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Activation of the MAPK pathway mediates insulin-like
growth factor-I (IGF-I)-dependent proliferation in vascular
smooth muscle cells (SMC). Our previous studies have shown
that IGF-I-induced Shc phosphorylation is necessary for sus-
tained activation of MAPK and increased cell proliferation of
SMCs, and both Shc and the tyrosine phosphatase SHP-2
must be recruited to the membrane protein SHPS-1 in order
for Shc to be phosphorylated. These studies were undertaken
to determine whether Src kinase activity is required to phos-
phorylate Shc in response to IGF-I in SMC and because
SHP-2 binds to Src whether their interaction was also
required for IGF-I-stimulated mitogenesis. Our results show
that IGF-I induces activation of Src kinase and that is
required for Shc phosphorylation and for optimal MAPK
activation. We tested whether Shc is a substrate of c-Src in
SMC by disrupting Src/Shc association using a peptide con-
taining a YXXL (Tyr328) motif sequence derived from Src. The
peptide blocked the binding of Src and Shc in vitro and in
vivo. Cells expressing a mutant Src (Src-FF) that had Tyr328/
Tyr358 substituted with phenylalanines (Src-FF) showed
defective Src/Shc binding, impaired IGF-I-dependent Shc phos-
phorylation, and impaired mitogenesis. This supports the
conclusion that Src phosphorylates Shc. IGF-I induced both
Src/SHP-2 and Src/SHPS-1 association. SMCs expressing an
SHP-2 mutant that had the polyproline-rich region of SH2
deleted (SHP-2�10) had disrupted SHP-2/Src association,
impaired IGF-I-dependent Shc phosphorylation, and an
attenuated mitogenic response. IGF-I-induced association of
Src and SHPS-1 was also impaired in SHP-2�10-expressing
cells, although SHP-2/SHPS-1 association was unaffected.
Upon IGF-I stimulation, a complex assembles on SHPS-1 that
contains SHP-2, c-Src, and Shc wherein Src phosphorylates
Shc, a signaling step that is necessary for an optimal mito-
genic response.

IGF-I2 stimulation of vascular smooth muscle cells (SMC)
leads to activation of two major signaling pathways, e.g. the
MAP kinase (MAPK) and PI 3-kinase pathways (1). Activation
of the MAPK pathway is required for IGF-I-dependent prolif-
eration, whereas activation of the PI 3-kinase pathway is the
predominant determinant of IGF-I-dependent SMCmigration.
BindingofIGF-ItotheIGF-Ireceptorleadstoreceptorautophos-
phorylation followed by tyrosine phosphorylation of substrates
such as IRS-1 and Shc (2). These adaptor proteins bind Grb2/
SOS and activate the Ras/MAPK pathway (3). Previous studies
in SMC have shown that IGF-I-induced Shc phosphorylation
and its associationwithGrb-2 are necessary for sustained phos-
phorylation of Erk1/2 MAPK and IGF-I-dependent cell prolif-
eration (4). The requirement of Shc phosphorylation for growth
factor-dependent mitogenesis has been demonstrated in other
cell types as well (5, 6).
Src family kinases (SFK) have been implicated in mediating

the mitogenic effect of several growth factors (7, 8); however,
themechanismbywhich SFK function is not completely under-
stood. Src has also been implicated in IGF-I action. The
requirement of Src kinase activity for IGF-I-dependent MAP
kinase activation has been demonstrated in 3T3 preadipocytes
(9). In vitro studies have shown that the IGF-I receptor is a
substrate for v-Src (10). Src activation stimulates IGF-I-
dependent proliferation in pancreatic carcinoma cells by
increasing the number of IGF-I receptors (11). c-Src consists of
several domains as follows: N-terminal Src homology (SH) 4
domain containing a myristoylation and membrane localiza-
tion signal, followed by a unique domain and then SH3 and SH2
domains, the catalytic SH1 domain, and the C-terminal tail. An
important mechanism of c-Src regulation is the phosphoryla-
tion and dephosphorylation of two critical tyrosine residues.
c-Src is positively regulated by activation loop autophosphoryl-
ation (Tyr416 in mammalian Src), which occurs following SH2
and SH3 domain-mediated interactions. Src activity is nega-
tively controlled by C-terminal tyrosyl phosphorylation (Tyr529
in mammalian Src), which creates a binding site for the SH2
domain of c-Src, locking the molecule in an inactive state (8).
Another important factor that determines Src function is its
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differential subcellular localization. When present at plasma
membrane, Src is thought to be involved in signal transduction
events regulating cell growth and proliferation via activated
growth factor receptors (8).
SHP-2, an Src homology containing protein-tyrosine phos-

phatase, plays an important role inmediating growth factor-de-
pendentmitogenic signaling (12). Intact phosphatase activity of
SHP-2 and its proper recruitment to other signaling molecules
are necessary for full activation of theMAPKpathway following
stimulation by epidermal growth factor and insulin (13–15).
SHP-2 has also been implicated in the regulation of c-Src tyro-
sine kinase activity by distinct mechanisms that are both
dependent and independent of its tyrosine phosphatase activity
(16, 17). Our prior studies have shown that SHP-2 transfer to
the plasma membrane via activation of �V�3 is required for
IGF-I to initiate sustained MAPK activation and optimal mito-
genic signaling (18). Phosphorylation of the�3 subunit of�V�3
is stimulated by ligand occupancy, and this results in recruit-
ment of SHP-2 (19). Following its recruitment to �V�3, SHP-2
is transferred to the transmembrane protein SHPS-1 in
response to IGF-I. This transfer requires the phosphorylation
of at least two tyrosines contained within the SHPS-1 cytoplas-
mic domain. IGF-I stimulates phosphorylation of these
tyrosines that results in recruitment of SHP-2 to SHPS-1 and
blocking SHP-2 transfer inhibits IGF-I-stimulated mitogenic
signaling (20). Recently, we have shown that Shc association
with SHPS-1 is necessary for Shc phosphorylation in response
to IGF-I and that Shc/SHPS-1 association is dependent on
SHP-2 recruitment to SHPS-1 (4). This requirement of SHP-2
recruitment to SHPS-1 suggests that it couldmediate the local-
ization of signaling components (e.g. a kinase) that are neces-
sary for Shc phosphorylation and subsequently MAPK activa-
tion. These studies were undertaken to determine the role of
Src kinase in IGF-I-induced Shc activation and whether SHP-2
plays a role in mediating Src transfer.

MATERIALS AND METHODS

Human IGF-I was a gift from Genentech (South San Fran-
cisco, CA). Immobilon-P membranes were purchased from
Millipore Corp. (Bedford, MA). DMEM containing 4500 mg of
glucose/liter (DMEM-H) was purchased from Invitrogen.
Streptomycin and penicillin were purchased from Invitrogen.
The Src family kinase inhibitor, SU6656, was purchased from
Calbiochem. Two different anti-Src antibodies (i.e. Ab327 and
Src-B12) were used in this study. Ab327 was the kind gift from
J. S. Brugge. Src-B12 and anti-phosphotyrosine (PY99) mono-
clonal antibodies were purchased from Santa Cruz Biotechnol-
ogy, Inc. (Santa Cruz, CA). The polyclonal antibody anti-Src
(Tyr(P)418) recognizing activated Src was from BIOSOURCE.
To detect SHP-2 protein, we used a polyclonal serum prepared
in our laboratory. Three peptides containing the sequences
between amino acid positions 367–368, 486–505, and 569–591
from human SHP-2 were synthesized by the University of
North Carolina Peptide Synthesis Facility. They were purified
and then linked to keyhole limpet hemocyanin and used for
immunization of a rabbit as described previously (21). The
hemagglutinin epitope (HA) polyclonal antibodies were
obtained from Upstate Biotechnology, Inc. (Lake Placid, NY).

The anti-phospho-Erk1/2 (p44/p42MAPK) antibody and anti-
�-actin antibody were obtained from Cell Signaling Technol-
ogy (Beverly, MA). Monoclonal anti-Erk1/2 and monoclonal
and polyclonal anti-Shc antibodieswere fromBDTransduction
Laboratories. The plasmids, pcDNA3.1 containing mouse wild
type Src cDNA or catalytically inactive Src (K295R), were
kindly provided by J. S. Brugge. Three synthetic peptides were
prepared that contained the TAT sequence that confers cell
permeability (22) followed by either the proline-rich region of
the SHP-2 sequence (underline indicates positions 558–570)
YARAAARQARASPLPPCTPTPPCA or the sequence homolo-
gous to Src that contains Tyr328 (underline indicates positions
325–334) YARAAARQARAVQLYAVVSEE, or sequence from
theN-terminal region of p52 Shc (underline indicates positions
29–39) YARAAARQARASFVNKPTRGWL, respectively. The
peptides were synthesized by the Protein Chemistry Core
Facility, University of North Carolina, Chapel Hill. Purity
and sequence confirmation were determined by mass
spectrometry.
Cell Culture—pSMCs were prepared from porcine aortas as

described previously (23). The cells were maintained in
DMEM-H with 10% fetal bovine serum (Hyclone, Logan, UT),
streptomycin (100 ng/ml), and penicillin (100 units/ml). The
smooth muscle cells that were used in these experiments were
between passages 4 and 16.
Generation of pLenti Expression Vectors pLenti-Src-WT,

pLenti-SrcK295R, and pLenti-Src-FF Mutants—The mouse
cDNAs encoding the wild type (WT) Src and the kinase-dead Src
(K295R)were kindly provided byDr. J. S. Brugge. The kinase-dead
Src (K295R) has a substitution for lysine 295, which is the ATP-
binding site within the catalytic domain of Src kinase (24). Both
c-Src cDNAs were amplified by PCR using the following forward
and reverse primers, respectively: 5�-CACCATGGGCAGCAAC-
AAGAGCAAGCCC-3� and 5�-TTAAGCGTAATCTGGAACA-
TCGTATGGGTATAGGTTCTCCCCGGGCTGGTAC-3�. The
reverse primer contains a sequence encoding the HA epitope
(underlined).ThePCRproductswere cloned into thepLenti6/V5-
D-TOPO expression vector (Invitrogen). The complete sequence
was verified by DNA sequencing. To generate the Src-FF
mutant, the tyrosines at positions 328 and 358 (potential bind-
ing sites for SH2 domains) were substituted with phenylala-
nines using double-stranded mutagenesis. The PCR product
bearing the wild type Src cDNA sequence was cloned into the
pEntr/D-TOPO Gateway entry vector according to the manu-
facturer’s instructions (Invitrogen). The following forward and
reverse oligonucleotides were used to generate PCR product
(“megaprimer”), respectively, 5�-TGCAGCTGTTTGCTGTG-
GTGTCGGA-3� and 5�-TAGCCGCAAAAATTTGCCCGTT-
TCCC-3�, and the underlined bases indicate the substitutions
that change Tyr to Phe. The PCR product was then used as a
primer for double-stranded mutagenesis, and the product was
cloned into pEntr/D-TOPO. The Src-Y328F/Y358F sequence
was excised from pEntr/D-TOPO cell ligated into pLentiCMV
Gateway according to themanufacturer’s instructions (Invitro-
gen). The complete sequence was verified by DNA sequencing.
pLenti-SHP-2/WT and pLenti-SHP-2�10 Mutant—The

human cDNA for wild type SHP-2 was derived from a human
fibroblast cell line GM10 (Coriell Institute, Camden, NJ) (20).
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Full-length SHP-2 was PCR-amplified using the following
forward and reverse primers, respectively, 5�-CACCATGACA-
TCGCGGAGATGGTTTCACCC-3� and 5�-TTAAGCGTAA-
TCTGGAACATCGTATGGGTATCTGAAACTTTTCTGC-
TGTTGCATCAG-3�. The reverse primer contains the sequence
encoding the HA epitope (underlined). The PCR product was
cloned into the pEntr/D-TOPO Gateway entry vector according
to the manufacturer’s instructions (Invitrogen). To generate
the SHP-2�10 mutant the amino acids 559PLPPCTPTPP568
were deleted from SHP-2 by double-stranded mutagenesis of
pEntr/SHP-2. The complementary oligonucleotides (100 ng)
were annealed to 50 ng of supercoiled plasmid and extended by
linear PCR amplification using Pfx polymerase (Invitrogen).
The following forward and reverse oligonucleotides were used:
5�-AGACGAGTGGAGATCAGAGCTGTGCAGAAATGAG-
AGAAGACA-3� and 5�-TGTCTTCTCTCATTTCTGCAC-
AGCTCTGATCTCCACTCGTCT-3�; the underlined bases
indicate the deletion border. The resulting plasmids were
digested using DpnI (New England Biolabs, Beverly, MA) for
1 h 37 °C and transformed into TOP10 competent cells
(Invitrogen). Deletion of amino acids 559–568 was confirmed
by sequencing (University of North Carolina Genome Analysis
Facility, Chapel Hill). Both the SHP-2/WT and SHP-2�10
sequences were then excised from pEntr/D-TOPO and ligated
into pLentiCMV Gateway using the LR clonase reaction
according to the manufacturer’s instruction (Invitrogen).
pLenti-U6 siRNA-Src Silencing c-Src Gene Expression—The

siRNAplasmidswere generated usingBLOCK-iTU6RNAi sys-
tem (Invitrogen) according to the manufacturer’s instructions.
Two target sequences from the c-src gene sequence were chosen:
(bp47–63) 5�-GCAACAAGAGCAAGCCC-3� and (bp200–220)
5�-AAGCTGTTTGGTGGCTTCAAC-3�. These sequences were
shown previously to effectively silence src gene expression (25).
Two single-stranded oligonucleotides corresponding to each
sequence (forward, 5�-CACCGCAACAAGAGCAAGCCCAAC-
GAATTGGGCTTGCTCTTGTTGC-3�, and reverse, 5�-AAAA-
GCAACAAGAGCAAGCCCAATTCGTTGGGCTTGCTCTT-
GTTGC-3�, for bp 8–22, and forward, 5�-CACCGAAGCTGTT-
TGGTGGCTTCAACAACGGTTGAAGCCACCAAACAGC-
3�, and reverse, 5�-AAAAGCTGTTTGGTGGCTTCAACCGT-
TGTTGAAGCCACCAAACAGCTTC-3�, for bp 200–220) were
obtainedandannealed togenerateadouble-strandedoligonucleo-
tide that was cloned into the pENTR/U6 vector. Constructs were
confirmed by DNA sequencing and then excised from pEntr/U6
and ligated into pLentiU6 Gateway using the LR clonase reaction
accordingmanufacturer’s instruction (Invitrogen).
siRNA-Src cells were generated as described below except

that two different viral stocks were combined when transduc-
ing SMC (one corresponding to pLentiU6 Src bp 8–22 and the
another corresponding to pLentiU6 bp 200–220).
Generation of Virus Stocks—293FT cells (Invitrogen) were

prepared for generation of virus stocks of each individual
pLenti-construct. Cells were plated at 5 � 106 per 75-cm2 flask
(Corning Inc., Corning, NY) the day before transfection in the
growth medium (DMEM-H with 10% fetal bovine serum with
streptomycin at 100 ng/ml and penicillin at 100 units/ml). On
the day of transfection, the culturemediumwas replacedwith 5
ml of Opti-MEM-I (Invitrogen) without antibiotics or serum.

The DNA-LipofectamineTM 2000 complexes for each transfec-
tion were prepared and added along with total 8 ml of Opti-
MEM-I medium according to the manufacturer’s protocol
(Invitrogen). The next day the medium containing the DNA-
LipofectamineTM 2000 complexes was removed and replaced
with 12 ml of growth medium. The virus-containing superna-
tants were harvested 48 h post-transfection, filtered through a
0.2-�m filter, and stored as 1-ml aliquots at �80 °C.
Establishment of SMCs Expressing pLenti Constructs—

pSMCs (passage 4–5) were seeded at 3 � 105/well in 6-well
plates the day before transduction. The viral stocks were
thawed, and the viral complexes were precipitated as follows.
For each 1 ml of virus stock, 1 �l of an 80 mg/ml solution of
chondroitin sulfate (C4384, Sigma) was added and then mixed
gently and incubated at 37 °C for 10 min. 1 �l of 80 mg/ml
Polybrene (Sigma, H9286) was subsequently added and incu-
bated at 37 °C for 10 min. The mixture was centrifuged at
10,000 rpm for 5 min to pellet the virus, and the supernatant
was removed. For transduction, the pellet was resuspended in 1
ml of growth medium, and 1 �l of Polybrene (40 mg/ml) was
added. The mixture was then incubated with the cells for 24 h.
The virus-containing medium was removed and changed to 2
ml of growth medium for another 24 h and then replaced with
selection medium (growth medium containing 4 �g/ml blasti-
cidin; Invitrogen). The cultures were grown until they reached
confluent density. The expression of the HA-tagged Src or
SHP-2 proteins was detected by immunoblotting with an
anti-HA antibody (1:1000) followed by a horseradish peroxi-
dase-conjugated anti-rabbit secondary antibody.
Immunoprecipitation and Immunoblotting—Cells were

seeded at 1 � 106 cells per 10-cm plate (BD Biosciences) and
grown for 7 days to reach confluency. The cultures were incu-
bated in serum-freeDMEM-H for 16–20hprior to the addition
of IGF-I (100 ng/ml). In experiments in which the Src family
kinase inhibitor, SU6656, was used, it was dissolved in dimethyl
sulfoxide (Me2SO) and added to confluent cultures for 1 h at a
final concentration 3 �M. Control cultures were exposed to
Me2SO alone. For the experiments in which the cell-permeable
peptides were added, 10 �g/ml of each peptide was added
directly to the serum-freemedium for 1 h prior to adding IGF-I.
The cell monolayers were lysed in a modified RIPA buffer (1%
Nonidet P-40, 0.25% sodium deoxycholate, 1 mM EGTA, 150
mM NaCl, and 50 mM Tris-HCl (pH 7.5)) in the presence of
protease inhibitors (10 �g/ml aprotinin, 1 �g/ml leupeptin, 1
mM phenylmethylsulfonyl fluoride, 1 �g/ml pepstatin) and
phosphatase inhibitors (25 mM sodium fluoride and 2 mM
sodium orthovanadate). The cell lysates were centrifuged at
14,000� g for 10min at 4 °C. The supernatantswere exposed to
a 1:330 dilution of anti-Src, anti-SHP-2, or anti-SHC antibody
overnight at 4 °C. The immunoprecipitates were immobilized
using protein-A-Sepharose beads for 2 h at 4 °C and washed
three times with the same buffer. The precipitated proteins
were eluted in 40 �l of 2� Laemmli sample buffer, boiled for 5
min, and separated using either 7.5 or 8% SDS-PAGE. The pro-
teins were then transferred to Immobilon-Pmembranes, which
were blocked for 1 h in Tris/saline buffer containing 0.2%
Tween 20 and 1% bovine serum albumin. The blots were incu-
bated overnight at 4 °C with the indicated antibodies (1:500 for
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SHP-2 or 1:1000 for antibodies against Src, activated Src-
Tyr(P)418, Shc, or Tyr(P)). To detect phosphorylation of Erk1/2
MAPK, 30 �l of cell lysate was removed prior to immunopre-
cipitation and mixed with 30 �l of 2� Laemmli sample buffer
and then separated by SDS-PAGE using an 8% gel. Anti-phos-
pho-Erk1/2 MAPK antibody (1:1000) was used to detect acti-
vated MAPK. The total amount of Erk protein was detected
using amonoclonal anti-Erk1/2 antibody at a dilution of 1:1000.
The proteins were visualized using enhanced chemilumines-
cence (Pierce), and their abundance was analyzed using the
GeneGenome CCD image system (Syngene, Ltd., Cambridge,
UK). The images obtained were also scanned using an Agfa
scanner. Densitometric analyses of the imageswere undertaken
using NIH Image, version 1.61. All experiments were con-
ducted at least three times unless stated otherwise.
Src Kinase Assay—In vitro Src kinase activity was determined

by Src assay kit (Upstate Biotechnology, Inc.). The experiments
were performed according to the manufacturer’s instruction.
Briefly, Src protein was immunoprecipitated from cell lysates
with anti-Src antibody (M327 Ab). The Src-specific peptide
(KVEKIGEGTYGWYK) was used as a substrate in the assay,
and its phosphorylation was measured. Phosphorylation of
peptide reflects the activity of Src kinase.
Cell Proliferation Assay—Assessment of SMC proliferation

was performed as described previously (26). Cells expressing
wild type or mutated proteins were incubated with or without
IGF-I (50 ng/ml) for 48 h, and the cell number in each well was
counted. Each group was analyzed in triplicate within a single
experiment, and the results represent mean values of the three
independent experiments.
Statistical Analysis—Student’s t test was used to compare the

differences between control and treatment groups or control
cells and cells expressingmutant proteins. p� 0.05 was consid-
ered statistically significant.

RESULTS

IGF-I Induces Src Activation in pSMC—To examine whether
IGF-I could induce activation of c-Src tyrosine kinase in pSMC,
we analyzed c-Src immunoprecipitates following IGF-I stimu-
lation by Western blotting using an antibody that detects acti-
vated c-Src-Tyr(P)416. Src tyrosine phosphorylation was
minimally detectable without IGF-I stimulation, and upon
stimulation it increased 2.4-fold at 1 min and then returned to
base line by 5 min (Fig. 1A) (2.4 � 1.1 (mean � S.D.)-fold
increase at 1min, p� 0.05; 1.4� 0.3-fold increase at 2min, n�
3, p � 0.05). To confirm that phosphorylation of Tyr416 accu-
rately reflects the Src kinase activity, we tested the Src immu-
noprecipitates in Src kinase assay in vitro using a synthetic pep-
tide that is known to be an Src substrate. IGF-I induced
transient increase in Src activity at 1minwhich decreased to the
basal level after 5 min (Fig. 1B). Thus, the phosphorylation of
Src Tyr416 in SMC correlates with Src activity measured by the
in vitro kinase assay.
To determine whether SFKs play a role in IGF-I-mediated

MAPK activation, we examined MAPK (e.g. Erk1/2) activation
by IGF-I in the presence or absence of the Src family kinase
inhibitor SU-6656. This inhibitor has been shown to be specific
for SFK (27). pSMC were incubated with 3 �M of SU-6656 for

1 h and then stimulated with 100 ng/ml IGF-I for the indicated
times. IGF-I-induced Erk1/2 phosphorylation was inhibited in
the presence of SU-6656 at all time points when comparedwith
control samples (e.g. 79 � 2% decrease at 10 min, n � 3, p �
0.05, and 30 � 3% decrease at 20 min) (Fig. 1C). This result
suggests that SFK activity is required for optimal MAPK acti-
vation by IGF-I. To show that Src kinase activity was inhibited,
Src activitywas analyzed in the presence or absence of SU-6656.
As shown in Fig. 1D, SU-6656 efficiently inhibited Src activity.
(The 2.27 � 0.83-fold increase was reduced to a 1.09 � 0.14-
fold increase at 1 min, p � 0.05, n � 3). Src activity was also
inhibited by SU6656 when assessed in the in vitro kinase assay
(data not shown).

FIGURE 1. IGF-I-stimulated Src activation and its role in MAPK activation.
A, Tyr416 phosphorylation after IGF-I stimulation. pSMC cultures were treated
with 100 ng/ml IGF-I for the times indicated. Cell lysates were immunopre-
cipitated (IP) with an anti-Src antibody (mAb327) and immunoblotted (IB)
with an antibody that detects Tyr(P)416. The total immunoprecipitated Src
protein is shown in the lower panel. B, activation of Src kinase activity. Src
immunoprecipitates were tested in an in vitro Src kinase assay using an
Src-specific peptide as a substrate. C, effect of the Src family kinase inhibitor
(SU-6656) on IGF-I-dependent Erk1/2 MAPK activation. Cultures were treated
with SU-6656 (3 �M) for 1 h followed by IGF-I (100 ng/ml) for the times indi-
cated. The level of Erk1/2 MAPK phosphorylation was determined by immu-
noblotting with phospho-specific MAPK antibody (upper panel). The total
amount of MAPK was determined by reprobing the membrane with a MAPK
antibody (lower panel). D, effect of Src inhibitor SU-6656 on Src activity. pSMC
cultures were treated with SU-6656 (3 �M) for 1 h followed by IGF-I (100
ng/ml) for 1 min. Src activity was determined by immunoblotting for
Tyr(P)416. The amount of total immunoprecipitated Src protein in each lane is
shown in the lower panel. All experiments in A–D were repeated three times.
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Dominant-negative Src Inhibits IGF-I-stimulated Mitogenic
Signaling in pSMC—To further confirm that c-Src activation
was required for optimal IGF-I-stimulated MAPK activation,
we generated pSMC-expressing wild type c-Src (Src-WT) or
catalytically inactive c-Src (Src-K295R). This substitution of
lysine 295with arginine causes inactivation of theATP-binding
site within the c-Src catalytic domain. As illustrated in Fig. 2A,
Src-WT cells and Src-K295R cells expressed comparable levels
of HA-tagged c-Src protein as measured by Western blotting.
To confirm that Src-K295R functioned in a dominant-negative
manner,we analyzed IGF- induced c-Src activation. IGF-I stim-
ulated activation of c-Src kinase (Tyr416 phosphorylation) in
Src-WT-expressing cells but failed to do so in cells expressing

the kinase-dead Src-K295Rmutant (Fig. 2B). To determine the
consequences of expression of the kinase-dead form of c-Src on
IGF-I-mediated MAPK activation, we analyzed Erk1/2 activa-
tion in Src-WT and Src-K295R cells. As shown in Fig. 2C the
amount of IGF-I-induced Erk1/2 activation was significantly
reduced in cells expressing the mutant form of c-Src compared
with Src-WT-expressing cells (at 10 min 60 � 2% decrease in
Src-K295R cells, n � 3, p � 0.05). We also measured cell pro-
liferation in cells expressing either c-Src-WT or c-Src-K295R
after IGF-I stimulation. IGF-I stimulated a 1.84 � 0.07-fold
increase in proliferation in control, c-Src-WT-expressing cells
but failed to stimulate an increase in c-Src-K295R-expressing
cells (1.13 � 0.27-fold increase; n � 6, p � 0.05; see Fig. 2D).

FIGURE 2. Characterization of cells expressing wild type Src (Src-WT) or kinase-inactive Src (Src-K295R). A, expression of Src-WT and Src-K295R in pSMC.
Cells expressing Src-WT or Src-K295R were generated as described under “Materials and Methods.” The expression of the HA-tagged protein was determined
by immunoblotting (IB) with anti-HA antibody. B, activation of c-Src in Src-WT and Src-K295R cells upon IGF-I stimulation. Cultures were treated with 100 ng/ml
of IGF-I as indicated. Cell lysates were immunoprecipitated (IP) with an anti-Src antibody (mAb327), and c-Src activity was determined by immunoblotting for
Src-Tyr(P)416. The membrane was reprobed with antibody against Src (lower panel). C, MAPK activation in Src-WT and c-Src-K295R cells. Cultures were treated
with IGF-I (100 ng/ml) for the indicated times. Cells were lysed and analyzed for total Erk1/2 activation. Representative immunoblots of phosphorylated Erk1/2
and total Erk1/2 protein are shown. The phosphorylation of Erk1/2 was quantified using scanning densitometry and normalized by the total Erk1/2 protein
level. The graph on right illustrates the mean � S.E. of three separate experiments. D, proliferation of Src-WT and Src-K295R cells after IGF-I. Cell proliferation
was assessed as described under “Materials and Methods.” Cells were exposed to serum-free medium alone or stimulated with 50 ng/ml IGF-I for 48 h, and the
final cell number was determined. The results represent a mean value of the fold increase (�S.E.) of triplicate determinations from three independent
experiments. E, Shc phosphorylation in Src-WT and Src-K295R cells. Cultures were treated with 100 ng/ml of IGF-I as indicated. Cell lysates were immunopre-
cipitated with an anti-Shc antibody, and phosphorylated Shc was determined by immunoblotting. Total immunoprecipitated Shc is shown in the lower panel.
Each experiment in B–E was repeated three times. and a representative blot is shown.
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These results confirm that in pSMC c-Src activity is required
for MAPK activation and increased cell proliferation in
response to IGF-I.
IGF-I-induced Shc Phosphorylation Is Dependent on Src

Activation—Previously we have shown that sustained Erk1/2
activation is required for an optimal mitogenic response to
IGF-I in pSMCs and that this activation requires Shc phospho-
rylation (4). To determine whether Shc phosphorylation is
altered by inhibiting c-Src kinase, we measured Shc phos-
phorylation in response to IGF-I in the cells expressing
kinase-inactive Src (Src-K295R) and compared them to cells
expressing wild type c-Src. Following IGF-I stimulation, Shc
phosphorylation was increased in c-Src-WT cells (Fig. 2E).
In contrast, no activation of Shc was seen in cells expressing
c-Src-K295R, confirming that Src activity is required for Shc
phosphorylation (3.4 � 1.4-fold increase in Src-WT cells at
10 min compared with 1.3 � 0.91-fold increase in Src-K295
cells, p � 0.05; 4.2 � 1.1-fold at 20 min compared with 1.5 �
0.2-fold at 20 min, p � 0.05).
To directly prove that Src kinase is necessary for IGF-I-de-

pendent Shc phosphorylation, we used RNA interference to
decrease the Src protein level. Cells expressing Src-targeted
siRNA (siRNA-Src) were generated as described under “Mate-
rials andMethods.” As a control, we used cells transfected with
an empty vector. First we tested whether we achieved silencing
of Src expression. Fig. 3A shows that cells expressing siRNA-Src
have a 75 � 13% reduction in level of detectable Src. Western
blot analysis with anti-�-actin antibody indicated that the same
amount of total protein was loaded in each lane. IGF-I induced
a 3.1 � 0.15-fold increase in Shc phosphorylation in control
cells; however, in cells expressing siRNA-Src, Shc phosphoryl-
ationwas significantly impaired (1.0� 0.24-fold, p� 0.01) (Fig.
3B). Moreover, IGF-I-dependent MAPK activation was also
decreased in siRNA-Src cells when compared with control cells
(Fig. 3C). More importantly, the proliferative response to IGF-I
in siRNA-Src cells was impaired in comparison with control
cells. (There was a 1.62� 0.05-fold increase in control cells that
was decreased to 1.07 � 0.07-fold in siRNA-Src cells, p � 0.01)
(Fig. 3D). Thus, by employing two different methods of inhib-
iting Src kinase (either by overexpression of dominant-negative
Src or by targeting Src with small interfering RNA), we
observed impairment in IGF-I-dependent Shc phosphorylation
and cellular proliferation.
Src Association with Shc Is Required for Shc Activation and

IGF-I-stimulatedMitogenesis in SMCs—Although c-Src activa-
tion is required for Shc phosphorylation, this could be either an
indirect consequence of phosphorylation of other signaling
molecules that are required for Shc phosphorylation or, alter-
natively, it could reflect the fact that c-Src is the kinase that
directly phosphorylates Shc. We tested the possibility that Shc
is a substrate of c-Src by disrupting the Src/Shc association
using a cell-permeable peptide that contained a region of Src
with a YXXL motif (Tyr328) and thus could potentially bind to
the SH2 domain of Shc (hereafter referred to as an Src blocking
peptide). IGF-I-induced association of Src and Shc was
decreased in the presence of the peptide when compared with
either control cells that were not exposed to either peptide or
cells that were preincubated with a control peptide that con-

tained a different sequence from the N-terminal part of the Shc
(Fig. 4A) (1.8 � 0.5-fold increase in control compared with a
0.63 � 0.1-fold increase in cultures exposed to the Src blocking
peptide, p � 0.01). To confirm that this Src blocking peptide
was directly inhibiting the Src/Shc interaction, a phosphoryla-

FIGURE 3. siRNA-mediated reduction of Src expression and the changes
in IGF-I-stimulated Shc phosphorylation and cell proliferation. A, expres-
sion of Src protein in control and siRNA-Src cells. Cells expressing either Src-
targeted siRNA (siRNA-Src) or empty vector were generated as described
under “Materials and Methods.” Western blotting was performed using anti-
Src antibody mAb327. The membrane was stripped and probed with an anti-
�-actin antibody. con, control. B, Shc phosphorylation in siRNA-Src cells. Cul-
tures were treated with 100 ng/ml IGF-I for 10 min. Cell lysates were
immunoprecipitated (IP) with an anti-Shc antibody and immunoblotted (IB)
for phosphotyrosine. The membrane was stripped and immunoblotted with
anti-Shc antibody. C, MAPK activation in siRNA-Src cells. Cultures were treated
with 100 ng/ml of IGF-I for 10 min. Western blot analysis was performed for
phosphorylated Erk1/2, and the stripped membrane was reprobed with anti-
Erk1/2. Each experiment in A–C was repeated twice. D, proliferation of siRNA-
Src and control cells after addition of IGF-I. Cell proliferation was assessed as
described under “Materials and Methods.” Cells were exposed to serum-free
medium alone or stimulated with 50 ng/ml IGF-I for 48 h, and the final cell
number was determined. The results represent a mean value of the fold
increase (�S.E.) of six determinations from two independent experiments.
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ted form of the peptide was added to cell lysates, and Src/Shc
association was quantified. Src/Shc association was decreased
in a concentration-dependent manner (Fig. 4B). (The 1.98 �
0.29-fold increase was reduced to 1.09 � 0.43 when 1 �g of the
test peptide was added, p � 0.05, and to a 0.78 � 0.2-fold
increase when 10�g/ml was added, p� 0.01.) To show that the
Src peptide specifically blocked Src/Shc association and did not
affect other SH2 domain/YXXLmotif interactions, we tested its
ability to inhibit SHPS-1/SHP-2 association. IGF-I induced an
increase in SHPS-1/SHP-2 association that was comparable in
the presence or absence of the peptide (Fig. 4C). To determine
the consequences of decreased Src and Shc association, we ana-
lyzed IGF-I-induced Shc phosphorylation and MAPK activa-
tion. IGF-I stimulated a 2.92 � 0.73-fold increase in Shc phos-
phorylation but failed to do so in the presence of the peptide
(0.91 � 0.18-fold, n � 3, p � 0.05) (Fig. 4D). Erk1/2 phospho-
rylation was also significantly decreased in the presence of the
peptide compared with control cells (28 � 3% decrease at 10
min and 40� 11%decrease at 20min,n� 3, both p� 0.05) (Fig.

4E). These results suggest that the
association of Src and Shc is medi-
ated through the YXXL motif
(Tyr328) of Src and that their associ-
ation is required for optimal Shc and
MAPK activation following IGF-I
stimulation.
To confirm the involvement of

Src kinase in Shc phosphorylation,
we generated cells expressing a Src
mutant wherein tyrosines 328 and
358 (both sites that could poten-
tially bind to the SH2 domains in
Shc) were substituted with phenyl-
alanine. As a control we used cells
expressing the wild type Src. Fig. 5A
shows that Src-WT cells and Src-FF
cells expressed comparable levels of
HA-tagged Src protein as measured
by Western blotting. To determine
whether the Src-FF mutant could
bind to Shc, we immunoprecipi-
tated c-Src from Src-WT and
Src-FF cells and immunoblotted for
Shc. The association of Shc and
c-Src observed in control Src-WT
cells was eliminated in cells express-
ing Src-FF (Fig. 5B) (1.8 � 0.23-fold
increase in Src-WT cells compared
with a 0.85 � 0.08-fold increase in
Src-FF cells at 10 min, p � 0.01).
This result further confirms that the
phosphorylated tyrosines (e.g.
Tyr328/Tyr358) are involved in bind-
ing of c-Src to Shc and that expres-
sion of the Src-FF mutant functions
in a dominant-negative manner. To
exclude the possibility that substitu-
tion of tyrosines to phenylalanines

in Src-FF mutant had altered IGF-I-dependent Src activation,
Src activitywas analyzed. The ability of IGF-I to induce tyrosine
416 phosphorylation in Src-FF cells was preserved (Fig. 5C)
(1.73 � 0.4-fold increase). To determine consequences of the
loss of association between Shc and Src, we analyzed Shc
phosphorylation. As expected, Shc phosphorylation was
increased in Src-WT cells following IGF-I stimulation (Fig.
5D). However, IGF-I-induced Shc phosphorylation in Src-FF
cells was completely eliminated (4 � 0.38-fold increase in
control compared with a 1.3 � 0.39-fold increase in Src-FF
cells, p� 0.01). Thus, defective binding of Src to Shc resulted
in impairment of Shc phosphorylation. We also determined
the effect of the loss of Src and Shc association on Erk1/2
activation and cell proliferation following IGF-I stimulation
in Src-WT and Src-FF cells. Cells transduced with a vector
containing the lacZ gene were used as a control to show that
overexpression of Src (Src-WT) did not enhance IGF-I-de-
pendent Erk1/2 activation. IGF-I stimulated an increase in
Erk1/2 phosphorylation in both types of control cells. In

FIGURE 4. The effect of Src/Shc disruption on Shc phosphorylation and MAPK activation in response to
IGF-I. A, disruption of IGF-I-induced Src association with Shc. The sequences of the Src blocking peptide and
the control peptide are shown. pSMCs were incubated for 1 h in the presence or absence of 10 �g/ml of the
synthetic Src peptide and then stimulated with 100 ng/ml IGF-I for the indicated times. Cell lysates were
immunoprecipitated (IP) with an anti-Src antibody and immunoblotted (IB) for Shc. The immunoprecipitated
Src is shown in the lower panel. The experiment was repeated three times. B, disruption of IGF-I-induced Src
association with Shc in vitro. A phosphorylated form of the Src peptide was added to cell lysates for 30 min prior
precipitation with anti-Src antibody. The amount of Shc that was coprecipitated Src was detected by immu-
noblotting. The immunoprecipitated Src is shown in the lower panel. C, the effect of Src peptide on the SHP-2/
SHPS-1 interaction. SHP-2 was precipitated from the cell lysate and associated SHPS-1 was determined by
immunoblotting. The immunoprecipitated SHP-2 is shown in the lower panel. The experiments in B and C were
repeated twice. D, Shc phosphorylation following disruption of Src/Shc association. Cell lysates were immu-
noprecipitated with an anti-Shc antibody and then immunoblotted for phosphotyrosine. The immunoprecipi-
tated Shc is shown in the lower panel. The experiment was repeated three times. E, MAPK activation following
disruption of Src/Shc association. Cell lysates were immunoblotted for phosphorylated Erk1/2. The total Erk
protein is shown in the lower panel. IGF-I-induced phosphorylation of Erk1/2 that had been normalized for total
Erk protein was decreased by 28 � 3% at 10 min and 40 � 11% at 20 min, n � 3, both p � 0.05 compared with
control cells that were not exposed to the peptide.
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contrast, Erk1/2 activation was severely impaired in cells
expressing Src-FF mutant at all time points analyzed
(decreased 56 � 17% at 10 min and 67 � 22% at 20 min, n �
3, both p� 0.05 compared with cells expressing Src-WT; Fig.
5E). When cell proliferation was assessed, IGF-I induced
1.84 � 0.07-fold increase in cell proliferation in the Src-WT
cells, whereas IGF-I-dependent cell proliferation was sup-
pressed in cells expressing the Src-FF mutant (1.12 � 0.16-
fold increase, n � 9, p � 0.05) (Fig. 5F). Taken together, our
results suggest that the association of Src and Shc is essential
for IGF-I-induced Shc and Erk1/2 activation.

Src Associates with SHPS-1 and
Mediates Shc Localization—Previ-
ously, we have shown that IGF-I-
dependent Shc phosphorylation
requires Shc association with
SHPS-1 (4). As demonstrated in
Figs. 4 and 5, the binding of Src to
Shc is also required for Shc phos-
phorylation. Taken together these
findings suggest that Shc recruit-
ment to SHPS-1 may be Src-
dependent. To test this hypothe-
sis, we first determined whether
Src associates with SHPS-1. Fig.
6A shows that SHPS-1/Src associ-
ation is enhanced upon IGF-I
stimulation (Fig. 6A) (3.05 � 0.59-
fold increase). To determine
whether Src played a role in Shc
transfer to SHPS-1, cells express-
ing the Src-FF mutant were uti-
lized. A control experiment
showed that this substitution had
no effect on Src/SHPS-1 associa-
tion, which was comparable with
cells expressing Src-WT (Fig. 6B)
(3.05 � 1.76-fold increase in
Src-WT cells compared with a
2.0 � 0.53-fold increase in Src-FF
cells, p value is not significant).
When SHPS-1/Shc association
was analyzed, it was significantly
impaired in cells expressing
Src-FF suggesting that Src medi-
ates Shc association with SHPS-1
(Fig. 6C) (3.57 � 1.07-fold
increase in Src-WT cells com-
pared with a 0.82 � 0.15-fold
increase in Src-FF cells, p � 0.01).
Src Association with SHPS-1 Is

Mediated by SHP-2—Our previous
studies showed that SHP-2 transfer
to SHPS-1 was required for Shc
localization on SHPS-1 following
IGF-I stimulation (4, 20). Therefore,
we wished to determine whether
c-Src association with SHPS-1 is

SHP-2-dependent. First we analyzedwhether SHP-2 associated
with c-Src in pSMC. Following IGF-I stimulation there was a
3.87 � 1.32-fold increase in c-Src association with Shp-2 at 5
min (Fig. 7A). In vitro studies had shown that SHP-2 binds to
the SH3 domain of c-Src (16); thus we used a cell-permeable
peptide that contained the polyproline-rich region of SHP-2
(YARAAARQARASPLPPCTPTPPCA) to disrupt the associa-
tion of SHP-2 and c-Src (hereafter referred to as a SHP-2 block-
ing peptide). pSMC were treated with 10 �g/ml of this peptide
for 1 h and then stimulated with IGF-I for the indicated times.
The IGF-I-induced increase in Src/Shp-2 association was

FIGURE 5. Effect of disrupting Shc and c-Src association on IGF-I actions. A, expression of wild type Src (Src-WT)
and mutated form of Src (Src-FF) in pSMC. Cells expressing Src-WT or Src-FF were generated as described under
“Materials and Methods.” Cells were lysed, and the expression of HA-tagged protein was determined by immuno-
blotting (IB). B, disruption of Shc association with c-Src in Src-WT and Src-FF cells. Cultures were stimulated with IGF-I.
Cell lysates were exposed to an anti-Src antibody, and the amount of coprecipitated Shc was visualized by immu-
noblotting for Shc. The immunoprecipitated Src is shown in the lower panel. The experiment was repeated three
times. C, Src activation in Src-FF cells. Cultures were treated with 100 ng/ml IGF-I. Cell lysates were immunoblotted
for the activated form of Src. The membrane was stripped and reprobed with an anti-HA antibody. The experiment
was repeated twice. D, Shc phosphorylation in Src-WT and Src-FF. Cultures were treated with 100 ng/ml IGF-I. Cell
lysates were immunoprecipitated with an anti-Shc antibody and immunoblotted for phosphotyrosine. The immu-
noprecipitated Shc is shown in the lower panel. The experiment was repeated three times. E, MAPK activation in
LacZ, Src-WT, and Src-FF cells. Cultures were treated with 100 ng/ml IGF-I. Cells were lysed and analyzed for Erk1/2
MAPK activation. Representative immunoblots of phosphorylated and total Erk1/2 protein are shown. The phos-
phorylation of Erk1/2 was quantified using scanning densitometry and normalized by total Erk1/2. Each point is the
mean � S.E. of three separate experiments. F, proliferation of Src-WT and Src-FF cells upon IGF-I stimulation. Cells
were exposed to serum- free medium or stimulated with 50 ng/ml IGF-I for 48 h, and final cell number was deter-
mined. The results represent a mean value of a fold increase of three replicates (�S.E.) from two independent
experiments.
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decreased from 3.87� 1.32-fold to 1.64� 0.65-fold in the pres-
ence of peptide (n� 3, p� 0.05) (Fig. 7B). In contrast, a control
peptide that contained the sequence from Src that contains
tyrosine 328 within a YXXLmotif that had been shown to block
Src/Shc association (Fig. 4A) had no effect on Src/SHP-2 asso-
ciation. To further test the specificity of the Src/SHP-2 blocking
peptide, we examined its ability to inhibit the SHPS-1/SHP-2
interaction. As shown in Fig. 7C, the SHP-2 blocking peptide
did not alter IGF-I- induced SHPS-1/SHP-2 association sug-
gesting that its effect is specific for disrupting SHP-2/Src asso-
ciation. To determine whether SHP-2 mediates Src association
with SHPS-1, we analyzed the association of Src and SHPS-1 in
the presence of the same blocking peptide. The IGF-I-induced
increase in Src-SHPS-1 association was decreased in cells
treated with blocking peptide suggesting SHP-2 mediates Src/
SHPS-1 association (Fig. 7D) (2.65 � 0.99-fold increase in cells
with no exposure to peptide compared with 0.65 � 0.1-fold
change in cells exposed to the blocking peptide, p � 0.01).

Cells Expressing SHP-2 with Impaired Binding to c-Src Have
Reduced MAPK Activation and Mitogenesis in Response to
IGF-I—To confirm the importance of SHP-2 in Src/SHPS-1
association, we utilized cells expressing an SHP-2 mutant lack-
ing a proline-rich region (amino acids 559PLPPCTPTPP568),
SHP-2�10. Cells expressing wild type SHP-2 (SHP-2/WT)
were used as a control. The expression levels of SHP-2/WT and
SHP-2�10 were comparable (Fig. 8A). To determine whether
expression of SHP-2�10 led to disruption of c-Src association,
we immunoprecipitated SHP-2 from SHP-2/WT and SHP-
2�10 cells and immunoblotted with an anti-Src antibody (Fig.
8B). The IGF-I-induced increase in c-Src/SHP-2 association
that was seen in control SHP-2/WT cells (2.57� 0.94-fold) was
completely abolished in pSMC-expressing SHP-2�10 (0.73 �
0.39-fold, n � 3, p � 0.05). To determine the consequences of
the loss of this IGF-I-induced association between SHP-2 and

FIGURE 6. Src association with SHPS-1 and effect of Src and Shc disruption
on Shc binding to SHPS-1. A, IGF-I-induced Src association with SHPS-1.
SMCs were stimulated with 100 ng/ml IGF-I. Cell lysates were immunoprecipi-
tated (IP) with an anti-c-Src antibody, and coprecipitation of SHPS-1 was
determined by immunoblotting (IB). The immunoprecipitated Src is shown in
the lower panel. B, Src association with SHPS-1 in cells expressing Src-WT and
Src-FF mutant. Cultures were treated with 100 ng/ml IGF-I. Cell lysates were
immunoprecipitated with an anti-c-Src antibody, and coprecipitation of
SHPS-1 was determined by immunoblotting for SHPS-1. The amount of
immunoprecipitated Src is shown in the lower panel. C, Shc association with
SHPS-1 in cells expressing Src-WT and Src-FF mutant. Cultures were treated
with 100 ng/ml IGF-I. Cell lysates were immunoprecipitated with an anti-Shc
antibody, and coprecipitation of SHPS-1 was determined by immunoblot-
ting. The immunoprecipitated Shc is shown in the lower panel. The experi-
ments in A–C were repeated three times.

FIGURE 7. The effect of SHP-2/Src disruption on Src association with
SHPS-1. A, IGF-I-induced SHP-2 association with c-Src. Cell lysates were
immunoprecipitated (IP) with an anti-c-Src antibody, and coprecipitation of
SHP-2 was determined by immunoblotting (IB). The immunoprecipitated Src
is shown in the lower panel. B, disruption of SHP-2 association with c-Src. The
sequences of the synthetic peptide that contained the polyproline region of
SHP-2 and a control peptide that contains Tyr328 of Src are shown. SMCs were
incubated in the presence or absence of 10 �g/ml of the synthetic peptide
and then stimulated with IGF-I. Cell lysates were immunoprecipitated with an
anti-Src antibody and then immunoblotted for SHP-2. The immunoprecipi-
tated Src is shown in lower panel. The experiments in A and B were repeated
three times. C, the effect of the SHP-2 peptide on the SHP-2/SHPS-1 interac-
tion. SHP-2 was precipitated from cell lysates, and the amount of associated
SHPS-1 was determined by immunoblotting. The immunoprecipitated SHP-2 is
shown in the lower panel. D, the effect of SHP-2/Src disruption on Src association
with SHPS-1. Cell lysates were immunoprecipitated with an anti-c-Src antibody
and then immunoblotted for SHPS-1. The immunoprecipitated Src is shown in
the lower panel. The experiments shown in C and D were repeated two times.
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Src for IGF-I-dependent actions, we analyzed Erk1/2 activation
following IGF-I stimulation in both SHP-2/WT and SHP-2�10
cells. As shown in Fig. 8C, IGF-I induced MAPK activation in
SHP-2/WT-expressing cells that was sustained for 30min. In
contrast, there was a significant impairment in sustained
Erk1/2 phosphorylation in SHP-2�10 cells (at 30 min
decreased by 63 � 3%, p � 0.05). When cell proliferation was
assessed, IGF-I induced a 1.78 � 0.17-fold increase in the
SHP-2/WT cells, and this response was significantly reduced

in cells expressing SHP-2�10
(1.13 � 0.01-fold, n � 9, p � 0.05)
(Fig. 8D).
To confirm that SHP-2 mediates

at least in part Src/SHPS-1 associa-
tion, we then analyzed cells express-
ing the SHP-2�10mutant. IGF-I did
not induce any increase in Src/
SHPS-1 association in SHP-2�10
cells, whereas in control cells, a sig-
nificant increase was observed upon
IGF-I stimulation (Fig. 8E) (1.4 �
0.06-fold increase in control cells
compared with a 1.09 � 0.14-fold
increase in the SHP-2�10 cells, p �
0.05). However, as shown in Fig. 7F,
SHP-2 recruitment to SHPS-1 was
not changed in SHP�10 cells as
compared with control SHP-2/WT-
expressing cells (2.39 � 0.62-fold
increase in control compared with
2.23� 0.63 increase in SHP-2�10, p
value is not significant). Taken
together, these data suggest that
Src/SHPS-1 association is depend-
ent on Src binding to SHP-2.
To further confirm that SHP-2

transfer of Src to SHPS-1 was
required for an optimal Shc phos-
phorylation response, we compared
Shc phosphorylation in cells
expressing either SHP-2/WT or the
SHP-2�10 mutant. In control cells
expressingwild type SHP-2 (SHP-2/
WT), IGF-I stimulated a 2.5 � 1.1-
fold increase in Shc phosphoryla-
tion at 10 min and a 2.5 � 0.5-fold
increase at 20 min (Fig. 8G). In con-
trast in cells expressing SHP-2�10,
Shc phosphorylationwas not stimu-
lated following IGF-I (1.1� 0.3-fold
increase at 10 min and 1.3 � 0.4-
fold increase at 20 min, n � 3, at 20
min p � 0.05). These results further
suggest that Src association with
SHPS-1 is required forShcphospho-
rylation and that its transfer ismedi-
ated by SHP-2.

DISCUSSION

Our prior studies have shown that IGF-I induces Shc phos-
phorylation and that this is necessary for sustainedMAPK acti-
vation and increased cellular proliferation (4). Shc phosphoryl-
ation in response to IGF-I occurs only if Shc is localized to the
membrane scaffold protein SHPS-1. Those studies had shown
that recruitment of SHP-2 to SHPS-1 was necessary but not
sufficient for Shc localization. These studies expand those find-
ings to show in primary, nonimmortalized smooth muscle cell

FIGURE 8. Effect of disrupting SHP-2/Src on IGF-I actions. A, expression of SHP-2/WT and SHP-2�10 in pSMC.
Cells expressing SHP-2/WT or SHP-2 with deletion of the proline-rich region (SHP-2�10) were generated as
described under “Materials and Methods.” Quiescent cells were lysed in RIPA, and expression of HA-tagged protein
was determined by immunoblotting (IB). B, disruption of SHP-2 association with Src in SHP-2-WT or SHP-2�10 cells.
Cultures were stimulated with 100 ng/ml. Cell lysates were immunoprecipitated (IP) with an anti-SHP-2 antiserum
and then immunoblotted for c-Src. The membrane was probed with anti-HA (lower panel). The experiments shown
in A and B were repeated three times. C, MAPK activation in SHP-2/WT and SHP-2�10 cells. Cultures were treated
with 100 ng/ml IGF-I. Cell lysates were analyzed for phospho- and total Erk1/2. The phosphorylation of Erk1/2 was
quantified using scanning densitometry and normalized by the Erk1/2 protein level. Each point is the mean � S.E. of
three separate experiments. D, proliferation of SHP-2/WT and SHP-2�10 cells upon IGF-I stimulation. Cells were
exposed to serum-free medium or stimulated with 50 ng/ml IGF-I for 48 h, and final cell number in each well was
determined. The results represent a mean value of a fold increase (�S.E.) of triplicates from three independent
experiments. E, Src association with SHPS-1 in SHP-2/WT and SHP-2�10 cells. Cultures were stimulated with 100
ng/ml of IGF-I. Cell lysates were immunoprecipitated with an anti-Src antibody and then immunoblotted for SHPS-1.
The total immunoprecipitated Src is shown in lower panel. F, SHP-2 recruitment to SHPS-1 in SHP-2/WT and SHP-
2�10 cells. Cultures were stimulated with 100 ng/ml of IGF-I. Cell lysates were immunoprecipitated with an anti-
SHPS-1 antibody and then immunoblotted for SHP-2. The total immunoprecipitated SHPS-1 is shown in the lower
panel. G, Shc phosphorylation in SHP-2/WT and SHP-2�10 cells. Cultures were treated with 100 ng/ml of IGF-I. Cell
lysates were immunoprecipitated with an anti-Shc antibody and then immunoblotted for phosphotyrosine. The
total immunoprecipitated Shc is shown in the lower panel. The experiments shown in E–G were repeated three
times.
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cultures the following occurs: 1) Src binding to Shc is required
for Shc phosphorylation and for its localization on SHPS-1; 2)
Src localization on SHPS-1 is mediated by SHP-2; and 3) c-Src
activation is induced by IGF-I, and its activation is required for
IGF-I-stimulated SMC proliferation.
Our studies used the following three methods to determine

the consequences of inhibiting Src activity for IGF-I signaling in
SMC. Inhibition of Src activation using the Src family kinase
inhibitor, SU-6656, overexpression of the kinase-dead Src
mutant, or a reduction in Src protein using RNAi resulted in
impaired Shc phosphorylation, decreased MAPK activation,
and a decreasedmitogenic response. These results demonstrate
that IGF-I-stimulated c-Src activation plays an important role
in mediating IGF-I-dependent mitogenesis in SMC.
Multiple studies have demonstrated that growth factors can

activate Src in vascular cell types. The activation of Src has also
been implicated in signaling pathways that are important for
atherosclerosis. Sato et al. (28) showed that reactive oxygen
species generation resulted in increased Src phosphorylation
and that this was required for hypoxia-induced reactive oxygen
species-mediated damage in SMC. Similarly Cho et al. (29)
showed that changes in SMC division that were induced by
glycated low density lipoprotein required Src activation and
that ligand-stimulated, �V�3-mediated inhibition of endothe-
lial cell apoptosis required activation of NF�B through an Src-
dependent mechanism. Overexpression of a kinase-dead
form of Src blocked NF�B activation in this model system
(30). Pressure-induced stress in blood vessels has also been
shown to be associated with Src activation and cell prolifer-
ation, and these changes can be suppressed with Src inhibi-
tors (31). Therefore, Src activation appears to play a role in
the vascular cell response to a variety of stress stimuli, and
this response may modify the responses of these cells to
growth factor stimulation.
Some studies have shown that IGF-I can induce Src kinase

activation and that this response may be necessary for activa-
tion of downstream signaling. The requirement of c-Src tyro-
sine kinase activity for IGF-I to stimulateMAP kinasewas dem-
onstrated in 3T3 preadipocytes (9). Similarly IGF-I-dependent
activation ofAKThas been shown to be Src-dependent. Knowl-
den et al. (32) demonstrated that the Src kinase inhibitor,
SU6656, inhibited IGF-I-stimulated cell growth and that this
effect was epidermal growth factor receptor-dependent. Like-
wise, Sekimoto et al. (33) demonstrated that�V�3 ligand occu-
pancy stimulated association of Src with PYK-2 and that this
association was required for Src activation in response to IGF-I
and downstreamMAP kinase activation. Cui et al. (34) showed
that activation of PI 3-kinase and AKT in oligodendrocytes was
dependent upon Src activation in response to IGF-I and that
inhibition of an Src family kinase reduced AKT activation and
cell survival. Finally, synergy between the actions of angioten-
sin-II and IGF-I in vascular cells requires transactivation of the
IGF-I receptor by Src kinase (35).
To further define themechanism by which Src kinase partic-

ipates in IGF-I-dependent Erk1/2 activation, the critical sub-
strates of Src that are phosphorylated need to be identified.
Previous studies have shown that IGF-I exposure results in
stimulation of Shc phosphorylation and its subsequent binding

to Grb-2 (4, 5, 36), and that stimulation of the interaction
between these signaling intermediates is necessary for an
increase in cell proliferation. Sato et al. (37) demonstrated pre-
viously that residues Tyr239 and Tyr240 in Shc are phosphoryl-
ated by Src and that this occurs in a phosphatidylinositol
4,5-dependent manner. Because we could detect increased
association of Shc and Src in pSMC in response to IGF-I, we
tested the possibility that Shc is phosphorylated by Src follow-
ing IGF-I stimulation. Both cell models wherein WT-Src was
decreased (either by expressing the kinase-dead form of Src or
using RNAi) and cells expressing amutant formof Src that does
not bind to Shc showed impaired Shc phosphorylation in
response to IGF-I. These findings support the conclusion that
the Src/Shc interaction is direct and that Shc binding to Src is
required for Shc phosphorylation. Furthermore, they suggest
but do not prove that c-Src is the kinase that phosphorylates
Shc in response to IGF-I in SMC.
The necessity of Src activation for subsequent Shc activation

andmitogenic signaling has beendemonstrated. Recently IGF-I
was shown to induce Src phosphorylation in vascular endothe-
lial cells, and in this model system Shc was also activated (38).
Sato et al. (39) recently demonstrated that serum stimulation of
NIH3T3 cells resulted in Src/Shc association and that this
occurred through the IDA domain of Src. Peptides that inhib-
ited this association inhibited mitogenesis. They further dem-
onstrated that Src could activate Shc directly. Sayeski and Ali
(40) demonstrated that angiotensin-II stimulated vascular
SMC proliferation through increased Src/Shc colocalization,
which resulted in Shc phosphorylation andGrb-2 association as
well as Erk activation. Pharmacologic inhibition of Src dis-
rupted these molecular signaling events. Other kinases in the
Src family have also been studied. Biedi et al. (41) demonstrated
that IGF-I stimulates the corecruitment of Fyn and Shc to
caveolin-1 and that IGF-I signaling requires this colocalization.
Similarly, a stretch of SMC results in caveolin-dependent local-
ization of Fyn and Shc, and this localization is required for Erk
activation in response to stretch injury. Similar to our findings
with SHPS-1, the tyrosines located on the cytoplasmic domain
of discoid domain receptor-2 are phosphorylated by Src, and
this results in Shc localization (42). These studies support the
conclusion that activation of Shc by Src family kinases may be
an important component of growth factor-induced signaling
and that these events occur in vascular SMC in response to
multiple pathophysiologic stimuli.
The mechanism by which Src binds to Shc has not been def-

initely determined. There are two reports each suggesting a
distinct mechanism for Src and Shc interaction. Weng et al.
(43) reported that their interaction was mediated through the
SH3 domain of Src and proline-rich region of Shc. A second
type of interaction was described by Sato et al. (39, 44) who
demonstrated that Src and Shc interact through the activation
segment of Src and a specific 19-amino acid sequence in the
N-terminal region of Shc.We addressed both possibilities using
cells that expressed two different Shc mutants, e.g. Shc with
prolines substituted to alanines (making proline-rich region
nonfunctional) (4) or Shc with deletion of the N-terminal
region (amino acids 29–45). Neither of these experimental
models showed a significant disruption of Src and Shc associa-
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tion (data not shown). In contrast, our results show that in
SMC, Src/Shc association can be disrupted using blocking pep-
tides that contain the sequences flanking eitherTyr328 orTyr358
on Src. In addition, the binding of Shc to Src was disrupted in
cells overexpressing themutant formof Src that contained phe-
nylalanine substitutions for these two tyrosines. Because these
two tyrosines are contained in YXX(L/I) motifs, the results sup-
port the conclusion that Tyr328/Tyr358 of Src binds to the SH2
domains of Shc to mediate the interaction between these two
proteins. Cells expressing this mutant had impaired Shc and
MAPK phosphorylation and a decreased cell growth response
to IGF-I. This further supports the conclusion that Src-medi-
ated Shc activation is required for IGF-I stimulation of these
cellular events.
The argument can be raised that the use of the dominant-

negative Src kinase may inhibit other signaling pathways that
may need to be activated to increase cell proliferation.
Although we do not have a model system that we have proven
disrupts the Src/Shc interaction exclusively, we present evi-
dence, using cells that express an Src-FF mutant in which the
Src/Shc interaction was disrupted, that this change had no
effect on Src activation but that it led to impaired Shc phospho-
rylation and IGF-I-stimulated cell proliferation. Because this
would only disrupt Src interaction with SH2 domain-contain-
ing proteins that can bind to Tyr328 or Tyr358 in Src and would
have no effect on the ability of Src to phosphorylate other sub-
strates, our findings support the conclusion that this interac-
tion is direct and necessary for Shc phosphorylation.
Previously we have demonstrated that the membrane pro-

tein SHPS-1 functions as scaffold protein for the recruitment of
SHP-2 and Shc (4). SHP-2 recruitment to SHPS-1 is necessary
but not sufficient for Shc to be phosphorylated in response to
IGF-I (4). Because our results show that c-Src activation and
Src/Shc association are required for IGF-I-stimulated Shc and
MAPK phosphorylation, these findings taken together suggest
that Src has to be recruited to SHPS-1 for these responses to
occur. Indeed we could detect Src/SHPS-1 association in SMC,
and this association is enhanced upon IGF-I addition. More-
over, in cells expressing a mutant form of Src that did not bind
to Shc, Shc associationwith SHPS-1was impaired, although Src
association with SHPS-1 was not altered. These data support
our conclusion that Src binding to Shc is required for Shc
recruitment to SHPS-1.
SHP-2 is an important regulator of IGF-I signaling. SHP-2

recruitment to the plasma membrane via ligand-stimulated
activation of the �V�3 integrin is required for IGF-I to stimu-
late SHP-2 transfer to SHPS-1 which is required for optimal
MAPKactivation (18, 19) andmitogenic signaling (20). Because
others have shown that there is an Src/SHP-2 interaction (16)
and we could coimmunoprecipitate Src and SHP-2 in SMC, we
hypothesized that SHP-2 binding to c-Src plays a role in Src
localization to SHPS-1 following IGF-I stimulation. When the
association between Src and SHP-2 was disrupted using either
cell-permeable peptide homologous to proline-rich regions of
SHP-2 or in cells expressing SHP-2�10mutant, this resulted in
a decrease in Src/SHPS-1 association, although neithermethod
altered SHP-2 association with SHPS-1. Furthermore, cells
expressing a mutant form of SHP-2 that did not associate with

Src showed no sustained increase in MAPK activation, and cell
proliferation did not increase in response to IGF-I. Taken
together with our previous findings, this suggests that neither
Src nor Shc can bind directly to SHPS-1 and that their binding
to SHPS-1 is mediated through SHP-2. Therefore, we conclude
that the SHP-2/Src interaction is necessary for Src and Shc
localization to SHPS-1 and for an optimal cell replication in
response to IGF-I.
At present there are insufficient data in other cell types to

form a definitive conclusion as to the general applicability of
this signaling system in mediating IGF-I actions in other cell
types. Intestinal smooth muscle cells express �V�3, and block-
ing ligand occupancy of this integrin inhibits IGF-I actions (45).
Endothelial cells have abundant �V�3, which can function to
localize Shc to the cell membrane (41, 46), and our studies have
shown that blocking ligand occupancy of endothelial �V�3
attenuates IGF-I-stimulated Shc activation and cell growth.
Skeletal unloading results in decreased �V�3 expression in
osteoblasts, and they become refractory to stimulation of the
MAP kinase pathway activation and growth by IGF-I (47). Sev-
eral cell types have been shown to have enhanced�V�3 expres-
sion, and in some cases this has led to enhanced IGF-I signaling
or actions (48). Several studies have shown that a variety of cell
types utilize Shc activation in response to IGF-I to signal to
MAP kinase (3, 5, 6, 9, 15, 36, 37, 49, 50), and in some cell types
IRS-1-mediated signaling has been shown to be down-regu-
lated in response to stress or changes in nutrient availability (51,
52). However, the frequency with which this pathway is acti-
vated selectively during normal growth in vivo or whether its
role is limited to pathophysiologic states such as following vas-
cular injury has not been determined (53).
In summary our results show that Src plays an important role

in Shc phosphorylation. Following IGF-I stimulation, a com-
plex assembles on SHPS-1 that contains SHP-2, which binds
directly to SHPS-1 and mediates both Src and Shc localization.
Formation of this complex is necessary for Shc phosphorylation
and MAP kinase activation. SHP-2 recruitment of Shc to
SHPS-1 provides a means for linking signaling that is activated
by �V�3 and the IGF-I receptor. SHP-2 localization to the cell
membrane is dependent upon �V�3 ligand occupancy that is
required for its subsequent transfer to SHPS-1. However,
SHP-2 transfer from �V�3 to SHPS-1 also requires IGF-I stim-
ulation of SHPS-1 phosphorylation. Because Shc transfer to
SHPS-1 is required for Shc phosphorylation and downstream
signaling that are linked to the ability of IGF-I to stimulate cell
replication, these findings help to further explain how blocking
�V�3 activation leads to attenuation of IGF-I receptor-linked
signaling and biologic actions.
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