at a density of 40,000 cells/well or on 24-well plates at a
density of 8,000 cells/well and cotransfected with 1 pg (250 ng for the 24-well
plate) of pFR-Luc reporter vector per well, 250 ng (50 ng for the 24-well plate)
of pFA-EIk1 vector per well, and 1 pg (200 ng for the 24-well plate) of CMV-
LacZ vector per well; 12 to 16 h after the transfection, cells were washed twice
with phosphate-buffered saline (pH 7.2) and incubated in 2.5% serum without
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FGF for 6 h. The cells were then kept in the same medium or stimulated with 0.1
nM FGF-2. Cells were harvested and luciferase activity was determined 6 h
following FGF stimulation or treatment. Luciferase activity was determined,
quantitated, and normalized as described for the MSP assay.

RESULTS

Proper development and regeneration of skeletal muscle in
vivo is likely to be dependent on FGFs (16, 24). MM14, a
skeletal muscle satellite cell line, like skeletal muscle primary
cultures, is dependent on FGFs (10, 52, 59). MM14 cells thus
serve as a model for investigating signaling in primary cells. We
have previously demonstrated that ERK1/2 (extracellular-reg-
ulated kinases 1 and 2) can be activated by FGF-2 in MM 14
cells (36). We wanted to investigate further the signaling mech-
anisms activated by FGF in MM14 cells and to identify path-
ways involved in the regulation of myogenesis, specifically G-
protein signaling. We therefore treated MM14 cells with PT,
CT, and forskolin to examine whether cyclic AMP-dependent
signaling plays a role in the FGF response. While PT blocked
FGF activity and promoted terminal differentiation in a dose-
dependent fashion (Fig. 1), neither CT, which ADP-ribosylates
G proteins involved in adenylate cyclase activation, nor fors-
kolin, a direct activator of adenylate cyclase (25), affected the
proliferation or differentiation of MM14 cells (Fig. 1A). These
data suggest that the action of PT is distinct from its potential
effects on adenylate cyclase and protein kinase A. The B oli-
gomer of PT is known to bind membrane proteoglycans (29).
To rule out a possible effect of the B oligomer on FGF binding
to its receptor complex, we examined whether the B oligomer
of the holotoxin was sufficient to induce skeletal muscle differ-
entiation. Treatment of MM14 cells with the B oligomer over
a wide range of concentrations elicited no detectable effect on
MM14 cell differentiation (Fig. 1B). In contrast to the B oli-
gomer, treatment with the PT holotoxin promoted myogenesis
under identical culture conditions, demonstrating that the ef-
fect of the toxin is likely to be mediated via the ADP-ribosy-
lation of a G, protein(s) (Fig. 1B). Consistent with the ability
of PT to block FGF signaling events that repress myogenesis,
PT treatment also prevented proliferation in the presence of
FGF-2 and 15% horse serum (Fig. 2). Neither forskolin, CT,
nor the B oligomer of PT had any detectable effect on MM14
cell proliferation (Fig. 2).

To determine whether PT directly interfered with signaling
from FGF receptor-1, we studied the PT sensitivity of MM 14
cells transiently transfected with a construct encoding a PDGF/
FGF receptor chimera (37). MM14 cells do not express en-
dogenous PDGF receptors (36), and expression of the chi-
meric receptor confers PDGF-BB-dependent inhibition of
myogenic differentiation in MM14 cells (37). In the presence of
PDGF-BB, PT induces differentiation of MM14 cells tran-
siently transfected with the chimeric receptor (Fig. 3). These
data suggest that PT inhibits signals transduced directly from
activation of the FGF receptor-1 tyrosine kinase.

Recent data have shown that G-protein-coupled mecha-
nisms of signal transduction often require the GB+y subunits
(14). Expression of a specific GBy subunit binding peptide
derived from the carboxyl terminus of BARK1 (BARKI1-CT)
can block GBvy subunit-mediated signal transduction in stably
and transiently transfected cell lines (11, 33). The BARK1-CT
fragment is localized to the cell membrane by the fusing of
BARKI1-CT to the transmembrane domain from the CDS8 re-
ceptor (BARK-CDS), thus effectively excluding Gf+y subunits
from participating in intracellular signaling. To determine
whether the inhibition of myogenic differentiation was medi-
ated by GBy or Ga subunits, we examined the effects of tran-
sient expression of BARK-CT on MM14 cell differentiation.



5782 FEDOROV ET AL.

A~ O
o O

Differentiation (%)
n w
[=) [an]

—_
o

FGF + + + + + o+ + +
PT - - + + - - - -
CcT - - - - + o+ - -
Forskolin - - - - - - + o+
so|B
L
j
2
S 40
IS
o
Q2
a
20
T T T T
1 10 100 1000

Holotoxin (pM)

FIG. 1. PT stimulates skeletal muscle differentiation in the presence of
FGF-2. (A) MM14 cells were incubated in the presence of 15% (%) or 2.5% ()
serum in medium containing 0.3 nM FGF-2. PT (50 ng/ml; 480 pM), CT (1,000
ng/ml; 11.9 nM), or forskolin (10 pM) was added 1 h after plating. Cells were
fixed and stained 48 h after plating. Differentiation of MM14 cells was assayed by
clonal analysis as described in Materials and Methods and determined as the
number of nuclei in MHC-positive cells. Mean values and standard deviations
represent three independent experiments performed in triplicate. No fewer than
75 colonies/100 cells were counted per point per experiment. (B) The B oligomer
of pertussis toxin does not affect myogenic differentiation. MM14 cells were
incubated in the presence of 15% (OJ and O) or 2.5% (m and @) serum in
medium containing 0.3 nM FGF-2. Cells received the indicated concentrations of
holotoxin (m and ) or B oligomer (® and O), added at equivalent molar
concentrations. Mean values represent the averages of three independent exper-
iments performed in triplicate. Standard deviations were no more than 5% for
PT in 2.5% serum, 2.4% for PT in 15% serum, 3.3% for B oligomer in 2.5%
serum, and 0.5% for B oligomer in 15% serum.

Transient expression of this Gp+y-sequestering agent stimu-
lated differentiation in the presence of added FGF-2, as as-
sayed by induction of a muscle-specific promoter (Fig. 4).
Transfection with a control vector containing the coding se-
quences for the CD8 transmembrane domain but lacking the
BARK-CT sequences elicited no detectable effect, indicating
that the induction of differentiation was likely to be due to GRvy
subunit sequestration (Fig. 4).

If GB+y subunits are critical for transducing FGF signals in
skeletal muscle cells, then expression of the appropriate GRvy
subunits would be expected to substitute for FGF. Transfec-
tion of MM14 cells with increasing amounts of either a GB1 or
a Gy2 expression vector inhibited MSP activity less than two-
fold (Fig. 5A). However, transfection of cells with both GB1
and Gvy2 expression vectors was synergistic and completely
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FIG. 2. PT inhibits proliferation of MM14 cells. MM14 cells were plated
onto six-well plates at a density of 50 cells per well and incubated in media
containing 15% serum in the absence or presence of 0.3 nM FGF-2. PT (480
pM), B oligomer of PT (B-PT; 480 pM), CT (11.9 nM), and forskolin (10 mM)
were added 1 h after plating. Cells were fixed and stained, and the numbers of
cells per clone were determined 48 h after plating. Mean values and standard
deviations represent three independent experiments performed in triplicate. No
fewer than 75 colonies were counted per point per experiment.

inhibited terminal differentiation, similar to what was observed
for control cells given FGF-2 (Fig. 5A). A similar experiment
was performed in the presence of FGF-2 and PT. As expected,
transient transfection of GBvy subunits rescued MM14 cells
from PT-stimulated differentiation (Fig. 5B). However, trans-
fection with Gvy2 alone elicited no detectable effect, while
transfection with only GB1 consistently increased MSP activity
to levels greater than those for cells treated with PT alone (Fig.
5B). Taken together, these data suggest that the GBvy subunits
play a central role in FGF-dependent regulation of myogen-
esis.

As a further measure of the dependence of FGF signaling on
a G;,,-dependent mechanism, we examined the ability of FGF
to activate MAPKSs in cells pretreated with PT. The PathDetect
Elk1 system detects MAPK activation by phosphorylation of an
Elk transcriptional activator fragment (amino acids 307 to 428)
fused to the GAL4 DNA binding domain (68). Phosphoryla-
tion of this fusion protein by MAPKSs then activates a reporter
(pFR-Luc) consisting of the firefly luciferase gene placed
downstream of a basic promoter element and located 3’ to five
tandem repeats of the 17-bp GAL4 binding element. Control
experiments with cells transiently cotransfected with either
pFA-EIk1 or pFR-Luc alone, or with the combination of pFR-
Luc with the transactivating vector lacking the Elkl domain,
displayed no luciferase activity (data not shown). MM14 cells
transiently cotransfected with pFR-Luc and pFA-Elkl were
stimulated with FGF-2. Upon FGF-2 stimulation, a 4.0- to
7.5-fold increase in MAPK activity was observed, consistent
with our previous observations (36). Pretreatment of MM14
cells with PT completely abolished MAPK activation, while
pretreatment with forskolin and CT had minimal effects on
MAPK activity (Fig. 6).

The effects of PT treatment on MAPK activity and differ-
entiation suggest that a G;,, protein-dependent pathway may
be involved in activation of MAPKs following FGF stimula-
tion. To test this hypothesis, we examined whether the PT-
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FIG. 3. PT stimulates differentiation in MM14 cells transiently transfected with a PDGF/FGF receptor chimera expression vector. MM14 cells were cotransfected
with the MSP reporter, a CMV-LacZ expression vector, and a vector encoding the PDGF/FGF receptor chimera. Cells were incubated in the presence of 2.5% serum,
and PT (20 ng/ml; 192 pM) was added 6 h after transfection. Luciferase activity was determined 36 h after transfection and normalized for transfection efficiency. Data
are expressed as luciferase activity relative to activity in cells cultured in the presence of 0.2 nM PDGF-BB. Mean values and standard deviations represent three

independent experiments performed in triplicate.

induced block in FGF signaling could be overcome by known
activators of the Ras/MAPK pathway. Activators of the MAPK
pathway including Ha-Ras (Ej6-Ras), Raf (BXB-Raf), and
MKKI1 (R4F-MKK1) all activate the Elkl reporter system in
MM14 cells in the presence of PT (Fig. 7A). Moreover, these
MAPK pathway activators repress differentiation in the pres-
ence or absence of FGF (Fig. 7B), suggesting that they act on
signaling pathways directly involved in regulating terminal dif-
ferentiation. The observation that constitutively active mutants
of Ras (Ej6-Ras), Raf (BXB-Raf), and MKK1 (R4F-MKK1)
all overcome PT-induced differentiation as well as MAPK ac-
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FIG. 4. Sequestration of free GBvy subunits by the C-terminal fragment of
BARKI stimulates differentiation in the presence of FGF. MM14 cells were
cotransfected with the MSP reporter, CMV-LacZ expression vector, and increas-
ing amounts of either the vector encoding the membrane-targeted C-terminal
fragment of BARK1 (BARK-CD8) or the control vector containing only the
membrane-targeting sequence (CD8). The total amount of transfected DNA in
each well was equalized to 4 ng with pcDNA3 (Invitrogen). Cells were incubated
in the presence of FGF (0.3 nM) in medium supplemented with 15% serum.
Luciferase activity was determined 36 h after transfection and normalized for
transfection efficiency. Luciferase activity relative to activity in cells cultured in
the presence of 0.3 nM FGF-2 is shown. Data shown are the means and standard
deviations of triplicate measurements from one representative transfection. The
experiment was repeated three times with comparable results.

tivity suggests that the G;,, proteins inhibited by PT act in a
pathway parallel to a MAPK cascade or more likely at an early
step in an FGF signaling cascade.

DISCUSSION

The molecular mechanisms involved in the regulation of
skeletal muscle differentiation by members of the FGF family
are poorly understood. We and others have previously dem-
onstrated that skeletal muscle cells, which are dependent on
FGFs, stimulate ERK1/2 activity (1, 8, 36, 45, 47). To better
understand the events leading to activation of MAPKs, we
have examined the role of G, proteins in FGF receptor-1
signaling. In this study, we found that repression of myogenesis
by FGFs involves a G;,, protein-mediated event that is re-
quired for MAPK activation.

MM14 cells exhibit an absolute requirement for FGFs that
cannot be replaced by serum or other growth factors (10, 36).
In the presence of FGF, removal or reduction of serum from
MM14 cells causes the cells to enter into a reversible G, phase
without initiating terminal differentiation (10). Thus, inhibitors
or activators of FGF signaling in skeletal muscle myoblasts can
be readily identified. An inhibitor will promote differentiation
in the presence of FGF, while an activator will prevent differ-
entiation in the presence or absence of FGFs. In low serum, we
observed that PT induced differentiation, clearly blocking the
effects of FGF-2. The induction of differentiation was specific
and dose dependent. Neither CT, which ADP-ribosylates PT-
insensitive G proteins involved in adenylate cyclase activation,
nor forskolin, a direct activator of adenylate cyclase (25), af-
fected the growth or differentiation of MM14 myoblasts.

The biological activity of PT is usually due to the S1 subunit,
which ADP-ribosylates G, proteins (29). However, the bind-
ing of the B oligomer to cell surface proteoglycans can increase
inositol triphosphate production and intracellular calcium lev-
els in Jurkat cells (57), stimulate proliferation in human T
lymphocytes (21), and enhance glucose oxidation in adipocytes
(61). The B oligomer does not detectably affect myogenic dif-
ferentiation or proliferation in MM14 skeletal muscle myo-
blasts, demonstrating that the effect of PT is likely to be me-
diated by the activity of the S1 subunit, which ADP-ribosylates
G, protein(s). Thus, in MM14 cells, as in other cells (40, 56,
58), FGF-dependent signals appear to require the action of a
PT-sensitive G,,, protein(s). We have previously demonstrated
that FGF-dependent repression of differentiation in MM14
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FIG. 5. Repression of MM14 differentiation by GB+y subunits. Transient
transfection of MM14 cells with vectors encoding GBvy subunits represses myo-
genic differentiation induced by removal of FGF-2 (A) or by addition of PT (B).
MM14 cells were cotransfected with the MSP reporter, a CMV-LacZ expression
vector, and either a vector encoding GB1 or one encoding Gy2. The total amount
of transfected DNA in each well was equalized to 3 ug with pcDNA3 (Invitro-
gen). Cells were incubated in the absence or presence of FGF-2 (0.3 nM) in
medium supplemented with 15% serum. (B) MM14 cells were cotransfected with
the MSP reporter, the CMV-LacZ expression vector, and either 1 pg of GB1, 1
ng of G2, or 1 g of each for both GB1 and Gy2 expression vectors. PT (192
pM) was added 6 h after transfection. For both panels, luciferase activity was
determined 36 h after transfection and normalized for transfection efficiency.
Luciferase activity relative to activity in cells cultured in the presence of 0.3 nM
FGF-2 is shown. Mean values and standard deviations represent three (A) and
two (B) independent experiments performed in triplicate.

cells requires a functional FGF receptor-1 (22), the only de-
tectable FGF receptor isoform expressed in MM14 cells (37,
63). The capacity of a truncated dominant negative FGF re-
ceptor-1 mutant to block FGF signaling and promote differ-
entiation in these cells demonstrates that repression of myo-
genic differentiation by FGF requires FGF receptor-1 (22).
Furthermore, the PDGF/FGF receptor chimera is capable of
repressing differentiation in the absence of FGFs and in the
presence of a dominant negative FGF receptor mutant (37).
With few exceptions, PT-sensitive GBy-mediated signal trans-
duction events are usually initiated by binding of a specific
ligand to a membrane-spanning G-protein-coupled receptor.
In this report, we demonstrated that repression of myogenic
differentiation upon addition of PDGF-BB to cells expressing
the PDGF/FGF receptor chimera is PT sensitive. Thus, the
FGF receptor-1 tyrosine kinase appears to mediate signals via
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FIG. 6. Pretreatment with PT blocks FGF-stimulated MAPK activity. MM 14
cells cotransfected with pFR-Luc, pFA-Elk1, and CMV-LacZ expression vectors
were starved for 6 h in medium supplemented with 2.5% serum and no FGF-2.
The cells then were stimulated with 0.1 nM FGF-2 for 6 h. Pretreatment included
incubation with PT (192 pM) and CT (11.9 nM) 1 h prior to addition of FGF-2.
Forskolin was added 15 min prior to FGF-2 addition. Control cells (with or
without FGF-2) were incubated in the presence or absence of 0.1% dimethyl
sulfoxide (not shown). Cells were harvested and normalized values of luciferase
activities were determined 6 h following FGF-2 addition. Luciferase activity
relative to activity in unstimulated cells is shown. Mean values and standard
deviations represent three independent experiments performed in triplicate.

a PT-sensitive G, protein(s). Furthermore, it is unlikely that
an FGF receptor other than FGF receptor-1 is involved.

Upon ligand-dependent receptor activation and binding of
GTP to the a subunit of G proteins, Ga and GB+y subunits
dissociate. In this active state, both « and By subunits can
activate or inhibit their effectors and thus participate in intra-
cellular signaling. We demonstrated that expression of a spe-
cific GBy subunit binding peptide derived from BARKI1-CT
induced myogenic differentiation in the presence of FGF-2.
Moreover, transient transfection of Gy subunits rescued
MM14 cells from PT-stimulated differentiation and prevented
differentiation in the absence of added FGF-2. Expression of
GB1 or Gv2 inhibited MSP activity at the highest concentra-
tions tested; alone, each was capable of reducing MSP activity
by only 25%. However, coexpression of both subunits elicited
a synergistic effect and reduced MSP activity by 78% (~3-fold)
in the absence of added FGF-2. These data suggest that the
levels of GBvy subunits involved in FGF signaling may be lim-
iting since neither subunit alone was effective at reducing MSP
activity.

In the presence of PT, overexpression of Gy2 had no effect
but overexpression of GB1 enhanced MSP activity 1.8-fold. In
contrast to the effects of either subunit transfected individually,
overexpression of both GB1 and Gv2 rescued the PT-induced
block of FGF signaling and reduced MSP activity to control
levels in the absence of PT. We propose that specific combi-
nations of GBvy subunits may be required for FGF signaling in
skeletal muscle myoblasts. Thus, overexpression of an individ-
ual GB or Gvy subunit could negatively or positively affect FGF
signaling, depending on the concentration and distribution of
Gp and Gy subunits within the cell.

The molecular mechanisms involved in activation of GBvy by
FGF are unclear, as are the downstream targets of GBy in
skeletal muscle cells. In other cell types, the participation of
Gpy signaling in tyrosine kinase-mediated activation of ERKs
requires calcium and/or PLCs (13). Preliminary data from our
laboratory also suggest that PLCs are required for FGF sig-
naling and that PLC activation follows stimulation of GRvy by
FGFs (unpublished data). A potential mechanism for coupling
Gpvy with the Ras/MAPK cascade in skeletal muscle cells may
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FIG. 7. Constitutively active Ras, Raf, and MKKI1 prevent PT-mediated inhibition of MAPK activity and stimulation of differentiation in MM14 cells. MM 14 cells
were cotransfected with 1 pg of pFR-Luc, 0.25 g of pFA-EIk1, and 1 pg of CMV-LacZ expression vectors (A) or with 1 ug of MSP reporter and 1 pg of CMV-LacZ
vector together with 1.5 pg of either pcDNA3 or vectors encoding constitutively active mutants of Ras (Ej6-Ras), Raf (BXB-Raf), and MKK1 (R4F-MKK1) (B). Cells
were either left untreated or treated with PT in the presence and absence of FGF-2 (0.3 nM) in medium supplemented with 15% serum. PT (192 pM) was added 6 h
after transfection. Luciferase activity was determined 36 h after transfection and normalized for transfection efficiency. Luciferase activity relative to activity in cells
cultured without the growth factor (A) or to activity in cells cultured in the presence of 0.3 nM FGF-2 (B) is shown. Mean values and standard deviations represent

three (A) and two (B) independent experiments performed in triplicate.

also involve regulation of Ras. The pleckstrin homology (PH)
domain shared by several proteins that regulate the activity of
p21", including Ras-GDP-releasing factor, Ras—GTPase-ac-
tivating protein, and IRS-1, binds GR+y subunits (64, 69). In-
teractions between GB+y subunits and the PH domains of one
or more p21"**-regulatory proteins may provide the coupling of
GpBvy subunit-mediated signaling to activation of MAPKs,
thereby inhibiting myogenic differentiation. Recently, FRS2, a
potential substrate for FGF receptor-1, was identified in fibro-
blasts (34). It is not yet known if FRS2 is present in skeletal
muscle cells or if phosphorylation of FRS2 is dependent on
G-protein activation. However, it is interesting that GBvy sub-
units bind to a similar substrate for the insulin receptor
through the PH domains (64). Alternatively, G-y subunits may
directly or indirectly affect Ca>* channels and activate Ras-
and/or MAPK-dependent pathways through modulation of in-
tracellular Ca®* (42, 50). Recently, a second mechanism in-
volving Ras-independent stimulation of MAPKs via Ga,, was
described (66).

Activation of the MAPK cascade(s) is widely considered to
be essential for growth factor-induced proliferation responses.
To obtain further data in support of PT-sensitive G-protein
involvement in MAPK activation, we examined induction of an
Elk1-dependent reporter gene in MM14 cells in the presence
and absence of PT. Pretreatment of MM 14 cells with PT abol-
ished increases in FGF-2-mediated MAPK activity, demon-
strating that activation of MAPKs in MM14 cells requires the
action of PT-sensitive G proteins. This assay does not distin-
guish between different MAPKSs because Elk1 is known to be
phosphorylated by several MAPKs (ERKs = JNK > p38 [26]).
Typically, activation of ERK1/2 is thought to occur via a path-
way beginning with a growth factor receptor and proceeding
through Ras, Raf, and MKK1/2, which phosphorylate ERK. To
determine if the GB+y subunit signaling event occurs upstream
of downstream of, or parallel to the Ras/ERK pathway, we
examined the effects of overexpression of constitutive active
mutants of Ras, Raf, or MKK1/2 on differentiation in the

presence and absence of PT. The capability of all mutants to
rescue PT-induced differentiation suggests that signal trans-
ducers in the Ras/ERK1/2 pathway may act downstream of
PT-sensitive G proteins in MM14 cells. Alternatively, it is pos-
sible that the signaling mutants in the Ras/ERK pathway in-
dependently overcome PT-mediated inhibition of FGF signal-
ing through parallel signaling pathways. We favor the former
hypothesis since (i) a constitutively active MKK1 mutant re-
presses differentiation and activates the Elk1 reporter (28); (ii)
PT inhibits FGF signals that both repress myogenesis and
activate the Elk1 reporter; and (iii) constitutively active mu-
tants of Ras, Raf, and MKKI1 can replace FGF and can over-
come the PT-induced block to FGF signaling. The molecular
mechanisms leading to stimulation of MAPKs by a PT-sensi-
tive G;,, protein(s) initiated by activation of the FGF recep-
tor-1 tyrosine kinase are unusual and not yet understood.

Our data suggest that a unique mechanism may be involved
in FGF-mediated repression of myogenesis and support a role
for GBvy in activation of FGF signaling pathways regulating
myogenesis. We do not know if the PT-sensitive event is di-
rectly involved in activation of MAPKs by FGFs, or whether it
is necessary for intracellular FGF signaling but not directly
involved in MAPK activation. Although GBv signaling is the
earliest event that we have detected following activation of
FGF receptor-1, further experimentation will be required to
elucidate the molecular mechanisms involved in regulation of
skeletal muscle differentiation by FGFs.
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