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Grb2-associated binder 1 (Gabl) coordinates various recep-
tor tyrosine kinase signaling pathways. Although skeletal mus-
cle differentiation is regulated by some growth factors, it
remains elusive whether Gabl coordinates myogenic signals.
Here, we examined the molecular mechanism of insulin-like
growth factor-1 (IGF-I)-mediated myogenic differentiation,
focusing on Gabl and its downstream signaling. Gabl under-
went tyrosine phosphorylation and subsequent complex forma-
tion with protein-tyrosine phosphatase SHP2 upon IGF-I stim-
ulation in C2C12 myoblasts. On the other hand, Gabl
constitutively associated with phosphatidylinositol 3-kinase
regulatory subunit p85. To delineate the role of Gabl in IGF-I-
dependent signaling, we examined the effect of adenovirus-me-
diated forced expression of wild-type Gab1 {Gab1¥'T), mutated
Gab1 that is unable to bind SHP2 (Gab145"2), or mutated Gab1
that is unable to bind p85 (Gab1°P®%), on the differentiation of
C2C12 myoblasts. IGF-I-induced myogenic differentiation was
enhanced in myoblasts overexpressing Gab1*"""2, but inhibited
in those overexpressing either Gab1™" or Gab1P%. Con-
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versely, IGF-I-induced extracellular signal-regulated kinase 1/2
{ERK1/2) activation was significantly repressed in myoblasts
overexpressing Gab1*57"? but enhanced in those overexpress-
ing either Gab1™¥" or Gab1*?®, Furthermore, small interfer-
ence RNA-mediated Gabl knockdown enhanced myogenic dif-
ferentiation. Overexpression of catalytic-inactive SHP2
modulated IGF-I-induced myogenic differentiation and ERK1/2
activation similarly to that of Gab1*5"%2, suggesting that Gab1-
SHP2 complex inhibits IGF-I-dependent myogenesis through
ERK1/2. Consistently, the blockade of ERK1/2 pathway reversed
the inhibitory effect of Gab1¥" overexpression on myogenic
differentiation, and constitutive activation of the ERK1/2 path-
way suppressed the enhanced myogenic differentiation by over-
expression of Gab1*5"P2, Collectively, these data suggest that
the Gab1-SHP2-ERK1/2 signaling pathway comprises an inhib-
itory axis for IGF-I-dependent myogenic differentiation.

Skeletal muscle differentiation is a multistep process in
which multipotent mesodermal cells give rise to myoblasts that
subsequently withdraw from the cell cycle and differentiate into
multinucleated myotubes. Most skeletal muscle cell lines from
rodents proliferate in high serum conditions containing various
mitogens, and post-confluent cells spontaneously differentiate
after several days in low serum conditions (1, 2). Among various
growth factors, the insulin-like growth factors (IGFs),? includ-

3 The abbreviations used are: IGF, insulin-like growth factor; Gab1, Grb2-asso-
ciated binder 1; Gab2, Grb2-associated binder 2; WT, wild-type; PI3K, phos-
phatidylinositol 3-kinase; MAPK, mitogen-activated protein kinase;
MEK1/2, MAPK/extraceliular signal-regulated kinase kinase 1/2; ERK1/2,
extracellular signal-regulated kinase 1/2; SH2, Src homology 2; SHP2, SH2-
containing protein-tyrosine phosphatase 2; EGF, epidermal growth factor;
VEGF, vascular endothelial growth factor; IRS-1, insulin receptor sub-
strate-1; MHC, myosin heavy chain; DMEM, Dulbecco’s modified Eagle's
medium; FBS, fetal bovine serum; B-gal, B-galactosidase; HS, horse serum;
FGF2, fibroblast growth factor 2; IP, immunoprecipitation; ANOVA, analysis
of variance; siRNA, small interference RNA; RNAI, RNA interference.
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ing IGF-I and IGF-1II, have been reported to be quite unique in
that they stimulate both proliferation and differentiation of
muscle cells in culture (3, 4). IGF-I receptor belongs to the
receptor tyrosine kinase family and utilizes two major cytoplas-
mic signaling pathways, namely the phosphatidylinositol 3-ki-
nase (PI3K) cascade and mitogen-activated protein kinase
(MAPK) cascade, which consists of Raf-MAPK/extracellular
signal-regulated kinase (ERK)-kinasel/2 (MEK1/2)-ERK1/2
(5). PI3K is one of the primary signaling molecules promoting
skeletal muscle differentiation, as demonstrated by pharmaco-
logical and genetic methods (3, 6, 7). On the other hand, acti-
vation of Raf-MEK1/2-ERK1/2 MAPK cascade has been
reported to have inhibitory effects on the myogenic differenti-
ation induced by insulin or IGFs (3, 8 -10).

Grb2-associated binder 1 (Gab1) belongs to the scaffolding
adaptor protein family. Gabl has an N-terminal pleckstrin
homology domain, as well as multiple tyrosine-based motifs
and proline-rich sequences, which are potential binding sites
for various Src homology 2 (SH2) domains and Src homology
3 domains, respectively. Gabl undergoes tyrosine phospho-
rylation upon stimulation with various growth factors, cyto-
kines, G protein-coupled receptor agonists, and various
immuno-antigens (11,12). Tyrosine-phosphorylated Gab1
provides docking sites for multiple SH2 domain-containing
signaling molecules, such as SH2-containing protein-tyro-
sine phosphatase SHP2, PI3K regulatory subunit p85, phos-
pholipase C-v, Crk, and Ras GTPase-activating protein (11—
17). Among these binding partners, SHP2, a ubiquitously
expressed protein-tyrosine phosphatase, has crucial roles for
receptor tyrosine kinase-dependent activation of ERK1/2 in
association with Gabl (18, 19). The functional significance
of Gab1-SHP2 interaction has been extensively studied using
the Gabl mutant that is unable to bind SHP2. This Gab1
mutant is defective in delivering signals for hepatocyte
growth factor-c-Met-dependent morphogenesis, epidermal
growth factor (EGF)-dependent epidermal proliferation, and
leukemia inhibitory factor-gp130-dependent cardiomyocyte
hypertrophy (20-23). These findings underscore the impor-
tance of Gab1-SHP2 interaction and strongly suggest that
the primary role of Gabl might be to recruit SHP2 (24). On
the other hand, it has been reported that Gab1 also regulates
the PI3K-AKT signaling pathway through association with
p85 downstream of various growth factors (25-29). Gab1 has
been reported to be required for both EGF-dependent acti-
vation of PI3K-AKT signaling pathway and migration of ke-
ratinocytes (28 —-30). In addition, Gab1 plays a key role for
vascular endothelial growth factor-dependent activation of
the PI3K signaling pathway and is required for endothelial
cell migration and capillary formation (25, 27).

Gablknockout (Gab1KO) mice died in utero and displayed
developmental defects in the heart, placenta, liver, skin, and
skeletal muscle (31, 32). Furthermore, Gab1KO mice displayed
reduced and delayed migration of muscle progenitor cells into
the limbs and diaphragm, resulting in the immature formation
of limb muscles. These data suggest that Gabl might have a key
role in skeletal muscle development (32). We created cardiom-
yocyte-specific Gabl/Gab2 double knock-out mice and
revealed that Gabl and Gab2 play redundant, but essential roles
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in postnatal maintenance of cardiac function via the neuregu-
lin-1/ErbB signaling pathway (33). In addition, liver-specific
Gab1 knock-out mice displayed enhanced hepatic insulin sen-
sitivity with reduced glycemia and improved glucose tolerance
as a result of insufficient insulin-elicited activation of ERK1/2
(34). However, it remains elusive whether Gabl has a specific
role in skeletal muscle differentiation. In this study, we demon-
strate for the first time that Gab1-SHP2 interaction exerts an
inhibitory effect on IGF-I-induced myogenic differentiation via
activation of the ERK1/2 signaling pathway.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Anti-phospho-p44/42 ERK1/2
(Thr-202/Tyr-204), anti-phospho-AKT (Thr-308), anti-
ERK1/2, and anti-AKT antibodies were purchased from Cell
Signaling Technology. Anti-Gabl and anti-Gab2 sera for
immunoprecipitation were described previously (15, 16, 22).
The antibodies against the following molecules used for immu-
noblotting, Gabl, Gab2, insulin receptor substrate-1 (IRS-1),
and p85 PI3K were from Millipore; PY99, SHP2, MEK1, and
myogenin were from Santa Cruz Biotechnology. Anti-myosin
heavy chain (MHC) monoclonal antibody (MF20) was pur-
chased from the Developmental Hybridoma Bank (Dr. D. A.
Fischman, University of Iowa, lowa City, IA). Hoechst 33342
nuclear dye was from Sigma. Horseradish peroxidase-conju-
gated anti-mouse and anti-rabbit antibodies were from GE
Health Science. U0126 was from Promega (Madison, WI).
Serum and cell culture reagents were from Invitrogen.
Human recombinant IGF-I was kindly provided by Astellas
Pharmaceuticals. )

Adenovirus Vector Construction—The generation of adeno-
virus vectors expressing human Gabl™' and Gab145HF2
{mutated on the two tyrosine residues responsible for binding
with SHP2) were described previously (22). In this study, we
constructed the adenovirus vectors expressing Gabl4PS5,
which can’t bind with p85 due to the substitution of tyrosine
residues 447, 472, and 589 of human Gabl, corresponding to
the YXXM motifs, to phenylalanines by PCR-based mutagene-
sis described previously (35). Substitution of these tyrosine res-
idues by phenylalanine renders the molecule incapable of bind-
ing with p85. We also constructed adenovirus vectors
expressing wild-type SHP2 (SHP2%") and phosphatase-inac-
tive SHP2 (SHP2</%) using the plasmid vectors described pre-
viously (15). For adenovirus production, the sequence encoding
Gab1*?%, SHP2¥T, or SHP2/S was subcloned into the shuttle
plasmid pACCMVpLpA. Recombinant adenoviruses were then
obtained according to the homologous recombination system
described elsewhere (36). The adenovirus vectors expressing
constitutive-active MEK1 and dominant-negative MEK1 were
kindly provided by Dr. S. Kawashima (Kobe University) and
described previously (37). The construction of adenovirus vec-
tor expressing human Gab2*5""2, which can’t bind with SHP2,
is described in the supplemental data.

Cell Culture, Stimulation, and Adenoviral Infection—C2C12
murine myoblast cells were maintained as subconfluent mono-
layers in Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 4.5 g/liter glucose, 0.58 g/liter L-glutamine, 100 units/ml
penicillin, and 100 pg/ml streptomycin supplemented with
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20% fetal bovine serum (FBS). Before stimulation, cells were
serum-starved overnight. Stimulations were performed using
80 ng/ml IGF-I for 10 min, unless otherwise indicated. For
adenoviral infection of C2C12 myoblasts, subconfluent cells
were cultured in DMEM with 20% FBS at a multiplicity of infec-
tion of 50 for 24 h. In the dual infection of adenovirus vectors,
C2C12 cells were cultured in DMEM with 20% FBS with each
virus at a multiplicity of infection of 30. Then, the myoblasts
were serum-starved overnight and stimulated with or without
IGF-I for the experiments examining ERK1/2 and AKT phos-
phorylation. Infection efficiency, determined by lacZ gene
expression in cultured myoblasts, is consistently >90% with
this method. Adenovirus vector expressing B-galactosidase
(B-gal) was used as a control. For the induction of myogenic
differentiation, cultured medium was switched from DMEM
containing 20% FBS to DMEM containing 2% horse serum (HS)
or 80 ng/ml IGF-I, when cell density reached confluency. The
differentiation medium containing 2% HS was exchanged every
other day, and that containing IGF-I was exchanged every day.

Cell Lysis, Immunoprecipitations, and Immunoblotting—
Cells were scraped off in lysis buffer containing 20 mm Tris (pH
7.4), 150 mm NaCl, 3 mMm EDTA, 1% Nonidet P-40, 2 mM
sodium orthovanadate, and protease inhibitor mixture Com-
plete (Roche Applied Science). Cell lysates were collected form
confluent 6-cm dishes and precleared by 15,000 X g centrifu-
gation for 15 min. For immunoprecipitation, the cleared Iysates
of 500 ul containing 1 mg of protein, were rotationally incu-
bated with 1 ul of anti-Gabl antiserum, or 1.2 ug of SHP2
antibody, or 5 ul of p85 antibody, or 10 pl of IRS-1 antibody and
with 20 ul of protein A-Sepharose (GE Healthcare) overnight at
4 °C. The antigen-antibody complexes were collected by cen-
trifugation, washed three times with lysis buffer without pro-
tease inhibitor mixture, and boiled in standard electrophore-
sis sample buffer. All the proteins immunoprecipitated were
then resolved by SDS-PAGE and subjected to immunoblot-
ting using a standard procedure. Blots were developed using
ECL system (GE Healthcare). For direct immunoblotting
analyses, the crude cell lysates were collected from 3.5-cm
dishes and subjected to 15,000 X g centrifugation. The pre-
cleared lysates containing 30 ug of protein were loaded in
each lane for immunoblotting.

Immunocytochemistry—Cells cultured on 3.5-cm collagen
type I-coated plastic dishes (Iwaki Asahi Glass Co.) were fixed
with 2% formaldehyde in phosphate-buffered saline and per-
meabilized with 0.1% Triton X-100 for 10 min. Cells were
blocked with phosphate-buffered saline containing 1% bovine
serum albumin for 1 h and incubated with anti-MHC antibody
(MF20), followed by incubation with Alexa 488-labeled goat
anti-mouse secondary antibody (Molecular Probes). Cells were
post-stained with Hoechst 33342 nuclear dye and viewed by
fluorescence microscopy.

siRNA-mediated Protein Knockdown—Stealth Select small
interfering RNAs (siRNAs) targeted to murine Gabl (#1,
MSS204497; #2, MSS204499) and siRNA duplex with irrelevant
sequences (Stealth™ RNAIi negative control) as a control were
purchased from Invitrogen. Stealth siRNAs targeted to murine
SHP2 were purchased from Invitrogen. and the detailed
sequences are described in the supplemental data. C2C12 myo-
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blasts were transfected with 10 nm siRNA duplexes using Lipo-
fectamine™ RNAiMAX reagent according to the manufactur-
er’s instructions for reverse transfection. Briefly, C2C12
myoblasts (1.5 X 10° cells per each dish) were diluted in 860 ul
of DMEM containing 20% FBS and plated on 3.5-cm collagen
type I-coated plastic dishes. To each dish, 140 ul of RNAI
duplex-Lipofectamine™ RNAIMAX complex diluted in Opti-
MEM I medium was added. After incubation for 72 h, the cells
were used for the experiments.

Statistics—All data are expressed as mean * S.D. Differences
among multiple groups were compared by one-way ANOVA
followed by a post hoc comparison tested with Scheffe’s
method. Values of p < 0.05 were considered significant.

RESULTS

Gab1 Undergoes Tyrosine Phosphorylation and Subsequently
Associates with SHP2 upon IGF-I Stimulation in C2CI2
Myoblasts—We examined the effect of IGF-I on tyrosine-phos-
phorylation of Gabl and its association with SH2 domain-con-
taining signaling molecules in C2C12 myoblasts. IGF-I indeed
induced tyrosine phosphorylation of Gabl and subsequent
association of Gab1 with SHP2 in C2C12 myoblasts (Fig. 14, left
panel). Furthermore, SHP2 was also tyrosine-phosphorylated
and associated with Gab1 after stimulation with IGF-I (Fig. 14,
right panel). On the other hand, Gab1 constitutively associated
with p85 both before and after IGF-I stimulation (Fig. 14, left
panel). In the IGF-I-dependent signaling pathway, IRS-1 has
been reported to be a major binding partner of p85 and essential
for IGF-I-dependent PI3K-AKT signaling in skeletal muscle
cells (38). Consistently, IRS-1 underwent strong tyrosine phos-
phorylation after stimulation with IGF-I in C2C12 myoblasts.
In clear contrast to Gabl, IRS-1 associated with p85 in a man-
ner dependent on IGF-I stimulation (Fig. 1B). In addition, we
could not detect the complex formation of IRS-1 with SHP2
either before or after stimulation with IGF-I (Fig. 1B). These
results demonstrate that IGF-I induces tyrosine phosphoryla-
tion of Gabl, leading to complex formation of Gab1 with SHP2
in C2C12 myoblasts.

IGF-I-induced Tyrosine Phosphorylation of Gabl and Associ-
ation of Gabl with SH2 Domain-containing Molecules in the
C2C12 Myoblasts Infected with Adenovirus Vectors—IGFs have
been reported to stimulate both proliferation and differentia-
tion of cultured skeletal muscle cells (3, 4). The effect of IGF-1
on the proliferation of myoblasts has been reported to be attrib-
uted mainly to ERK1/2 pathway (3). In the present study, we
tried to reveal the role of Gabl in IGF-I-dependent differentia-
tion from myoblasts into myotubes. To discern the role of
Gabl-SHP2 interaction from that of Gab1-p85 interaction in
IGF-I-dependent differentiation, we used recombinant adeno-
virus vectors carrying 8-gal (control), Gab1¥'", or Gab145HF2
as described previously (22) and created an adenovirus vector
overexpressing Gab1“P5®, We examined tyrosine phosphoryla-
tion of Gab1 upon stimulation with IGF-1in myoblasts overex-
pressing B-gal, Gab1¥T, Gab145"'"2 or Gab1P%5, As shown in
Fig. 2A, tyrosine phosphorylation of Gabl and the amount of
co-immunoprecipitated SHP2 with Gab1l were increased after
stimulation with IGF-1 in control myoblasts expressing B-gal.
On the other hand, tyrosine phosphorylation of Gabl in the

AL
B 3

VOLUME 283+NUMBER 35+ AUGUST 29, 2008

6002 ‘9} UDIEBJ UO Jajua)) JBINOSEAOIpIE)) [BUOHEN 1€ B10"00l MMM WO PBPEOIUMO(]



The Journal of Biological Chemistry

A P
IGF1

Gab1

PY99

Gab1
SHP2

p85

P IRS1
IGF1 .

¥ " ¥

PY99

IRS1

p85
SHP2

FIGURE 1. 1GF-I induces tyrosine phosphorylation of Gab1 and complex
formation of Gab1 with SHP2 in C2C12 myoblasts. Serum-starved C2C12
myoblast cells were stimulated with 80 ng/ml IGF-I for 10 min, and cell lysates
of 500 pl harvested from 6 cm dishes were subjected to immunoprecipitation
analysis with anti-Gab1 serum (A, left panel}, anti-SHP2 antibody (A, right
panel), anti-IRS-1 antibody (B, left panel), or anti-p85 antibody (B, right panel).
Immunoprecipitates were subjected to SDS-PAGE foliowed by immunoblot
analysis with anti-phosphotyrosine antibody (PY99). The same membrane
was reprobed with the antibodies indicated at the left (anti-Gab?1, anti-SHP2,
and anti-p85 antibodies). A, both Gab1 and SHP2 were tyrosine-phosphoryl-
ated and co-immunoprecipitated with each other in an IGF-I-dependent
manner, On the other hand, the association of Gab1 with p85 did not change
either before or after IGF-i treatment. B, upon stimulation with 1GF-I, IRS-1
became strongly tyrosine-phosphorylated and co-immunoprecipitated with
p85. However, co-immunoprecipitation of IRS-1 with SHP2 was not detected.
Experiments were repeated three times with similar results.

myoblasts overexpressing Gab1™?, Gab1451P2, or Gab14P3°
increased much more at baseline compared with in those over-
expressing 3-gal. In these cells, tyrosine phosphorylation of
Gabl decreased after stimulation with IGF-1. The IGF-I-in-
duced association of Gabl with SHP2 increased in the C2C12
myoblasts overexpressing Gabl¥T, or Gab1%P®5 compared

w
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FIGURE 2. Overexpression of Gab1°5""2 or Gab147®* specifically per-
turbs the IGF-I-dependent molecular association of Gab1 with SHP2
or p85, respectively, C2C12 myoblasts were infected with adenovirus
vectors expressing B-gal, Gab1%', Gab 1452, or Gab14P®, Serum-starved
C2C12 cells were stimulated with vehicie (—) or IGF-I for 10 min, and cell
lysates of 500 ul were collected from 6-cm dishes. Cell lysates were
subjected to immunoprecipitation with anti-Gab1 serum (A) or with anti-
IRS-1 antibody (B), followed by immunoblotting with anti-phosphoty-
rosine antibody (PY99). A, blots were reprobed with anti-Gab1, anti-p85,
and anti-SHP2 antibodies. 8, blots were reprobed with anti-IRS-1, anti-
p85, and anti-SHP2 antibodies. Experiments were repeated three times
with similar results.

with those overexpressing 8-gal, but was almost abrogated in
those overexpressing Gab145""2 (Fig, 24). The co-immuno-
precipitation of Gab1 with p85 was increased in cells expressing
Gab1¥7 or Gab145HP2 compared with those expressing 3-gal,
but was almost abrogated in those expressing Gab14P%® at the
baseline. The association of Gabl with p85 decreased in
response to IGF-1 in the cells overexpressing Gab1™" or
Gab1#SHP2 (Fig, 24). We observed much more dissociation of
p85 from Gab1 in myoblasts overexpressing Gab1™" compared
with those overexpressing Gab1457"2, which might be attrib-
uted to the increased activation of SHP2. Presumably, SHP2
dephosphorylates the tyrosine residues for p85 binding site of
Gabl consistent with the previous report on EGF-dependent
signaling (39). These data demonstrate that overexpression of
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FIGURE 3. Myogenic differentiation in alow serum condition is negatively
regulated by Gab1-SHP2 complex through activating phosphatase
activity of SHP2 in C2C12 myoblasts. A, immunocytochemical analysis of
C2C12 myoblasts using anti-MHC antibody. C2C12 myoblasts were infected
with adenovirus vectors expressing B-galactosidase (B-gal), Gab1"T,
Gab12HP2, Gab1#85, SHP2 WT, or SHP2%® and induced into myogenic differ-
entiation by switching the growth medium containing 20% fetal bovine
serum to the differentiation medium containing 2% horse serum. On the third
day after induction, cells were immunostained with anti-MHC antibody and
post-stained with nuclear dye Hoechst 33342. BF, bright field image. Experi-
ments were repeated three times with similar results. B, Western blot analysis
of myoblasts infected with indicated adenovirus vectors before and after low
serum-induced myogenic induction for 3 days. Cell lysates were subjected to
Western blot analysis using anti-MHC and anti-myogenin antibodies. The
membrane was stripped and reprobed with anti-Gab1 or anti-SHP2 antibod-
ies for confirmation of adenoviral overexpression of Gab1 or SHP2. AKT
expression was also examined for loading control. C, the relative expression
level of MHC was quantified by normalizing the expression of MHC by that of
AKT. Values are expressed as means * S.D. of three independent experiments
(*,p<0.050r**, p < 0.01 compared with control cells expressing 8-gal on the
same day after myogenic induction, by one-way ANOVA). a.u., arbitrary
unit(s).

Gab143HP2 o Gab1#P®® sufficiently suppresses the association
of Gab1 with SHP2 or p85, respectively.

On the other hand, tyrosine phosphorylation of IRS-1 and
interaction between IRS-1 and p85 were comparable among the
four groups of cells after stimulation with IGF-I (Fig. 2B). Thus,
these findings indicate that overexpression of Gab145HP2 or
Gab1#?® specifically perturbs the IGF-I-dependent interaction
of Gab1l with SHP2 or p85, respectively.

Mpyogenic Differentiation Induced by a Low Serum Condition
Is Negatively Regulated by Gabl-SHP2 Complex through Acti-
vating SHP2 in C2C12 Myoblasts—C2C12 myoblasts undergo
myogenic differentiation under a low-serum condition such as
2% HS (1, 2). Therefore, we examined the effects of overexpres-
sion of Gab1¥'T, Gab125"""2, or Gab1“P®*, on myogenic differ-
entiation under low serum condition. After infection with ade-
novirus vectors for 24 h, confluent C2C12 myoblasts were
cultured in the DMEM containing 2% HS. On the third day after
induction of myogenic differentiation, cells were immuno-
stained with anti-MHC antibody for evaluation of myogenic
differentiation. The extent of myogenic differentiation was
enhanced in myoblasts overexpressing Gab1**"*?, but inhib-
ited in myoblasts overexpressing either Gab1™" or Gab1478%,
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FIGURE 4. 1GF-I-induced myogenic differentiationis negatively regulated
by interaction of Gab1 with SHP2 in C2C12 myoblasts. A, immunocyto-
chemical analysis of C2C12 myoblasts overexpressing various Gab1 proteins.
C2C12 myoblasts infected with adenovirus vectors overexpressing B-gal,
Gab1"", Gab1452, or Gab14P®S (as indicated at the top), were cultured in
differentiation medium containing IGF-1. On the third day after exposure to
the differentiation medium containing IGF-, cells were immunostained with
anti-MHC antibody and post-stained with Hoechst 33342 nuclear dye. Exper-
iments were repeated three times with similar results. B, cell lysates were
collected from C2C12 cells overexpressing B-gal, Gab1¥¥, Gab145%2, or
Gab14P85 gt the indicated time after cultivation in the differentiation medium
containing IGF-I. Cell lysates were subjected to Western blot analysis for ana-
lyzing the expression of MHC and myogenin. The membrane was reprobed
with anti-Gab1 antibody for confirmation of adenoviral overexpression of
Gab1. AKT was also examined as a loading control. C, the relative expression
level of MHC was quantified by normalizing the expression of MHC by that of
AKT. Values are shown as mean * S.D. of three independent experiments
(**, p < 0.01 compared with control cells expressing -gal on the same day
after myogenic induction, by one-way ANOVA). a.u., arbitrary unit(s).

compared with myoblasts infected with control adenovirus
vector expressing B-gal (Fig. 34). Western blot analysis also
revealed that the expression of MHC was significantly
increased by the overexpression of Gab1*5"*2, but seemed to
be repressed by the overexpression either Gab1™ ™ or Gab14P%%,
compared with control (Fig. 3, Band C). These findings indicate
that Gab1-SHP2 interaction exerts an inhibitory effect on myo-
genic differentiation induced by a low serum condition.
Gab1-SHP2 complex formation has been reported to result
in an increase of phosphatase activity of SHP2 upon stimulation
with EGF (20, 21, 24). To confirm the requirement of catalytic
activity of SHP2 for inhibition of myogenesis, we created ade-
novirus vectors expressing wild-type SHP2 (SHP2%T) and
phosphatase-inactive SHP2 (SHP2“/®). After infection with
adenovirus vectors for 24 h, confluent C2C12 myoblasts were
cultured in the DMEM containing 2% HS. The extent of myo-
genic differentiation determined by immunocytochemistry was
enhanced in myoblasts overexpressing SHP2</® compared with
myoblasts overexpressing B-gal or SHP2¥™T (Fig. 3A). Consis-
tently, Western blot analysis showed that overexpression of
SHP2</S in C2C12 cells induced significant increase of MHC
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FIGURE 5. SHP2 phosphatase activity is required for inhibition of v‘n,11yo-
genic differentiation. A, C2C12 myoblasts overexpressing 8-gal, SHP2V', or
SHP2%/S were cultured in differentiation medium containing IGF-l. On the
third day after exposure to the differentiation medium, cells were immuno-
stained with anti-MHC antibody and post-stained with Hoechst 33342
nuclear dye. Myogenic differentiation was enhanced in myoblasts overex-
pressing SHP2“* compared with myoblasts overexpressing B-gal and
SHP2™', Experiments were repeated three times with similar results. 8, cell
lysates were collected from C2C12 cells overexpressing B-gal, SHP2WT,

o
o
I

, or
SHP25 at the indicated time after cultivation in the differentiation medium
containing IGF-. Cell lysates were subjected to Western blot analysis for ana-
lyzing the expression of MHC and myogenin. The membrane was reprobed
with anti-SHP2 antibody for confirmation of adenoviral overexpression of
SHP2. AKT was examined as a loading control. C, the relative expression level
of MHC was quantified by normalizing the expression of MHC by that of AKT.
Values are shown as means = S.D. (¥, p < 0.05 or **, p < 0.01 compared with
control cells expressing B-gal on the same day after myogenic induction, by
one-way ANOVA). a.u., arbitrary unit(s).

expression, compared with control (Fig. 3, B and C). Taken
together, these findings suggest that Gab1 exerts an inhibitory
effect on myogenic differentiation of C2C12 myoblasts under
low serum condition through association with SHP2 and
increase of SHP2 catalytic activity.

IGF-I-induced Myogenic Differentiation Is Negatively Regu-
lated by Gabl-SHP2 Complex through Increasing Catalytic
Activity of SHP2 in C2C12 Myoblasts—The IGF family, includ-
ing IGF-I and -II, induces myogenic differentiation of myo-
blasts after myoblasts fully proliferate and become ready for
differentiation (1-3). Therefore, we examined the effect of
overexpression of various Gab1 proteins on the myogenic dif-
ferentiation of C2C12 myoblasts cultured in IGF-I-containing
differentiation medium. After infection with adenovirus vec-
tors for 24 h, post-confluent C2C12 myoblasts were cultured in
the DMEM containing 80 ng/ml IGF-I. On the third day after
induction of myogenic differentiation, cells were immuno-
stained with anti-MHC antibody. The extent of myogenic dif-
ferentiation was enhanced in myoblasts overexpressing
Gab1*51"2 byt inhibited in myoblasts overexpressing Gab1™"
or Gab1“P#%, compared with control (Fig. 44). MHC expression
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FIGURE 6. siRNA-mediated Gab? knockdown enhances myogenic differ-
entiation. A, C2C12 myoblasts were transfected with control siRNA (control)
or with two independent siRNAs targeting different sequences of Gab1
(Gab1#1 and Gab1#2) for 72 h. Cell lysates were subjected to Western blot
analysis. AKT was also checked as a loading control. B, C2C12 myoblasts were
transfected with siRNAs as described in Fig. 6A. On the third day after trans-
fection, the medium was changed from growth medium containing 20% FBS
to differentiation medium containing 80 ng/ml IGF-I. Cells were cultured in
the presence of IGF- for 2 days. Cells were immunostained with anti-MHC
antibody and post-stained with Hoechst 33342 nuclear dye. Experiments
were repeated three times with similar results. C, cell lysates were collected at
the indicated time after induction of myogenic differentiation and subjected
to Western blot analysis. On the first and second day after myogenic induc-
tion, the expression level of MHC and myogenin were increased in cells trans-
fected with Gab1 siRNAs (#1 or #2) compared with control. AKT was examined
asa loading control. D, the relative expression level of MHC was quantified by
normalizing the expression of MHC by that of AKT. Values are shown as
means * S.D. (**, p < 0.01 compared with control celis on the same day after
myogenic induction, by one-way ANOVA). a.u., arbitrary unit(s).

was significantly increased in the myoblasts overexpressing
Gab1*5""2 although it seemed to be repressed in those over-
expressing Gab1™" or Gab1%P%%, compared with control (Fig,
4, B and C). Furthermore, the expression of myogenin was
enhanced in myoblasts overexpressing Gab125HP2 byt
repressed in myoblasts overexpressing Gab1™T or Gab14r85,
compared with control (Fig. 4B). These data coincide with the
results observed in the low serum condition, suggesting that
Gab1-SHP2 complex has an inhibitory role in the IGF-I-in-
duced myogenic differentiation.

Gab2, another Gab family protein, has been reported to com-
plement the function of Gabl in some signaling pathways such
as EGF-dependent signaling (33, 40). To confirm the specific
role of Gabl in myogenic differentiation, we examined the
effect of overexpression of Gab2*51"2, the Gab2 mutant that
cannot associate with SHP2 (41), on IGF-I-induced myogenic
differentiation. The extent of myogenic differentiation was
comparable between myoblasts overexpressing Gab245HP2 and
those expressing B-gal (supplemental Fig. S1, A and B). We also
confirmed that Gab2*5""2 did not associate with SHP2 either
before or after stimulation with IGF-I (supplemental Fig. S1C).
These data suggested that IGF-I-induced myogenic differenti-
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FIGURE 7. IGF-l activates ERK1/2 via complex formation of Gab1 with
SHP2 in C2C12 cells. A, C2C12 cells infected with the indicated adenovirus
vectors were serum-starved overnight and stimulated with IGF- (80 ng/m)
for the indicated period. Cell lysates were collected at the indicated time and
subjected to Western blot analysis using the antibodies indicated at the left.
Expression level of Gab1 was almost comparable in the cells overexpressing
Gab1"T, Gab12%""2 or Gab14P%%, B, phosphorylation of ERK1/2 (feft) and AKT
{right) in A was quantified. Values are expressed as means * 5.D. of three
independent experiments (*, p < 0.05, compared with control cells express-
ing B-gal at the same time after stimulation, by one-way ANOVA). a.u., arbi-
trary unit(s).

ation in C2C12 myoblasts might be regulated specifically by
Gab1-SHP2 complex, but not by Gab2-SHP2 complex.

To confirm the requirement of SHP2 catalytic activity for the
inhibitory effect of Gab1-SHP2 complex on myogenesis, C2C12
myoblasts were infected with adenovirus vectors expressing
B-gal, SHP2Y'T, or SHP2 /% and then treated with IGF-I-con-
taining differentiation medium for the induction of myogen-
esis. Myogenic differentiation was enhanced in myoblasts over-
expressing SHP2%’® compared with myoblasts overexpressing
B-gal or SHP2™™ (Fig. 5A). Western blot analysis also demon-
strated that the MHC expression was significantly increased in
the myoblasts overexpressing SHP2’%, but not in those over-
expressing SHP2YT, compared with control cells expressing
B-gal (Fig. 5, B and C). Consistently, myogenin expression also
seemed to be enhanced in those expressing SHP2</5, compared
with myoblasts expressing B-gal or SHP2™" (Fig. 5B). These
data indicate that Gab1-SHP2 complex has an inhibitory effect
on IGF-I-elicited myogenic differentiation through activation
of SHP2 in C2C12 myoblasts.

siRNA-mediated Knockdown of Gabl Enhances Myogenic
Differentiation in C2C12 Myoblasts—To examine the effect of
Gabl protein depletion in C2C12 myoblasts, we performed
siRNA-mediated Gab1 knockdown. Gab1 protein expression was
reduced by 80% in the myoblasts transfected with Gabl-targeted
siRN'As compared with control cells (Fig. 64). On the second day
after induction of differentiation, cells were immunostained with
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FIGURE 8. IGF-] activates ERK1/2 via activation of SHP2 in C2C12 cells.
A, C2C12 cells infected with indicated adenovirus vectors were treated the
same as in Fig. 7. Cell lysates were collected and subjected to Western blot
analysis for analyzing ERK1/2 and AKT phosphorylation using the antibodies
indicated at the left. Adenovirus-mediated overexpression of SHP2 was
almost comparable in cells expressing SHP2W" or SHP2<>, B, phosphorylation
of ERK1/2 (left) and AKT (right) in A was quantified. Values are shown as
means = S.D. from three independent experiments (¥, p < 0.05 compared
with control cells expressing $-gal at the same time after IGF- stimulation, by
one-way ANOVA). a.u., arbitrary unit(s).

anti-MHC antibody. The extent of myogenic differentiation was
enhanced in myoblasts transfected with Gabl-targeted siRNAs
compared with control (Fig. 6B). Consistently, Western blot anal-
ysis also revealed a significant increase of MHC expression in myo-
blasts transfected with Gabl-targeted siRNAs compared with
control (Fig. 6, Cand D). Furthermore, the expression of myogenin
was increased in myoblasts transfected with Gabl-targeted siR-
NAs (Fig. 6C). These data coincide with the results obtained via
overexpression experiments using adenovirus vectors and suggest
that Gab1 has an inhibitory role in the IGF-I-induced myogenic
differentiation.

Moreover, we performed siRNAs-mediated SHP2 knock-
down in C2Cl12 myoblasts. SHP2 protein expression was
reduced by 70% in the myoblasts transfected with SHP2-tar-
geted siRNAs compared with control cells (supplemental Fig.
S2A). On the contrary to the results obtained by Gabl-targeted
siRNAs experiments, SHP2 knockdown inhibited proliferation
of C2C12 myoblasts. Therefore, we could not evaluate the myo-
genic differentiation in C2C12 myoblasts transfected with
SHP2-targeted siRNAs (supplemental Fig. S2B).

IGF-I-induced Activation of ERK1/2 Is Regulated by Gab1-
SHP2 Complex through Activation of SHP2 in C2CI2
Myoblasts—To elucidate a potential mechanism how Gabl is
involved in IGF-I-mediated myogenic differentiation of C2C12
myoblasts, we examined the effects of adenovirus-mediated
overexpression of Gab1™¥7T, Gab1*5""2 and Gab1“?®® on the
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FIGURE 9. ERK1/2 inhibition reverses the inhibitory effect of overexpression of Gab1"” on IGF-l-induced
myogenic differentiation. A, C2C12 myoblasts were infected with adenovirus vectors overexpressing either
B-gal or Gab1"7, These cells were cultivated with or without a MEK1/2 inhibitor, U0126 (3 uMm), under the
differentiation medium containing 80 ng/ml IGF-1. On the third day after myogenic induction, the cells were
immunostained with anti-MHC antibody and post-stained with Hoechst 33342 nuclear dye. Experiments were
repeated three times with similar results. B, C2C12 cells overexpressing -gal or Gab1"T were cultured in
the IGF-I-containing differentiation medium with or without U0126 (3 um). Cell lysates were collected and
subjected to Western blot analysis for analyzing the expression of MHC and myogenin. The membrane was
reprobed with anti-Gab1 antibody for confirmation of adenoviral overexpression of Gab1. AKT was also
checked as a loading control. C, C2C12 myoblasts were subjected to dual infection of adenovirus vectors
expressing either B-gal or dominant-negative MEK1 (MEK7°") with Gab1"", On the third day after myogenic
induction, the cells were immunostained with anti-MHC antibody and post-stained with Hoechst 33342
nuclear dye. Experiments were repeated three times with similar results. D, C2C12 myoblasts were subjected to
dual infection of adenovirus vectors similarly to B. The cell lysates were collected and subjected to Western blot
analysis for analyzing the expression of MHC and myogenin. The membrane was reprobed with anti-Gab1 and
anti-MEK1 antibodies for confirmation of adenoviral overexpression of Gab1 and MEK1. AKT was also checked

on ERK1/2 activation. IGF-l-in-
duced activation of ERK1/2 was
comparable in myoblasts overex-
pressing SHP2%T and those
expressing B-gal, but almost inhib-
ited in cells overexpressing SHP2</S
compared with control (Fig. 8, A
and B). On the other hand, activa-
tion of AKT was almost comparable
among the three groups (Fig. 8, A
and B). These findings indicate that
SHP2 catalytic activity is indispen-
sable for activation of ERK1/2 after
stimulation with IGF-I1 in C2C12
myoblasts, Taken together, our
findings indicate that IGF-I acti-
vates ERK1/2 via complex forma-
tion of Gabl with SHP2 and activa-
tion of SHP2 in C2C12 myoblasts.
Gabl-SHP2-ERK1/2-signaling
Pathway Is an Inhibitory Axis of
IGF-I-dependent Mpyogenic Differ-
entiation in C2CI12 Myoblasts—It
has been reported that ERK1/2 has
an inhibitory role for myogenic dif-
ferentiation of mesenchymal cells to
date (3, 10). Therefore, we assumed
that Gabl-SHP2 complex might
have the inhibitory effects on myo-
genic differentiation via activation
of ERK1/2. To confirm the inhibi-
tory role of ERK1/2 downstream of

as a loading control. Experiments were repeated three times with similar resuits.

IGF-I-dependent signaling pathways downstream of Gabl.
IGF-I induced activation of ERK1/2 and AKT in control myo-
blasts expressing B-gal. IGF-I-induced activation of ERK1/2
was significantly augmented in myoblasts overexpressing
Gab1™T or Gabl“P® compared with control myoblasts
expressing B-gal. On the other hand, activation of ERK1/2 was
significantly reduced in myoblasts expressing Gab145""? (Fig,
7, A and B). On the other hand, activation of ERK1/2 was not
changed in myoblasts expressing Gab2*5"'"? compared with
control myoblasts expressing 3-gal (supplemental Fig. S1D).
These data indicate that Gabl plays a critical role in IGF-I-
induced ERK1/2 activation through interaction with SHP2 in
C2C12 myoblasts.

IGF-I-induced AKT activation was almost comparable in
myoblasts expressing B-gal, Gab1¥7T, or Gab1*5"'"2, On the
contrary, activation of AKT seemed to be enhanced in cells
overexpressing Gabl “P%%, compared with the other three
groups (Fig. 7B). These data indicate that Gabl might have a
competitive role for sequestering p85 in the cytoplasm from
other scaffolding adaptor proteins such as IRS-1.

To confirm the requirement of SHP2 activity for activation of
ERK1/2 upon IGE-I stimulation, we examined the effects of
adenovirus-mediated overexpression of SHP2¥™ or SHP2¢/5

AUGUST 29, 2008+VOLUME 283 -NUMBER 35 BIVIE)

Gabl-SHP2 complex, myoblasts
overexpressing -+ Gab1¥T  were
treated with or without a MEK1/2
inhibitor, U0126, before inducing myoblasts into myogenic dif-
ferentiation in the presence of IGF-1. U0126 enhanced IGF-I-
induced up-regulation of MHC and myogenin in control myo-
blasts expressing B-gal (Fig. 9, A and B). Furthermore, U0126
reversed the inhibitory effect of Gab1¥ " overexpression on up-
regulation of MHC and myogenin (Fig. 9, A and B). We also
confirmed that adenovirus-mediated overexpression of domi-
nant-negative MEK1 (MEK1P™) reversed the inhibitory effect
of Gab1™T overexpression on IGF-I-induced myogenic differ-
entiation (Fig. 9, C and D). These findings suggest that Gabl
inhibits IGF-I-dependent myogenesis through activating
MEK1/2-ERK1/2 pathway.

Finally, we examined the effect of adenoviral overexpression of
constitutively active MEK1 (MEK1<%). Overexpression of
MEKI“* repressed the enhanced myogenic differentiation
observed in myoblasts overexpressing Gab15""*? (Fig. 10, A and
B). Collectively, interaction of Gabl with SHP2 negatively regu-
lates IGF-I-dependent myogenic differentiation in C2C12 myo-
blasts via activation of the MEK1/2-ERK1/2 pathway (Fig. 11).

DISCUSSION

In this study, we investigated the role of Gabl in skeletal
muscle differentiation. To our knowledge, this study demon-
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FIGURE 10. Overexpression of constitutively active MEK1 abrogates the
promoting effect of Gab14*#"2 on myogenic differentiation in C2C12
cells. A, C2C12 myoblasts were subjected to dual infection of adenovirus
vectors expressing either B-gal or constitutively active MEK1 (MEK1<4) with
Gab 14572 On the third day after myogenic induction, the cells were immu-
nostained with anti-MHC antibody and post-stained with Hoechst 33342
nuclear dye. Overexpression of MEK1<* in C2C12 significantly repressed the
promoting effect of the overexpression of Gab14%"*? on IGF-I-induced myo-
genic differentiation. B, C2C12 myoblasts were subjected to dual infection of
adenovirus vectors similar to A. The cell lysates were collected from 3.5-cm
dishes and subjected to Western blot analysis. Dual overexpression of
MEK 1% with Gab145H"2 repressed the promoting effect of Gab1°*""? on the
induction of MHC protein. Experiments were repeated three times with sim-
ilar resuits.

strates for the first time that Gabl has an inhibitory role in
IGF-I-induced myogenic differentiation through activating
SHP2-MEK1/2-ERK1/2 signaling pathway.

IGF-I induced complex formation of Gabl with SHP2 in
C2C12 myoblasts. It has been reported that Gabl undergoes
dramatic tyrosine-dephosphorylation upon changing growth
medium to differentiation medium containing 2% HS in C2C12
cells (42). This finding indicated that Gabl might have a key
role in myogenic differentiation. Recently, it has been reported
that Gabl itself is a substrate of SHP2 (39). Furthermore, it has
been reported that phosphorylation of ERK1/2 decreases while
phosphorylation of AKT increases during differentiation with
either insulin or 2% HS (9). Therefore, tyrosine dephosphoryl-
ation of Gabl and subsequent dissociation of SHP2 from
dephosphorylated Gabl might be essential steps for the dimi-
nution of ERK1/2 activity during myogenic differentiation.

The Gabl-SHP2 complex formation is indispensable for
IGF-I-induced activation of ERK1/2. It has been reported that
Gab1-SHP2 interaction has an essential role for ERK1/2 activa-
tion downstream of EGF family/ErbB receptor signaling or hep-
atocyte growth factor/c-Met signaling (20-23). Furthermore,
the recent study creating liver-specific Gabl knock-out mice
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FIGURE 11. Schematic models of the roles of Gab1 in IGF-I-dependent
myogenic differentiation. IGF-| induces tyrosine phosphorylation of Gab1
and subsequent association of Gab1 with SHP2. Gab1-SHP2 complex plays a
critical role in activation of ERK1/2 in C2C12 myoblasts. Furthermore, Gab1-
SHP2 complex negatively regulates myogenic differentiation via activation of
MEK1/2-ERK1/2 pathway. On the other hand, IGF-{ stimulation also induced
tyrosine phosphorylation of IRS-l and subsequent association with p85 PI3K
subunit. IRS-1-p85 complex formation has been reported to be indispensable
for PI3K-AKT signaling, which might resuit in promotion of myogenic
differentiation.

also demonstrated that Gabl is required for both insulin-elic-
ited ERK1/2 activation and subsequent inhibition of IRS-1-
PI3K-AKT signaling (34). Here, we demonstrated that overex-
pression of Gab1*%"'"2, which is incapable of associating with
SHP2, repressed IGF-I-dependent activation of ERK1/2 in
C2C12 myoblasts. In a similar context, SHP2 itself has been
reported to have crucial roles for ERK1/2 activation down-
stream of various growth factors, including IGF-I (24, 43— 46).
We also observed that overexpression of phosphatase-inactive
SHP2 (SHP2“’S) inhibited IGF-I-dependent activation of
ERK1/2 in C2C12 myoblasts. These findings demonstrate that
Gab1-SHP2 complex formation is requisite for both activation
of SHP2 itself and ERK1/2 upon IGF-1 stimulation in C2C12
myoblasts. Because the mechanism how SHP2 regulates recep-
tor tyrosine kinase-mediated ERK1/2 activation remains con-
troversial (18, 19), further analyses are needed for uncovering
the mechanism how Gab1-SHP2 complex regulates IGF-I-in-
duced activation of ERK1/2.

The Gabl-SHP2 complex exerts an inhibitory effect on the
IGF-I-induced myogenic differentiation through activation of
ERK1/2. IGFs have been reported to stimulate both prolifera-
tion and differentiation of skeletal muscle cells in culture (3, 4).
IGFs activate two major cytoplasmic signaling pathways, PI3K-
AKT cascade and Raf-MEK1/2-ERK1/2 MAPK cascade. The
former has been reported to have positive effects on myogen-
esis, and the latter MAPK-signaling cascade has been reported
to have detrimental effects on the myogenic differentiation
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induced by insulin or IGFs (3, 9, 10). SHP2 has been also
reported to play an inhibitory role for myogenic differentiation
in the presence of fibroblast growth factor 2 (FGF2) in C2C12
myoblasts partly in an ERK1/2-dependent manner (44). We
found that IGF-I-induced myogenic differentiation was inhib-
ited by overexpression of either Gab1™™" or Gab1%P%5, but not
by that of SHP2W¥T. In addition, IGF-I-induced ERK1/2 activa-
tion in C2C12 myoblasts was enhanced by overexpression of
either Gab1™" or Gab14P®%, but not by that of SHP2™ ™, SHP2
can be specifically activated through binding directly with tyro-
sine-phosphorylated docking proteins such as Gab1l or FRS2«
(18), suggesting that a sufficient amount of Gabl is required to
fully activate SHP2 by binding with SHP2 and that an insuffi-
cient amount of endogenous Gabl might be the major limiting
factor in overexpressed SHP2%"-mediated myogenic differen-
tiation. Collectively, these data suggest that Gabl is a crucial
negative regulator for IGF-I-dependent myogenic differentia-
tion through activation of the SHP2-MEK1/2-ERK1/2 signaling
pathway (Fig. 10).

The migration of muscle progenitor cells into the limb anlage
from somites is strongly impaired in Gabl-knock-out embryos
similarly in c-Met-knock-out mice (32). Furthermore, it has
been reported that the knock-in mice, which carry mutant
Gabl incapable of binding with SHP2, displayed quite similar
defects in migration of muscle progenitor cells from somites
into the limb anlage during embryogenesis as observed in
Gabl-knock-out mice (29). In clear contrast, the knock-in
mice, which carry mutant Gabl incapable of binding either
Grb2 or c-Met, did not show any defects in migration of muscle
progenitor cells, suggesting the specific role of Gabl-SHP2
complex in the migration of muscle progenitor cells (29). These
previous data coincide with our findings that Gab1-SHP2 inter-
action has an inhibitory effect on IGF-I-induced myogenic dif-
ferentiation. Taken together, Gabl might play a key role not
only for inhibition of myogenesis but also for maintenance of
the undifferentiated state of mesenchymal cells through activa-
tion of SHP2.

Although the PI3K-AKT signaling pathway is central to IGF-
I-dependent signaling and myogenic differentiation, our data
demonstrate that the diminution of ERK1/2 activity is a prereq-
uisite for IGF-I-induced myogenesis. IGFs promote skeletal
muscle differentiation through PI3K-AKT-dependent signal-
ing pathway (3, 6, 7, 47— 49). It has been reported that the activ-
ity of AKT increased during myogenic differentiation under
cultivation in 2% HS or IGF-I-containing differentiation
medium (9). We found that overexpression of Gab14?%% in
C2C12 myoblasts resulted in enhanced activation of AKT upon
stimulation with IGF-I, compared with those overexpressing
Gab1¥" or Gab1*5H"2, However, overexpression of Gab14P%3
did not enhance, but repressed IGF-I-induced myogenic differ-
entiation to a similar extent to Gab1%¥™, In clear contrast, over-
expression of Gab1%HP2 significantly enhanced IGF-I-induced
myogenic differentiation compared with control. These find-
ings indicate that myogenic differentiation requires the dimi-
nution of Gab1-SHP2-ERK1/2 signaling pathway prior to full
activation of PI3K-AKT signaling pathway. It has been reported
that the blockade of ERK1/2 signaling pathway enhances myo-
genic differentiation (3, 8 —10). Inhibition of the ERK1/2 path-
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way has been reported to up-regulate Mirk/dyrk1B, a RhoA-de-
pendent serine/threonine kinase that positively regulates
skeletal muscle differentiation and inhibits apoptosis of myo-
blasts (50). Mirk/dyrk1B might be one of the candidate mole-
cules through which ERK1/2 exerts an inhibitory effect on skel-
etal muscle differentiation.

In conclusion, the present study reveals that Gabl-SHP2
interaction exerts an inhibitory effect on IGF-I-dependent
myogenic differentiation via activation of ERK1/2 signaling
pathway.
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Abstract

ADAMTSI3 is a multidomain protease that limits platelet thrombogenesis through the
cleavage of von Willebrand factor (VWF). We previously identified two types of mouse
Adamts13 gene: The 129/Sv-strain Adamts]3 gene encodes the long form ADAMTS13 having
the same domains as human ADAMTS13, whereas the C57BL/6-strain Adamts 13 gene encodes
the short form ADAMTS 13 lacking the distal C-terminal domains. To assess the physiological
significance of the distal C-terminal domains of ADAMTS13, we generated and analyzed
129/Sv-genetic background congenic mice (Adamts] 3%%) that carry the short form
ADAMTS13. Similar to wild-type 129/Sv mice (Adamts13""), Adamts13¥® did not have
ultra-large VWF multimers in plasma, in contrast to 129/Sv-genetic background
ADAMTS13-deficient mice (Adamts13™). However, in vitro thrombogenesis under flow at a
shear rate of 5000 s”' was accelerated in Adamts13% compared to Adamts13“". Both in vivo

thrombus formation in ferric chloride-injured arterioles and thrombocytopenia induced by

3S/S 3IJL

collagen plus epinephrine challenge were morte dramatic in Adamts! than in Adamts]
but less than in AdamisI3”. These results suggested that the C-terminally truncated
ADAMTS13 exhibited decreased activity in the cleavage of VWF under high shear rate. Role

of the C-terminal domains may become increasingly important under prothrombotic

conditions.
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Introduction

ADAMTSI3 is a plasma protease that specifically cleaves von Willebrand factor
(VWF)'. VWF is a multimeric plasma glycoprotein that plays a critical role in platelet adhesion
and aggregation on vascular lesions % Endothelial cells and megakaryocytes mainly produce
VWF as large multimers that can exceed 20,000 kDa in mass and secrete the multimers into the
circulating blood. The adhesive activity of VWF multimers depends on their molecular sizes
and in particular the largest multimers, called ultra-large VWF (UL-VWF) multimers, can
induce excessive platelet aggregation under shear stress. UL-VWF multimers are normally
cleaved by ADAMTSI3 to smaller forms, thus restraining platelet thrombus formation. The
lack of ADAMTS13 activity allows UL-VWF multimers to persist in the circulation and leads
to the development of thrombotic thrombocytopenic purpura (TTP) **.

ADAMTSI13 consists of multiple domains including a metalloprotease domain, a
disintegrin-like domain, a thrombospondin type 1 motif (Tsp1) domain, a cysteine-rich domain,
a spacer domain, seven additional Tspl domains and two complement components C1r/Cls,
urchin epidermal growth factor, and bone morphogenic protein-1 (CUB) domains in order from
the N-terminus. So far, the functional roles of ADAMTS13 domains have been studied using in

1 These studies have shown an essential role of the N-terminal region of

Vitro assay systems
ADAMTSI13 from the metalloprotease domain to the spacer domain, on the VWF-cleavage.
However, the results from in vitro studies have lacked consistency on the relative importance of
the C-terminal Tspl and CUB domains in the substrate recognition and the activity of

ADAMTS13. The recombinant human ADAMTS13 mutant lacking the C-terminal Tspl and

CUB domains maintain almost absolute VWF-cleaving activity under static conditions,
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indicating that the C-terminal domains are dispensable for the ADAMTS13 activity *®. Under
flow, the same mutant is hyperactive for the cleavage of newly released VWF multimers
anchored on endothelial cells, suggesting that the C-terminal domains negatively regulate the
activity of ADAMTS13 '°. Recombinant polypeptides and synthetic peptides derived from the
first CUB domain can inhibit the cleavage of VWF multimers on endothelial cells by
ADAMTS13 under flow ''. Removal of the C-terminal Tspl and CUB domains results in a
marked decrease in VWF cleavage by ADAMTS13 in a vortex mixer and in VWF binding to
ADAMTSI13 in a Biacore system 1 indicating that the C-terminal domains play a crucial role
in the recognition and cleavage of VWF. These results promoted us to investigate the role of
C-terminal domains of ADAMTSI13 in vivo.

In laboratory mouse strains, two kinds of Adamitsl3 gene are present 16 The
Adamis13 gene of the 129/Sv strain contains 29 exons like the human ADAMTSI3 gene and
encodes the full-length ADAMTS13 with the same domain constitutions as human
ADAMTS13. On the other hand, several strains of mice, including the C57BL/6 strain, harbor
the insertion of an intracisternal A-particle (IAP) retrotransposon into intron 23 of the
Adamisl3 gene. As a result, the distal C-terminally truncated ADAMTSI13 lacking the
C-terminal two Tspl domains and two CUB domains is predominantly expressed in these
strains. Therefore, mice can be suitable animal models for evaluating functions of the distal
C-terminal domains, the C-terminal two Tspl domains and two CUB domains, in vivo.

In the present study, through utilizing the spontaneous IAP-insertion in mouse
Adamts13 gene, we generated a congenic mouse model that had the distal C-terminally
truncated ADAMTSI13 on 129/Sv genetic background. While comparing with wild-type

129/Sv mice having full-length ADAMTS13 and ADAMTS13-deficient mice on the same
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genetic background, we analyzed platelet thrombus formation in the congenic mice to define
physiological significance of the distal C-terminal domains in ADAMTS13 functions. Our
results indicate that the distal C-terminal domains of ADAMTS13 contribute to the processing
of VWF multimers in vivo, and that the importance of these domains become obvious after

suffering thrombogenic stimuli.
Materials and methods

Animals
129/Sv mice were purchased from Clea Japan, Inc. (Tokyo, Japan). C57BL/6 mice
were purchased from Japan SLC, Inc. (Hamamatsu, Japan). ADAMTS13-deficient mice on the

1718 ADAMTS13-congenic mice were

129/ Sv genetic background were described previously
developed by introgressing the C57BL/6-Adamts13 gene onto the 129/Sv genetic backgiound,
as follows. C57BL/6 mice were backcrossed to 129/Sv mice for 10 generations while retaining
the C57BL/6-Adamtsl3 gene. In the resulting N10 heterozygous mice, autosomal
chromosomes were theoretically 99.9% identical to those of the 129/Sv strain and sex
chromosomes were derived exclusively from the 129/Sv strain. The N10 heterozygous mice
were interbred to produce homozygous mice. The Adamis13-genotype was determined by PCR
with HotStarTaq DNA polymerase (Qiagen, Hilden, Germany). The amplification was carried
out using primers; the intron 23-specific forward primer,
5-ACCTCTCAAGTGTTTGGGATGCTA-3’, the IAP-specific reverse  primer,

5’-TCAGCGCCATCTTGTGACGGCGAA-3’, and the primer downstream of the IAP target

site, 5’-TGCCAGATGGCCATGATTAACTCT-3’. For the experiments, all animals were
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matched for age and sex. All animal procedures were approved by the Animal Care and Use
Committees of the National Cardiovascular Center Research Institute and Immune Disease

Institute.

Northern blot analysis

Total RNA was extracted from liver using ISOGEN reagent (Nippon Gene, Tokyo,
Japan) and poly(A)" RNA was purified using PolyATtract mRNA Isolation Systems (Promega,
Madison, WI). The alkaline phosphatase-labeled probe was synthesized from mouse Adamts]3
cDNA (1.3 kb) using AlkPhos Direct labeling module (GE Healthcare, Buckinghamshire, UK).
Poly(A)" RNA was separated on a 1% agarose gel containing 2% formaldehyde and transferred
to a nylon membrane. The probe was hybridized to the blot and detected using CDP-Star

detection reagent (GE Healthcare).

Blood sampling

Blood was collected from the retro-orbital plexus into tubes containing a 0.1 volume
of 3.8% sodium citrate. Blood cell counts and hematocrit were determined using an automatic
cell counter (KX-21NV; Sysmex, Kobe, Japan). Plasma was prepared from blood by

centrifugation at 800g for 15 min.

Determination of plasma ADAMTSI13 activity
Plasma ADAMTSI13 activity was measured using GST-mVWF73-H, a recombinant
mouse VWF73 peptide flanked by N-terminal glutathione S-transferase (GST) and C-terminal

His tags, as described previously ™. In brief, GST-mVWF73-H (500 ng) was incubated with
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0.8 pl plasma n 40 pl reaction buffer (10 mM
N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid, 150 mM NaCl, 5 mM CaCl,, and
0.005% Tween 20, pH 7.4) at 37°C for 1 h. The reaction was stopped by adding 10 pl sodium
dodecyl sulfate (SDS) sample buffer (50 mM tris(hydeoxymethyl)aminomethane-HCI, 10 mM
EDTA, 10% SDS, 250 mM dithiothreitol, 30% glycerol, and 0.1% bromophenol blue, pH 6.8).
The samples were subjected to SDS-PAGE and Western blot using a rabbit anti-GST antibody
(Invitrogen, Carlsbad, CA) and a peroxidase-labeled anti-rabbit IgG antibody (KPL,
Gaithersburg, MD). Activity was also determined using a fluorogenic human VWE73 peptide
of FRETS-VWF73 (Peptide Institute, Minoh, Japan) '***. FRETS-VWF73 (2 pM) was
incubated with 4 pl plasma in 200 pl assay buffer (5 mM bis(2-hydroxyethyl)amino-
tris(hydeoxymethyl)methane, 25 mM CaCl,, and 0.005% Tween 20, pH 6.0) at 30°C. Increases
in fluorescence were measured using a 350-nm excitation filter and a 440-nm emission filter in

a fluorescence photometer (Mx3000P; Stratagene, La Jolla, CA).

VWF multimer analysis

Plasma VWF multimer patterns were analyzed as described previously . Plasma
samples in SDS sample buffer were electrophoresed on a 1% agarose gel (Agarose IEF; GE
Healthcare) at a constant current of 15 mA at 4°C. After transfer to a nitrocellulose membrane,
the membrane was incubated in peroxidase conjugated rabbit anti-human VWF (1:500; Dako,
Glostrup, Denmark) in 5% skim milk to detect VWF multimers. Bound antibody was detected
with Western Lighting Chemiluminescence Reagent Plus (Perkin-Elmer) on an image analyzer
(LAS-3000; Fujifilm, Tokyo, Japan). The chemiluminescent intensities of each lane were

scanned using Image Gauge software (version 4.2.2; Fujifilm); the relative intensity profiles



