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Myogenesis is an intricate process that coordinately engages multiple intracellular signaling cascades. The
Rho family GTPase RhoA is known to promote myogenesis, however, the mechanisms controlling its regulation
in myoblasts have yet to be fully elucidated. We show here that the SH2-containing protein tyrosine phospha-
tase, SHP-2, functions as an early modulator of myogenesis by regulating RhoA. When MyoD was expressed
in fibroblasts lacking functional SHP-2, muscle-specific gene activity was impaired and abolition of SHP-2
expression by RNA interference inhibited muscle differentiation. By using SHP-2 substrate-trapping mutants,
we identified p190-B RhoGAP as a SHP-2 substrate. When dephosphorylated, p190-B RhoGAP has been shown
to stimulate the activation of RhoA. During myogenesis, p190-B RhoGAP was tyrosyl dephosphorylated
concomitant with the stimulation of SHP-2’s phosphatase activity. Moreover, overexpression of a catalytically
inactive mutant of SHP-2 inhibited p190-B RhoGAP tyrosyl dephosphorylation, RhoA activity, and myogenesis.
These observations strongly suggest that SHP-2 dephosphorylates p190-B RhoGAP, leading to the activation
of RhoA. Collectively, these data provide a mechanistic basis for RhoA activation in myoblasts and demon-
strate that myogenesis is critically regulated by the actions of SHP-2 on the p190-B Rho GAP/RhoA pathway.

Skeletal muscle differentiation involves a highly orchestrated
set of biological processes that are regulated through numer-
ous extracellular cues. A wealth of evidence has now estab-
lished a paradigm for the process of skeletal muscle differen-
tiation that begins when a skeletal muscle precursor cell
activates muscle-specific genes such as muscle regulatory fac-
tors (MRFs) of the basic helix-loop-helix family and the muscle
enhancer factor 2 family (11, 25, 32, 33). The transcription
factors, MyoD, myogenin, Myf5, and MRF4, promote skeletal
muscle differentiation by activating muscle-specific genes that
include the myosin light and heavy chains, desmin, and tropo-
nin T (11, 32). Concomitant with the upregulation of muscle-
specific genes, muscle precursor cells withdraw from the cell
cycle, engage in a dramatic change in the cytoskeleton archi-
tecture, in order to align, elongate, and fuse to form multinu-
cleated myotubes.

We previously raised the possibility that the Src homology 2
(SH2) domain-containing protein tyrosine phosphatase (PTP),
SHP-2, is involved in myogenesis because of the findings that
SHP-2 expression levels increase and that it interacts with the
SHP-2 substrate 1 (SHPS-1) during myogenesis (24). SHP-2
contains two SH2 domains, a catalytic domain, and a C-termi-
nal tail containing two tyrosyl phosphorylation sites (29, 30).
SHP-2 has been implicated in positive signaling in numerous
biological processes such as cell proliferation (3, 28), cell ad-
hesion (31, 54), apoptosis (8, 50, 56), and development (36). In
most, but not all, cases the catalytic activity of SHP-2 is essen-

tial for the initiation of positive signaling in response to a
variety of extracellular stimuli leading to the activation of the
Ras/mitogen-activated protein kinases (29), PI3K/Akt (50, 55,
56), JAK/STAT (21, 38, 52), and c-Src (31) pathways. The
requirement for the catalytic activity of SHP-2 in these signal-
ing pathways has led to the notion that SHP-2 could signal via
the dephosphorylation of a positive signaling molecule that is
retained in an inhibitory state by tyrosyl phosphorylation. Con-
versely, SHP-2 may signal via the dephosphorylation of a neg-
ative signaling molecule that is retained in an active state by
tyrosyl phosphorylation. Despite the identification of several
putative substrates for SHP-2 (15, 53, 55), none yet fully ex-
plain how SHP-2 exerts its positive signaling effects on the
many biological processes with which it has been implicated
(30).

The Rho family of GTPases which includes, Rho, Rac, and
Cdc42 functions as a critical signal integrator in a wide range of
cellular processes (12, 44). In skeletal muscle, the Rho family
of GTPases has been implicated in the regulation of distinct
signaling pathways that lead either to the promotion and/or
attenuation of myogenesis. There is strong evidence to support
the notion that RhoA positively regulates myogenesis by stim-
ulating the serum response factor, which in turn promotes the
activation of MRFs and ultimately skeletal muscle differenti-
ation (5, 7, 41, 42, 45, 48, 49). In contrast, Rac and Cdc42,
appear to play more antagonistic roles in myogenesis through
stimulation of signaling pathways that are either dependent or
independent of the activation of the c-Jun amino-terminal ki-
nase (16, 27). Despite the fact that these observations implicate
the Rho family of GTPases in the regulation of myogenesis,
how Rho, Rac or Cdc42 are regulated during myogenesis still
remains to be fully defined.

We demonstrate here a role for SHP-2 in myogenesis, and
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we provide a mechanism for its positive signaling effect in this
process. We show that the phosphatase activity of SHP-2 is
required for the activation of muscle-specific genes and myo-
genesis. Using substrate-trapping approaches, we have identi-
fied p190-B RhoGAP as a SHP-2 substrate. Significantly, ty-
rosyl dephosphorylation of p190-B RhoGAP activates the Rho
family GTPase, RhoA (40). Although it has been suggested
that p190-B RhoGAP regulates RhoA to promote myogenesis,
how p190-B RhoGAP is regulated during myogenesis is un-
clear. Our data show that the catalytic activity of SHP-2 is
required to promote p190-B RhoGAP dephosphorylation and
RhoA activity in myoblasts. These data define a mechanism in
which SHP-2 regulates myogenesis by directly modulating the
p190-B RhoGAP/RhoA signaling pathway.

MATERIALS AND METHODS

Cell lines and reagents. C2C12 myoblasts were purchased from the American
Tissue Culture Collection (Rockville, Md.) and were cultured and induced to
differentiate as described previously (23). Fibroblasts derived from mice contain-
ing either a deletion in exon 3 of SHP-2 (SHP-2Ex3�/�) or fibroblasts from their
littermate controls containing wild-type SHP-2 (SHP-2�/�) were provided by
Gen-Shen Feng (Burnham Institute, La Jolla, Calif.). C2C12 myoblasts were
visualized by using a Zeiss Axiovert 100 inverted microscope and photographed
by using a SPOT charge-coupled device camera (Diagnostic Instruments, Ster-
ling Heights, Mich.). Insulin-like growth factor 1 (IGF-1) was obtained from
Calbiochem (San Diego, Calif.). Antiphosphotyrosine antibodies (4G10) were
purchased from Upstate Biotechnology Incorporated (Lake Placid, N.Y.). Poly-
clonal antibodies used for immunoprecipitating SHP-2 were purchased from
Santa Cruz Biotechnology (Santa Cruz, Calif.) and, for immunoblotting, both
mouse monoclonal SHP-2 and p190-B RhoGAP antibodies were obtained from
BD Transduction Laboratories (Lexington, Ky.). Phospho-specific antibodies to
Erk1/2 were obtained from New England Biolabs (Beverly, Mass.). Anti-Erk1/2
antibodies (C1) were kindly provided by John Blenis (Harvard Medical School,
Boston, Mass.). Antibodies to MyoD and myosin heavy chain (MHC) were
purchased from the Developmental Studies Hybridoma Bank (Iowa City, Iowa).
p70S6K antibodies were purchased from Santa Cruz Biotechnology. Anti-
PTP-1B antibodies were kindly provided by Benjamin Neel (Beth Israel Dea-
coness Hospital, Mass.). A rabbit polyclonal antibody to p190-B RhoGAP was
provided by Jeffrey Settleman (Massachusetts General Hospital Cancer Center)
and was used for immunoprecipitation (40). Horseradish peroxidase-conjugated
secondary antibodies to mouse and rabbit were purchased from Amersham-
Pharmacia Biotechnology (Arlington Heights, Ill.) and detected by using en-
hanced chemiluminescence.

SHP-2 plasmids and adenoviral generation. A summary of the various SHP-2
mutants used in these studies is provided in Table 1. SHP-2 expression was
established by subcloning wild type, the catalytically inactive mutant of SHP-2
(CS), the phosphatase-deleted mutant of SHP-2 (�P), and the double substrate
trapping mutant of SHP-2 (Asp425 to Ala425, Gln506 to Ala506; DAQA) into
the pIRES-green-fluorescent protein (GFP) vector (Invitrogen, Carlsbad, Calif.).
The CS and �P mutant constructs of SHP-2 have been described previously (3).
The SHP-2-DAQA mutant was constructed by performing site-directed mu-
tagenesis by using a QuikChange mutagenesis kit (Stratagene, La Jolla, Calif.)
according to the manufacturer’s instructions. The sequence of the resultant
construct was confirmed by automated sequencing. Recombinant wild-type (Ad-
WT); phosphatase-deleted (Ad-�P); and catalytically inactive, non-substrate-
trapping (Ad-RM) SHP-2 adenoviruses were generated by using the pAdEasy
method (17). The catalytically inactive, non-substrate-trapping mutant of SHP-2
(Arg465 to Met465), SHP-2-RM, was generated by site-directed mutagenesis.

Glutathione S-transferase (GST) fusion proteins encoding either the tandem
(GST-N�C) or the N-SH2 (N-SH2) domain alone have been described previ-
ously (3). For GST substrate-trapping experiments, GST fusion proteins that
represented the PTP domain alone of SHP-2 (amino acids 218 to 528) were
constructed by PCR amplification with wild-type SHP-2 as a template. The
resultant PCR product was subcloned into the pGEX-2TK vector to generate
pGEX-2TK-PTP-WT (GST-PTP-WT). The substrate-trapping variant of SHP-2,
Asp425 to Ala425, was generated by performing site-directed mutagenesis on
GST-PTP-WT to generate pGEX-2TK-PTP-DA (GST-PTP-DA).

Immunoprecipitation and immunoblotting. Immunoprecipitation and immu-
noblotting experiments were performed by lysing cells on ice in 1 ml of NP-40
lysis buffer containing 1.0% NP-40, 150 mM NaCl, 50 mM Tris-HCl (pH 7.4), 5
�g of leupeptin/ml, 5 �g of aprotinin/ml, 1 �g of pepstatin A/ml, 1 mM phenyl-
methylsulfonyl fluoride (PMSF), 1 mM benzamidine, and 0.2 mM Na3VO4 or 1
ml of radioimmunoprecipitation assay lysis buffer (1.0% NP-40, 0.1% sodium
dodecyl sulfate [SDS], 0.5% sodium deoxycholate, 25 mM Tris-HCl [pH 7.4], 150
mM NaCl, 5 �g of leupeptin/ml, 5 �g of aprotinin/ml, 1 �g of pepstatin A/ml, 1
mM PMSF, 1 mM benzamidine, and 0.2 mM Na3VO4). Lysates were collected
and centrifuged at 20,800 � g for 15 min at 4°C. Supernatants were precleared
for 15 min with 2 �l of pansorbin (Calbiochem) and spun down at 12,100 � g for
1 min, and these supernatants were collected and measured for protein content
by using the Bradford Coomassie assay (Pierce, Rockford, Ill.). Immunoblotting
was conducted as described previously (23). After electrophoretic transfer of
proteins onto Immobilon-P membranes (Millipore, Mass.), protein loading was
verified by Ponceau S staining of membranes. Membranes were incubated with
primary antibodies (anti-SHP-2 at 1:1,000, anti-MHC at 1:12, anti-MyoD at
1:100, antimyogenin at 1:12, anti-Erk1/2 at 1:10,000, anti-p190-B RhoGAP at
1:250, and anti-p70S6K at 1:1,000) diluted in 2.5% nonfat dry milk plus Tris-
buffered saline–Tween 20 (TBST). Antiphosphotyrosine 4G10 antibodies were
diluted 1:2,000 in 2.5% bovine serum albumin–TBST. Anti-phospho-Erk1/2 an-
tibodies were diluted 1:1,000 in 2.5% nonfat dry milk–TBST. Anti-PTP-1B an-
tibodies were diluted 1:1,000 in 2.5% nonfat dry milk–TBST. Primary antibodies
were incubated with the membranes for either 3 h at room temperature or
overnight at 4°C. Primary antibodies were visualized by using enhanced chemi-
luminescence reagents (Amersham Pharmacia Biotech, Piscataway, N.J.). Den-
sitometric analyses on immunoblots were performed by using the LabWorks 4.0
Image Analysis Software (UVP, Inc., Upland, Calif.). Lysates prepared from
proliferating and differentiating myoblasts were subjected to immunoprecipita-
tion with anti-SHP-2 antibodies. These SHP-2 immune complexes were assayed
for phosphatase activity as described previously (23).

Transient-transfection and luciferase reporter assays. For the assessment of
muscle-specific gene expression, mammalian expression plasmids were trans-
fected into wild-type (SHP-2�/�) and SHP-2 exon 3-deleted (SHP-2Ex3�/�)
fibroblast cell lines by using Lipofectamine 2000 (Invitrogen) at 70 to 80%
confluence with 0.5 �g of simian virus 40 �-galactosidase, 0.5 �g of the M
isozyme of the creatine kinase (MCK) promoter from rabbit skeletal muscle
fused to luciferase (MCK-luc) (46), 2.5 �g of pBABE-MyoD, and 4.0 �g of
wild-type or mutant SHP-2 expression plasmids as indicated. At 24 h after
transfection, these fibroblasts were either left in the presence of 10% fetal bovine
serum or were stimulated with 100 ng of IGF-1 (Calbiochem)/ml for another
24 h. Lysates were then prepared, and the �-galactosidase and luciferase activ-
ities were measured by using the Luciferase Assay System Kit from Promega
(Madison, Wis.). Muscle-specific gene expression was also measured by using the
avian skeletal �-actin promoter fused to luciferase (SK-luc) (48, 49), which was
provided by George Porter (Yale University School of Medicine). C2C12 myo-
blasts maintained in Dulbecco modified Eagle medium with 10% fetal bovine
serum were plated at a density of 2 � 105 cells per well of a six-well dish and were
cotransfected with 0.1 �g of SK-luc and 0.01 �g of pRL-Renilla, along with 2.5
�g of the indicated expression plasmid for pIRES-GFP-SHP-2 and 1.5 �g of
pCA-Myc-RhoA(V14) or both. Transfected C2C12 myoblasts were initiated to
undergo differentiation in differentiation medium (DM; Dulbecco modified Ea-

TABLE 1. SHP-2 mutants used in this study

SHP-2 mutant Description

CS (Cys4593Ser459)......................................................................................................................................Catalytically inactive
�P (PTP domain internal deletion)..............................................................................................................Catalytically inactive, non-substrate trapping
RM (Arg4653Met465) ..................................................................................................................................Catalytically inactive, non-substrate trapping
DA (Asp4253Ala425) ...................................................................................................................................Substrate trapping
DAQA (Asp4253Ala425/Gln5063Ala506) ...............................................................................................Substrate trapping
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gle medium [Invitrogen] with 0.1% fetal bovine serum, 5 �g of insulin/ml, and 5
�g of transferrin/ml); cells were harvested after 48 h, and luciferase activities
were measured.

Generation of stable cell lines and transfection of SHP-2 RNA interference
(RNAi) oligonucleotides. To generate stable cell lines overexpressing the SHP-2
substrate-trapping mutant, either wild type or the double substrate-trapping
mutant of SHP-2 (SHP-2-DAQA) was subcloned into the pIRES-Neo vector
(Invitrogen) to generate pIRES-Neo-WT and pIRES-Neo-DAQA, respectively.
Stable cell lines were generated by transiently transfecting pIRES-Neo, pIRES-
Neo-WT, or pIRES-Neo-DAQA into C2C12 myoblasts, which were subjected to
selection with G418 (700 U/ml). Pools of clones for each of these stable trans-
fectants were collected, and the expression of SHP-2 was determined by immu-
noblotting with anti-SHP-2 antibodies. SHP-2 expression was suppressed as
described previously (56) by using the following target sequences: 1, 5�-AACA
CTGGGGACTACTATGAC-3�; 4, 5�-AAATGTGTCAAGTACTGGCCT-3�;
and 2, 5�-AAAAGAAGCAGAGAAGCTGCT-3�.

SHP-2 substrate-trapping and GST affinity precipitations. C2C12 myoblasts
transfected with the SHP-2 substrate-trapping mutant (SHP-2-DAQA) were
lysed in 1% NP-40 lysis buffer and immunoprecipitated for SHP-2 by using
anti-SHP-2 antibodies. Anti-SHP-2 immune complexes were resolved by SDS-
PAGE and tyrosyl-phosphorylated proteins were detected by immunoblotting
with antiphosphotyrosine antibodies. For in vitro substrate trapping, proliferat-
ing C2C12 myoblasts were lysed in the presence of 1% NP-40 without Na3VO4

but with 5 mM iodoacetic acid. Lysates were neutralized of the iodoacetic acid by
incubation with 10 mM dithiothreitol and then incubated with either GST alone,
GST-PTP-WT, or GST-PTP-DA for 3 h at 4°C. GST affinity complexes were
dissociated by boiling and resolved by SDS-polyacrylamide gel electrophoresis
(PAGE), and proteins were transferred to Immobilon-P membranes. GST-SH2
domain affinity precipitations were performed in a similar manner, except that
Na3VO4 was included in the lysis buffer instead of iodoacetic acid. These affinity
complexes either were immunoblotted for p190-B RhoGAP and for phosphoty-
rosine by using 4G10 antibodies. For vanadate blocking experiments, GST-
PTP-DA Sepharose beads were incubated with 10 mM Na3VO4 for 10 min at 4°C
prior to incubation with C2C12 lysates.

Assay for detection of activated RhoA. C2C12 myoblasts were infected with
Ad-GFP, Ad-WT, or Ad-RM for 24 h at 37°C in growth medium (GM) contain-
ing Dulbecco modified Eagle medium (Invitrogen) with 10% fetal bovine serum,
1 mM sodium pyruvate, and antibiotics (5 U of penicillin and 50 �g of strepto-
mycin/ml). Cells were washed twice with ice-cold Tris-buffered saline and lysed
(50 mM Tris [pH 8.0], 350 mM NaCl, 1% Triton X-100, 0.5% deoxycholate, 0.1%
SDS, 10 mM MgCl2, 1 mM sodium vanadate, 0.2 mM PMSF, 10 �g of aprotinin/
ml, 10 �g of leupeptin/ml) for 30 min at 4°C. Lysates were cleared by centrifu-
gation at 20,800 � g for 10 min at 4°C. Whole-cell lysates were incubated for 45
min at 4°C with 30 �g of a 50% slurry of Rhotekin coupled to glutathione-
Sepharose beads (Upstate Biotechnology) to precipitate GTP-bound Rho. Af-
finity complexes were washed three times in cold wash buffer (50 mM Tris [pH
8.0], 150 mM NaCl, 1% Triton X-100, 10 mM MgCl2, 0.2 mM PMSF, 10 �g of
aprotinin/ml, 10 �g of leupeptin/ml), eluted with loading buffer, and separated by
10% SDS-PAGE. Proteins were visualized by immunoblotting by using 0.5 �g of
mouse monoclonal antibody to RhoA (Santa Cruz Biochemicals)/ml.

RESULTS

SHP-2 is required for the activation of MyoD-dependent
muscle-specific gene expression. To define a role for SHP-2
during myogenesis, we investigated whether SHP-2 is required
for muscle-specific gene expression. MyoD can confer heter-
ologous muscle-specific gene expression from E-box-contain-
ing promoters when expressed in nonmuscle cells (10). There-
fore, we transiently expressed MyoD in fibroblasts derived
from mice containing a deletion within exon 3 of SHP-2 (SHP-
2Ex3�/�) that removes the amino-terminal SH2 domain (36).
These SHP-2Ex3�/� fibroblasts have been shown previously to
exhibit properties consistent with a loss-of-function SHP-2 mu-
tant (39, 55, 56). MyoD expressing wild-type fibroblasts (SHP-
2�/�) and SHP-2Ex3�/� fibroblasts were compared for their
ability to activate muscle-specific gene expression through the
muscle creatine kinase (MCK) promoter (Fig. 1A). SHP-2�/�

and SHP-2Ex3�/� fibroblasts cultured in 10% fetal bovine se-

rum were transiently transfected with either vector control or
MyoD, and muscle-specific gene expression was assessed by
using the MCK promoter fused to the luciferase gene (MCK-
luc). These experiments revealed that, relative to vector con-
trol transfectants, expression of MyoD in SHP-2�/� fibroblasts
induced MCK-mediated gene expression by 	2-fold (Fig. 1A).
In contrast, the expression of MyoD in SHP-2Ex3�/� fibroblasts
failed to significantly induce muscle-specific gene expression
(Fig. 1A). MyoD was expressed to comparable levels in both
SHP-2�/� and SHP-2Ex3�/� fibroblasts (data not shown).
These data imply that SHP-2 is required for the activation of
muscle-specific genes.

The IGFs are known to be critical for myogenic progression
(14). In addition, SHP-2 has been shown to mediate IGF-1-
dependent signaling (39, 55, 56). Therefore, we sought to de-
termine whether SHP-2 participates in IGF-1-dependent mus-
cle-specific gene expression. To address this, we assessed the
ability of SHP-2 to rescue muscle-specific gene expression in
SHP-2Ex3�/� fibroblasts in the presence of IGF-1. Expression
of MyoD alone, in the presence of IGF-1, led to a small but
consistent activation of MCK-luc activity that was enhanced
when the constitutively active mutant of MKK6 (MKK6-Glu)
was expressed (Fig. 1B). Reintroduction of wild-type SHP-2
into SHP-2Ex3�/� fibroblasts in the presence of IGF-1 stimu-
lated MCK-luc activity relative to MyoD alone. However, nei-
ther SHP-2-CS nor SHP-2-�P was able to do so, despite their
appropriate expression (Fig. 1B). These data demonstrate that
reintroduction of wild-type SHP-2, but not a catalytically inac-
tive mutant of SHP-2, into SHP-2Ex3�/� fibroblasts is sufficient
to restore MyoD-dependent muscle-specific gene activity in an
IGF-1-dependent manner.

The catalytic activity of SHP-2 is required for myogenesis.
In order to determine whether SHP-2 is required for myogen-
esis, we used RNAi to downregulate SHP-2 expression in
C2C12 myoblasts. We utilized two RNAi oligonucleotides
against SHP-2, designated RNAi-1 and RNAi-4, that were
directed to the SH2 and to the PTP domain of SHP-2, respec-
tively. Upon transfection into C2C12 myoblasts, RNAi-1 and
RNAi-4 were each only moderately effective in suppressing
SHP-2 expression (data not shown). However, when both
RNAi-1 and RNAi-4 (RNAi-1,4) were cotransfected into
C2C12 myoblasts, SHP-2 expression was dramatically inhibited
(Fig. 2A). Control cultures that were either mock transfected
or were transfected with an RNAi sequence derived against
SHP-2 that was found to be essentially ineffective at inhibiting
SHP-2 expression (RNAi-2) were unaffected in their levels of
SHP-2 expression (Fig. 2A). As a control for PTP specificity,
these lysates were immunoblotted for the expression of PTP-
1B. Figure 2A (lower panel) shows that RNAi-1,4 transfection
into C2C12 myoblasts does not affect the level of PTP-1B
expression.

SHP-2 has been shown to be required for IGF-1-dependent
Erk activation (39, 55, 56), and so we tested the efficacy of
SHP-2 RNAi knockdown in C2C12 myoblasts to block IGF-1-
dependent activation of Erk. We transfected myoblasts with
either RNAi-1,4 or as a control RNAi-2. Cultures that were
mock transfected did not receive RNAi oligonucleotides. Myo-
blasts were serum starved and then restimulated with IGF-1
(100 ng/ml). Transfection of RNAi-1,4 abolished IGF-1-in-
duced Erk activation compared to either mock transfected or
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RNAi-2-transfected cultures (Fig. 2B). These data confirmed
the effectiveness of RNAi-1,4 to perturb endogenous SHP-2
signaling and demonstrate that SHP-2 is required for IGF-1-
mediated Erk activation in myoblasts.

To determine whether SHP-2 is required for myogenesis, we
sought to determine whether RNAi knockdown of SHP-2 in-
hibits C2C12 myogenesis. We found that RNAi-1,4 inhibited
not only endogenous SHP-2 in proliferating myoblasts (Fig.
2A) but also the induction and sustained expression of SHP-2
when C2C12 myoblasts were initiated to undergo myogenesis
(Fig. 2D). Although the mock- and RNAi-2-transfected myo-
blasts differentiated normally (Fig. 2C), RNAi-1,4-transfected
myoblasts were inhibited from undergoing differentiation, as
depicted by the lack of multinucleated myotube formation
(Fig. 2C). Analysis of muscle-specific gene expression in these
cultures indicated that RNAi-1,4 transfectants exhibited re-
duced expression of MyoD, myogenin, and MHC compared to
mock- and RNAi-2-transfected myoblasts (Fig. 2D and E).
Thus, both at the level of multinucleated myotube formation
and at the level of muscle-specific gene expression, our data
implicate SHP-2 as a critical component of the myogenic pro-
gram.

Next, we sought to determine whether the catalytic activity
of SHP-2 is required for myogenesis by infecting C2C12 myo-
blasts with either Ad-GFP control adenovirus, adenoviruses
expressing wild type (Ad-WT), or a catalytically inactive mu-
tant of SHP-2 (Ad-�P) (Table 1). SHP-2 was overexpressed
throughout differentiation, as confirmed by immunoblotting
for the expression of SHP-2 in terminally differentiated myo-
tubes (Fig. 3A). We observed that uninfected, Ad-GFP-in-
fected, and Ad-WT-infected myoblasts all differentiated ap-
propriately, as indicated by the formation of multinucleated
myotubes and the expression of MHC and myogenin (Fig. 3B
and C). In contrast, C2C12 myoblasts infected with Ad-�P
failed to form multinucleated myotubes (Fig. 3B). Myogenin
and MHC also exhibited reduced expression in the Ad-�P-
infected myoblasts compared to uninfected, Ad-GFP-infected,
and Ad-WT-infected myoblasts (Fig. 3C). These data revealed
that the PTP domain, and hence the catalytic activity of SHP-2,
is required for myogenesis.

SHP-2 substrate-trapping mutant blocks myogenesis and
complexes with potential substrates. To identify SHP-2 sub-
strates involved in myogenesis, we constructed a SHP-2 sub-
strate-trapping mutant in which the invariant aspartic acid and
glutamine residues within the PTP domain are mutated to
alanine (13, 51). A double mutant of SHP-2 was generated in
which Asp425 and Gln506 were mutated to Ala425 and
Ala506, respectively (SHP-2-DAQA) (Table 1). First, we
sought to determine whether overexpression of SHP-2-DAQA
inhibits muscle differentiation in C2C12 myoblasts through the
physical trapping of potential SHP-2 substrates that are re-
quired for differentiation. We generated stable C2C12 cell
lines overexpressing either wild type (SHP-2-WT) or the sub-
strate-trapping mutant of SHP-2 (SHP-2-DAQA) and a vector

FIG. 1. The catalytic activity of SHP-2 is required for muscle-spe-
cific gene expression. (A) SHP-2�/� and SHP-2Ex3�/� fibroblasts were
transiently transfected with MCK-luciferase (MCK-luc), �-galactosi-
dase, and pBabe-MyoD. Transfections were performed in triplicate
and MCK-luc activity was normalized to �-galactosidase. The results
represent the mean 
 the standard error of the mean (SEM) from
three separate experiments; statistical significances (*, P � 0.05) be-
tween SHP-2�/� and SHP-2Ex3�/� MyoD transfectants were deter-
mined by using a two-tailed Student t test. (B) SHP-2Ex3�/� fibroblasts
were transiently transfected with MCK-luc, �-galactosidase, pBabe-
MyoD, and either pIRES-GFP, wild-type SHP-2 (SHP-2-WT), cata-
lytically inactive SHP-2 (SHP-2-CS), catalytically inactive PTP deletion
of SHP-2 (SHP-2-�P), or a constitutively active mutant of MKK6
(MKK6-Glu). Cells were stimulated with IGF-1 (100 ng/ml) for 24 h,
and MCK-luc and �-galactosidase activities were determined. Trans-
fections were performed in triplicate and normalized to vector control.
The results represent the mean 
 the SEM from four separate exper-
iments. Statistical significances between SHP-2-WT versus SHP-2-CS
(*, P � 0.01) and SHP-2-WT versus SHP-2-�P (**, P � 0.05) [MyoD
versus MKK6(Glu); P � 0.1] were determined by a two-way analysis of
variance. The lower panel shows the expression of transiently trans-

fected SHP-2-WT, SHP-2-CS, and SHP-2-�P in SHP-2Ex3�/� fibro-
blasts. Arrows show the relative migration of the endogenous N-ter-
minal SH2 domain deleted SHP-2 (SHP-2Ex3�/�) and exogenous wild-
type and mutant SHP-2.
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alone control. These pools of stable transfectants overex-
pressed SHP-2-WT and SHP-2-DAQA to levels 	3-fold
greater than endogenous SHP-2 (Fig. 4A). Although the vector
and SHP-2-WT transfected myoblasts underwent normal dif-
ferentiation, stable SHP-2-DAQA C2C12 myoblast transfec-
tants were inhibited in their ability to form multinucleated
myotubes and express the terminal differentiation marker,
MHC (Fig. 4B and C). These data show that the substrate-
trapping mutant of SHP-2 perturbs myogenesis by sequester-
ing SHP-2 substrates that are required for differentiation.

In order to identify potential SHP-2 substrates, we sought to

establish whether the SHP-2-DAQA mutant complexed with
tyrosyl phosphorylated proteins during C2C12 myogenesis. To
accomplish this, vector control, wild-type SHP-2, and SHP-2-
DAQA were transiently transfected into C2C12 myoblasts that
were subsequently initiated to undergo differentiation in re-
sponse to growth factor withdrawal. We found that SHP-2-
DAQA was able to complex with multiple tyrosyl-phosphory-
lated proteins that were either hyper-tyrosyl phosphorylated or
were not detectable in either vector control or wild-type SHP-2
transfectants (Fig. 4D). These tyrosyl-phosphorylated SHP-2
substrate-trapped proteins exhibited apparent molecular

FIG. 2. RNAi-mediated knockdown of SHP-2 expression inhibits IGF-1 signaling and myogenesis. (A) C2C12 myoblasts were either left
untransfected (Mock) or were transiently transfected with either RNAi-2 or an equimolar concentration of both RNAi-1 and RNAi-4 (RNAi-1,4).
C2C12 myoblasts were either left unstimulated or were stimulated with IGF-1 (100 ng/ml). Cell lysates were resolved and immunoblotted with
antibodies to detect for the expression of SHP-2 and PTP-1B. (B) Erk activity was assessed by using anti-phospho-Erk1/2 and anti-Erk2 antibodies.
The graph in the lower panel is a representative densitometric analysis of normalized phospho-Erk2 levels after SHP-2 RNAi transfection into
C2C12 myoblasts in response to IGF-1. (C) C2C12 myoblasts were either mock transfected or were transfected with either RNAi-2 or RNAi-1,4.
RNAi-transfected myoblasts were either cultured in GM or initiated to undergo differentiation by transfer to DM. Shown are representative
photomicrographs of mock-, RNAi-2-, and RNAi-1,4-transfected C2C12 myoblasts 48 h after culture in DM. (D) Cell lysates prepared from panel
C were immunoblotted with antibodies for the detection of either SHP-2, MyoD, myogenin, or Erk-2. (E) C2C12 myoblasts were either mock
transfected or were transfected with either RNAi-2 or RNAi-1,4, cultures were either left undifferentiated (GM) or were differentiated (DM) for
the indicated times. Cell lysates were prepared and analyzed by immunoblotting for the expression of MHC. These membranes were reprobed for
p70S6K as a loading control.
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masses of 30, 45, 50, 68, 120 to 130, and 190 kDa (Fig. 4D). We
identified by immunoblotting that the 68-kDa tyrosyl-phos-
phorylated protein is SHP-2 (data not shown), suggesting that
SHP-2 autodephosphorylates during myogenesis.

Tyrosyl-phosphorylated p190-B RhoGAP is a SHP-2 sub-
strate. In order to identify SHP-2 substrates that are involved
in myogenesis, we attempted to make predictions on the iden-
tity of these SHP-2 substrate-trapped proteins based on their
apparent molecular mass (Fig. 4D). Recently, it has been sug-
gested that SHP-2 may be a candidate PTP to mediate p190-B
RhoGAP tyrosyl dephosphorylation during myogenesis (40).
Tyrosyl dephosphorylation of p190-B RhoGAP is thought to

prevent its localization to lipid rafts, thus facilitating the acti-
vation of RhoA which resides there (40). In addition, several
reports indicate that RhoA positively regulates myogenesis (5,
7, 41, 42, 45, 48, 49). We noted that during C2C12 myogenesis
a tyrosyl-phosphorylated protein with an approximate molec-
ular mass of 190 kDa (p190) formed an enzyme-substrate com-
plex with SHP-2-DAQA that was not detectable in either vec-
tor control or wild-type SHP-2 immune complexes (Fig. 4D).
To test the possibility that this p190 could be p190-B RhoGAP,
C2C12 myoblasts were transiently transfected with either wild-
type SHP-2, SHP-2-DAQA, or vector control. Transfected
C2C12 myoblasts were either left undifferentiated in GM or

FIG. 2—Continued.
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were differentiated by transferring these cultures to DM for
various lengths of time, and SHP-2 immune complexes derived
from these transfectants were immunoblotted with anti-p190-B
RhoGAP antibodies. We found that p190-B RhoGAP associ-
ated with SHP-2 in wild-type transfectants, indicating that
p190-B RhoGAP interacted with SHP-2 in an active-site-inde-
pendent manner (Fig. 5A). However, in GM, SHP-2-DAQA
also coprecipitated with p190-B RhoGAP, to a much greater
extent, than either wild-type or vector control transfectants
(Fig. 5A). Similar results also were obtained by using the SHP-
2-DA substrate-trapping mutant (data not shown). The inter-
pretation from these experiments is that p190-B RhoGAP is
able to form an enzyme-substrate complex with SHP-2 in vivo.
To further substantiate that p190-B RhoGAP forms an active
site-mediated complex with SHP-2, we sought to determine
whether p190-B RhoGAP complexes with the SHP-2 sub-
strate-trapping PTP domain alone and whether this interaction
is disrupted by vanadate, an active-site PTP inhibitor (18).
When lysates prepared from proliferating C2C12 myoblasts
were subjected to affinity precipitation with either GST-SHP-2
PTP domain (GST-PTP-WT) or the SHP-2 PTP domain sub-
strate-trapping mutant (GST-PTP-DA), we found that tyrosyl-
phosphorylated p190-B RhoGAP bound GST-PTP-DA but
that p190-B RhoGAP was not detectable in GST-PTP-WT
affinity precipitations (Fig. 5B). Significantly, preincubation of
GST-PTP-DA with vanadate reduced the interaction between
GST-PTP-DA and p190-B RhoGAP by up to 90% (Fig. 5B).
These data demonstrate that tyrosyl phosphorylated p190-B
RhoGAP forms an active site-mediated complex with SHP-2
both in vitro and within a cellular context in C2C12 myoblasts.

If SHP-2 dephosphorylates p190-B RhoGAP, then the cat-
alytic activity of SHP-2 should be induced concomitantly with
p190-B RhoGAP tyrosyl dephosphorylation during myogen-

esis. To test this, p190-B RhoGAP tyrosyl phosphorylation and
SHP-2 phosphatase activity were assessed during myogenesis.
As shown in Fig. 6A, p190-B RhoGAP undergoes tyrosyl de-
phosphorylation between 24 and 48 h during C2C12 differen-
tiation. We next performed immune complex phosphatase as-
says against SHP-2 during C2C12 differentiation. We found
that as myoblasts differentiated into multinucleated myotubes,
the activity of SHP-2 increased within the first 24 h postdiffer-
entiation by 	2-fold and then by 	5-fold between 24 h and
48 h, relative to undifferentiated myoblasts, and then declined
thereafter (Fig. 6B). Thus, SHP-2 undergoes catalytic activa-
tion early on during myogenesis, within 24 h postdifferentia-
tion, and exhibited maximal activation after 48 h postdifferen-
tiation, coincident with that of the tyrosyl dephosphorylation of
p190-B RhoGAP. These data, therefore, support the interpre-
tation that SHP-2 dephosphorylates p190-B RhoGAP during
myogenesis.

We next sought to determine whether overexpression of a
catalytically inactive mutant of SHP-2 prevents p190-B
RhoGAP tyrosyl dephosphorylation during myogenesis.
C2C12 myoblasts were either infected with control adenovirus
(Ad-GFP) or an adenovirus expressing a catalytically inactive
and non-substrate-trapping mutant of SHP-2 (Ad-R�) (Table
1). We found that Ad-RM-infected myoblasts overexpressing
SHP-2-RM were inhibited in their ability to undergo terminal
differentiation, as demonstrated by the reduced level of MHC
expression compared to Ad-GFP-infected controls (Fig. 6C).
Significantly, SHP-2-RM overexpressing myoblasts were also
inhibited in their ability to dephosphorylate p190-B RhoGAP
since p190-B RhoGAP was hyper-tyrosyl phosphorylated in
SHP-2-RM-expressing myoblasts compared to GFP-expressing
myotubes (Fig. 6D). Taken together, these data demonstrate
that p190-B RhoGAP tyrosyl dephosphorylation is inhibited

FIG. 3. The catalytic activity of SHP-2 is required for myogenesis. (A) C2C12 myoblasts were either left uninfected or were infected with
adenoviral vectors expressing GFP (Ad-GFP), wild-type SHP-2 (Ad-WT), or a catalytically inactive mutant of SHP-2 (Ad-�P). Lysates were
prepared after adenoviral transduction of C2C12 myoblasts that were cultured in DM for 72 h and immunoblotted with anti-SHP-2 antibodies.
(B) Adenovirus-infected C2C12 myoblasts from panel A were visualized for the formation of multinucleated myotubes by phase-contrast
microscopy. (C) Differentiated C2C12 myoblasts infected with adenoviral vectors as described for panel A were lysed at the indicated times. Cell
lysates were resolved and immunoblotted with anti-MHC, antimyogenin, and anti-Erk-2 antibodies.
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upon overexpression of a catalytically inactive mutant of
SHP-2, thus supporting the conclusion that p190-B RhoGAP is
specifically dephosphorylated by SHP-2 during myogenesis.

SHP-2 complexes with p190-B RhoGAP and positively reg-
ulates Rho activity in myoblasts. In order to provide additional
mechanistic insight into how SHP-2 regulates p190-B RhoGAP
tyrosyl phosphorylation, we tested whether SHP-2 associates
with p190-B RhoGAP endogenously in myoblasts. We found
that p190-B RhoGAP formed a complex with SHP-2 in prolif-
erating myoblasts (GM) and to a much lower extent in termi-
nally differentiated myotubes (DM) (Fig. 7A). The association
of SHP-2 with p190-B RhoGAP in proliferating and terminally
differentiated myotubes correlated with the levels of p190-B

RhoGAP tyrosyl phosphorylation under these conditions (Fig.
6A). This observation suggested that SHP-2 may interact with
p190-B RhoGAP in a phosphotyrosyl-dependent manner, pos-
sibly via its SH2 domains. To test this, we generated GST
fusion proteins encoding either full-length SHP-2 (GST-FL),
the tandem NH2- and COOH-terminal SH2 domains (N�C-
SH2), or the NH2-terminal SH2 domain alone (N-SH2). Ly-
sates prepared from proliferating myoblasts were subjected to
affinity precipitation with these GST fusion proteins, and the
ability of p190-B RhoGAP to bind either full-length SHP-2 or
the SH2 domains of SHP-2 was assessed by immunoblotting
with anti-p190-B RhoGAP antibodies. As expected, the full-
length SHP-2 bound p190-B RhoGAP, and the N�C-SH2

FIG. 4. The SHP-2 substrate-trapping mutant inhibits myogenesis and complexes with phosphotyrosyl-containing proteins. (A) Expression of
SHP-2 in C2C12 myoblasts stably expressing either wild-type SHP-2 (WT) or the substrate-trapping SHP-2 mutant (DAQA) was determined by
immunoblotting lysates prepared from these stable transfectants with anti-SHP-2 antibodies. (B) Representative photomicrographs of vector,
wild-type, and DAQA-overexpressing C2C12 myoblasts that were induced to differentiate for 72 h. (C) Vector, wild-type, and DAQA C2C12
myoblast lines were differentiated for the indicated times, and cell lysates were prepared for analysis by immunoblotting for the expression of MHC.
(D) C2C12 myoblasts were transiently transfected with either vector, wil-type, or DAQA expression vectors in GM. Transfected myoblasts were
either left in GM or were switched to DM for 24, 48, and 72 h. SHP-2 was immunoprecipitated with polyclonal anti-SHP-2 antibodies and immune
complexes were resolved and immunoblotted with antiphosphotyrosine antibodies (pTyr). These immunoblots were reprobed with anti-SHP-2
antibodies as a control for SHP-2 levels. The p68 tyrosyl-phosphorylated protein was identified to be SHP-2 (data not shown).
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domains also bound p190-B RhoGAP to comparable levels
(Fig. 7B). In addition, the N-SH2 domain alone bound p190-B
RhoGAP, although to lower levels, than either full-length
SHP-2 or N�C-SH2 domains (Fig. 7B). These data demon-
strate that the SH2 domains of SHP-2 interact with p190-B
RhoGAP in myoblasts.

If SHP-2 serves to dephosphorylate p190-B RhoGAP lead-
ing to RhoA activation, then SHP-2’s catalytic activity should
be required for RhoA activity in myoblasts. We tested this
directly by measuring Rho-GTP levels after infection of myo-
blasts with either Ad-GFP control, Ad-WT, or Ad-RM. When
overexpressed in myoblasts, SHP-2-RM inhibited RhoA activ-
ity relative to that of wild-type SHP-2 (Fig. 7C). These data
demonstrate that in myoblasts the catalytic activity of SHP-2 is
required to promote RhoA activity and suggests that SHP-2
functions upstream of RhoA. To test whether SHP-2 is posi-
tioned upstream of RhoA, we sought to determine whether the
inhibitory effects of the catalytically inactive SHP-2 mutant on
myogenesis could be rescued by a constitutively active mutant
of RhoA. The constitutively activated mutant of RhoA,
RhoA(V14), has been shown to stimulate the activity of the
skeletal �-actin promoter (42, 48, 49). We therefore, tran-
siently transfected C2C12 myoblasts in DM for 48 h with either
SHP-2-CS alone or SHP-2-CS plus RhoA(V14). As expected,
expression of SHP-2-CS suppressed the activity of the skeletal
�-actin promoter (SK-luc) relative to that of wild-type SHP-2
(Fig. 7D). However, this inhibitory effect of SHP-2-CS on
SK-luc relative to wild-type SHP-2 was rescued upon coexpres-

sion with RhoA(V14) to levels equivalent to that of the ex-
pression of RhoA(V14) alone (Fig. 7D). Together, these data
support the interpretation that SHP-2 lies upstream of RhoA
in the activation of muscle-specific genes via a pathway that
involves the dephosphorylation of p190-B RhoGAP.

DISCUSSION

We show here that SHP-2 is a critical early regulator of
myogenesis by acting as an upstream mediator of the RhoA
GTPase. The use of substrate-trapping approaches has re-
vealed that p190-B RhoGAP is a substrate for SHP-2 and that
regulation of p190-B RhoGAP tyrosyl phosphorylation by
SHP-2 promotes RhoA-mediated stimulation of myogenesis
(Fig. 8).

In order to investigate whether SHP-2 is involved in muscle-
specific gene activation, we determined whether MyoD could
induce heterologous muscle-specific gene activity when ex-
pressed in fibroblasts in which the N-SH2 domain of SHP-2
had been deleted. These experiments revealed that, whereas
MyoD was capable of activating muscle-specific gene expres-
sion in wild-type fibroblasts, it was incapable of doing so in
fibroblasts lacking the N-SH2 domain of SHP-2. Presumably,
the truncated N-SH2 domain form of SHP-2 is crippled in its
ability to appropriately interact with and/or be localized to
substrates that participate in mediating MyoD-dependent mus-
cle-specific gene expression. Nevertheless, these data demon-

FIG. 5. SHP-2 substrate-trapping mutant forms an active-site mediated complex with tyrosyl-phosphorylated p190-B RhoGAP in myoblasts.
(A) C2C12 myoblasts were transfected in GM with either vector, wild-type SHP-2 (WT), or the substrate-trapping SHP-2 mutant (DAQA). Lysates
prepared from the various stages of differentiation were subjected to immunoprecipitation with anti-SHP-2 antibodies; immune complexes were
immunoblotted for the detection of p190-B RhoGAP. Immunoblots were reprobed with anti-SHP-2 antibodies (lower panel). (B) Lysates prepared
from C2C12 myoblasts in GM were incubated with either 10 �g of GST, GST-PTP-WT, or GST-PTP-DA. GST affinity-purified complexes were
resolved by SDS-PAGE and immunoblotted with either anti-p190-B RhoGAP or antiphosphotyrosine (pTyr) antibodies. The GST-PTP-DA
affinity complexes also were pretreated with vanadate (10 mM). The graph below shows the relative p190-B RhoGAP bound to PTP-DA set to
100% relative to that of GST, PTP-WT, and PTP-DA�vanadate. Similar results were obtained in at least three independent experiments.
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strate that the N-SH2 domain of SHP-2 is required to promote
muscle-specific gene activity.

Given that we have identified several potential SHP-2 sub-
strates in myoblasts, it is likely that, in addition to p190-B
RhoGAP, other SHP-2 substrates contribute to myogenesis. In
this regard, we show that SHP-2 can participate in regulating
muscle-specific gene activity downstream of IGF-1, since wild-
type SHP-2 is able to rescue the ability of SHP-2 loss-of-
function fibroblasts to stimulate MyoD-dependent muscle-spe-
cific gene expression. These gain-of-function experiments and
overexpression of catalytically inactive mutants of SHP-2 dem-
onstrate that it is SHP-2’s catalytic activity that is required for
muscle-specific gene activation. Other studies have shown that
the IGF-1/PI3K/Akt pathway promotes myogenesis (9, 20, 34,
35). SHP-2 has also been implicated in the regulation of the
IGF-1/PI3K/Akt pathway in fibroblasts (50, 55), and we have

recently shown that the catalytic activity of SHP-2 is required
for IGF-1-dependent activation of PI3K (56). Thus, it is likely
that SHP-2 may also regulate muscle-specific gene activation
via the IGF-1/PI3K/Akt pathway. It is intriguing that, although
SHP-2 is required for IGF-1-dependent activation of Erk in
myoblasts, it somehow disengages from the Erk pathway dur-
ing myogenesis. The activity of SHP-2 increases early during
myogenesis, whereas Erk activity decreases at this stage (4, 9).
It is not clear at this juncture how SHP-2 selectively disables
itself from stimulating the Erk pathway early during myogen-
esis. These data suggest an unanticipated complexity in the
signaling mechanisms of SHP-2. The answer to this apparent
paradox may well lie in the identification of these additional
SHP-2 substrates.

When overexpressed in differentiating C2C12 myoblasts, a
“double” DAQA SHP-2 substrate-trapping mutant resulted in

FIG. 6. SHP-2 regulates p190-B RhoGAP tyrosyl phosphorylation during myogenesis. (A) p190-B RhoGAP was immunoprecipitated from
proliferating (GM) and differentiating (DM) C2C12 myoblasts, and at the indicated times p190-B RhoGAP immune complexes were immuno-
blotted with antiphosphotyrosine antibodies (pTyr). The immunoblot was reprobed with anti-p190-B RhoGAP antibodies. (B) Immune complex
SHP-2 phosphatase assays were performed from proliferating (GM) and differentiating (DM) C2C12 myoblasts. The graph shows the increase in
SHP-2 phosphatase activity relative to GM, these data are representative of the mean 
 the SEM from three separate experiments. As a control,
these SHP-2 immune complexes were immunoblotted with anti-SHP-2 antibodies (lower panel). (C) C2C12 myoblasts were infected with either
Ad-GFP control or Ad-RM (catalytically inactive, non-substrate-trapping mutant; SHP-2-RM) in GM. Adenoviral transduced cultures were then
differentiated by switching to DM for 48 h. SHP-2-RM expression and C2C12 terminal differentiation were ascertained 48 h after differentiation
by immunoblotting with anti-SHP-2 and anti-MHC antibodies, respectively. Anti-Erk2 immunoblots are shown as a control for protein loading.
(D) Lysates prepared from C2C12 myoblasts treated as in panel C were subjected to p190-B RhoGAP immunoprecipitation, followed by
antiphosphotyrosine immunoblotting (pTyr). Membranes were reprobed with monoclonal anti-p190-B RhoGAP antibodies. The graph below
shows densitometric analyses of p190-B RhoGAP tyrosyl phosphorylation levels normalized to total immunoprecipitated p190-B RhoGAP. The
data are representative of the mean 
 the SEM of three separate experiments.
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the identification of several complexed tyrosyl phosphorylated
proteins of apparent molecular masses of 30, 45, 50, 68, 120 to
130, and 190 kDa. We found that the 68-kDa substrate-trapped
protein is SHP-2, suggesting that, during myogenesis, SHP-2
undergoes trans- and/or autodephosphorylation. It has been
suggested that SHP-2 can engage in at least intermolecular
dephosphorylation and that tyrosyl phosphorylation within its
C terminus stimulates its activity (26, 47). Thus, it is conceiv-
able that later on during myogenesis SHP-2 participates in
feedback inhibition of myogenic signaling by undergoing au-
todephosphorylation. Consistent with this idea, SHP-2 is ty-
rosyl dephosphorylated in terminally differentiated myotubes
(24).

The other SHP-2 substrate-trapped protein identified was
p190-B RhoGAP. We speculated that, based on previous ob-
servations that p190-B RhoGAP undergoes tyrosyl dephos-

phorylation during myogenesis (40), the observed p190 tyrosyl-
phosphorylated protein complexed with SHP-2-DAQA could
be p190-B RhoGAP. The substrate-trapped p190 was in fact
p190-B RhoGAP. Both in vitro and in vivo experiments con-
firmed that p190-B RhoGAP was capable of forming a direct
active-site-mediated complex with SHP-2. Moreover, p190-B
RhoGAP fails to undergo tyrosyl dephosphorylation when
myogenesis is inhibited upon overexpression of a catalytically
inactive mutant of SHP-2. Finally, the catalytic activity of
SHP-2 is required to promote RhoA activity in myoblasts.
Together, these data support the interpretation that SHP-2
dephosphorylates p190-B RhoGAP and subsequently facili-
tates the activation of RhoA. SHP-2 has been implicated in the
regulation of RhoA, in some cases SHP-2 negatively regulates
RhoA (22, 37) and in others it is proposed that SHP-2 posi-
tively regulates RhoA (19). However, in these cases a mecha-

FIG. 7. SHP-2 interacts with p190-B RhoGAP and positively regulates RhoA activity in myoblasts. (A) Lysates prepared from C2C12 myoblasts
cultured either in GM or DM for 72 h were subjected to immunoprecipitation with anti-SHP-2 antibodies. Immune complexes were immunoblotted
for p190-B RhoGAP and SHP-2 with anti-p190-B RhoGAP and SHP-2 antibodies, respectively. (B) Lysates prepared from proliferating C2C12
myoblasts were subjected to affinity precipitation with GST fusion proteins of either full-length SHP-2 (GST-FL), the tandem SH2 domains
(GST-N�C-SH2) or the amino-terminal SH2 domain alone (GST-N-SH2) of SHP-2. Detection of p190-B RhoGAP in these complexes was
achieved by immunoblotting with anti-p190-B RhoGAP antibodies. (C) C2C12 myoblasts cultured in GM were infected either with Ad-GFP,
Ad-WT, or Ad-RM adenoviruses. GST-Rhotekin bound RhoA and total RhoA in cell lysates was detected by immunoblotting with anti-RhoA
antibodies. (D) C2C12 myoblasts were transfected with SK-luc and pRL-Renilla along with either vector, SHP-2-WT, or SHP-2-CS and/or
RhoA(V14) as indicated. Transfected C2C12 myoblasts were then harvested after 48 h in DM. Transfections were performed in triplicate, and the
results are the means 
 the SEM of five to six independent experiments. SK-luc/Renilla luciferase units were normalized as a percentage of
SHP-2-WT, and the statistical analysis was performed by using a two-tailed Student t test SHP-2-CS versus SHP-2-CS�RhoA(V14) (*, P � 0.001).
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nism for the effects of SHP-2 on RhoA was not defined. Our
findings that SHP-2 dephosphorylates p190-B RhoGAP now
provide a mechanistic basis for how SHP-2 regulates RhoA. A
mechanism for how tyrosyl phosphorylation regulates p190-B
RhoGAP was provided by Sordella et al. (40), who showed that
tyrosyl phosphorylation of p190-B RhoGAP promotes its re-
localization to lipid rafts where RhoA resides, thereby facili-
tating the inactivation of RhoA. In myoblasts, tyrosyl dephos-
phorylation of p190-B RhoGAP by SHP-2 presumably
excludes it from lipid rafts and thus promotes RhoA activation.
Of course, other potential mechanisms for regulating p190-B
RhoGAP activity in response to its tyrosyl dephosphorylation
may also be operative. Interestingly, recent work has suggested
that SHP-2 controls Ras activation by preventing the relocal-
ization of p120 RasGAP to the plasma membrane in response
to epidermal growth factor (EGF) (1). It is proposed that
SHP-2 dephosphorylates the EGF receptor at a site which is
required for the recruitment of p120 RasGAP to the receptor.
Thus, the control of p120 RasGAP localization to the plasma
membrane and subsequently Ras activity appears to be mod-
ulated indirectly by SHP-2-mediated tyrosyl dephosphorylation
of the EGF receptor (1). It is thus reasonable to suggest that a
similar mechanism for how SHP-2-mediates RhoA activity
might exist in myoblasts. In this case, however, the regulation
of p190-B RhoGAP localization occurs by SHP-2 directly de-
phosphorylating p190-B RhoGAP rather than by dephospho-
rylating a receptor and/or scaffold protein. Further studies will
be required in order to fully determine the precise mechanism
for how tyrosyl dephosphorylation of p190-B RhoGAP by
SHP-2 regulates RhoA activity.

An important question that remains to be addressed is how
SHP-2 is regulated during myogenesis. Previously, we demon-
strated that SHP-2 complexes with SHPS-1 during myogenesis
(24). Interestingly, the kinetics of SHP-2’s interaction with
SHPS-1, as well as its interaction with other tyrosyl-phosphor-
ylated proteins (also within the 120- to 130-kDa range), coin-
cides with its catalytic activation during C2C12 differentiation.

Thus, the recruitment of SHP-2 to SHPS-1 or some other
tyrosyl-phosphorylated protein may serve to activate SHP-2 by
providing a docking site for its N-SH2 domain. This raises a
provocative issue regarding how SHP-2 complexes with p190-B
RhoGAP in proliferating myoblasts without apparently de-
phosphorylating it. One possibility is that SHP-2 interacts with
p190-B RhoGAP through its C-SH2 domain predominantly,
leaving the N-SH2 domain free to activate SHP-2 upon binding
to its phosphotyrosyl target. The C-SH2 domain may thus serve
as a docking site for p190-B RhoGAP to facilitate its dephos-
phorylation by SHP-2. This model is consistent with the C-SH2
domain playing a minimal role in the catalytic activation of
SHP-2 (2). Thus, it will be important to identify the phospho-
tyrosyl targets for the N-SH2 domain of SHP-2 during myo-
genesis in order to further define its mechanism of p190-B
RhoGAP dephosphorylation.

In summary, these data indicate a novel role for SHP-2 in
myogenesis and demonstrate a mechanism for how SHP-2
regulates skeletal muscle differentiation by directly coupling to
the Rho family GTPase RhoA. Given the pleiotropic nature of
RhoA in cellular signaling, our data may yield valuable insight
into the role of SHP-2 not only in skeletal muscle disorders but
in other diseases such as Noonan syndrome, an autosomal-
dominant disease that displays a high frequency of activating
SHP-2 mutations (43), and breast cancer in which p190-B
RhoGAP has been suggested to play a role (6). Further inves-
tigation into the identity of these additional SHP-2 substrates,
as well as an understanding of the spatiotemporal kinetics of
SHP-2 activity during myogenesis, is warranted in order to fully
decipher SHP-2’s signaling role in skeletal muscle.
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