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Abstract In vascular smooth muscle cells, IGF-I stimu-
lates SHPS-1/SHP2/Src complex formation which is
required for IGF-I-stimulated cell proliferation. Using
SHP2/Src silencing and a Pyk2/Y402F mutant, we showed
that Pyk2 was also recruited to the SHPS-1 complex. Pyk2
recruitment to SHPS-1 is mediated via the interaction of
Pyk2 Tyr402 and the Src in response to IGF-I. Following
Src/Pyk2 association, Src phosphorylates Pyk2 on Tyr881
providing a binding site for Grb2. Cells expressing
Pyk2/Y881F showed decreased Grb2 recruitment to SHPS-1
and impaired Shc/Grb2 association. This change led to
reduced Erk1/2 (MAP kinase) activation and cell prolifer-
ation in response to IGF-I. Our results show that, following
its recruitment to the SHPS-1 signaling complex, Pyk2
localizes Grb2 in close proximity to Shc thereby facilitat-
ing Shc/Grb2 association which leads to Erk1/2 activation
in response to IGF-I. Thus, Pyk2 recruitment to SHPS-1
plays an important role in regulating the IGF-I-stimulated
mitogenic response.

Keywords IGF-I - SHPS-1 - Pyk2 - Grb2 - Shc -
MAP kinase - Cell proliferation

Electronic supplementary material The online version of this
article (doi:10.1007/s00018-010-0411-x) contains supplementary
material, which is available to authorized users.

X. Shen - G. Xi - Y. Radhakrishnan - D. R. Clemmons
Department of Medicine, School of Medicine,
University of North Carolina, Chapel Hill, NC 27599, USA

D. R. Clemmons (D)

Division of Endocrinology, University of North Carolina
at Chapel Hill, CB# 7170, 8024 Burnett-Womack,
Chapel Hill, NC 27599-7170, USA

e-mail: david_clemmons@med.unc.edu

Introduction

IGF-I has diverse biological actions, including regulation
of cellular proliferation, differentiation, migration, and
survival [1]. The biological effects of IGF-I are mediated
through its receptor tyrosine kinase, which phosphorylates
specific substrates to activate downstream signaling [2, 3].
SH2 domain-containing protein tyrosine phosphatase sub-
strate 1 (SHPS-1) is an integral membrane protein that acts
as a scaffold for multi-protein signaling complexes that are
assembled in response to IGF-I in cells exposed to hyper-
glycemia. IGF-I stimulates SHPS-1 phosphorylation
resulting in localization of SHP2, which then recruits
the Src/Shc complex to phosphorylated SHPS-1. This
recruitment is necessary for IGF-I-stimulated Shc phos-
phorylation, Shc/Grb2 association, and subsequent ERK1/2
(MAP kinase) activation as well as cell proliferation [4-6].
Recently, we reported that multiple other proteins are
recruited to the SHPS-1 signaling complex and that this
molecular scaffold plays a novel role in the regulation of
IGF-I-stimulated signal transduction and biological actions [7].

The proline-rich tyrosine kinase 2 (Pyk2), also known as
RAFTK, CAK, and CADTK, is a nonreceptor tyrosine
kinase that is structurally related to focal adhesion kinase
[8, 9]. Pyk2 plays an important role in cellular pro-
cesses, including cytoskeletal rearrangement, proliferation,
migration, inflammatory responses, and apoptosis [10-22].
In response to stimuli, such as Angiotensin II, Pyk2 Tyr402
is autophosphorylated. In some test systems, this auto-
phosphorylation leads to Src tyrosine kinase recruitment
[23, 24]. Subsequently, Src phosphorylates Pyk2 on Tyr881
which provides a binding site for Grb2 [8, 25, 26]. Prior
studies have suggested that Pyk2 is involved in activation
of the Ras/ERK pathway [8, 19, 26-28]. Rocic et al. [19]
suggested that the association of Shc, Pyk2, and Grb2


http://dx.doi.org/10.1007/s00018-010-0411-x

3894

X. Shen et al.

correlates with an increase in the tyrosine phosphorylation
of Tyr881. However, none of these studies clearly eluci-
dated the mechanism by which Pyk2 mediated MAP kinase
activation.

Our prior studies have shown that truncation of cyto-
plasmic domain of SHPS-1 significantly impairs IGF-I-
stimulated Erk1/2 activation and cell proliferation [4, 5].
IGF-I stimulates SHPS-1/SHP-2/Src/Shc and Shc/Grb2
complex formation which is required for MAP kinase
pathway activation. Pyk2 has been shown to associate
with SHPS-1 following macrophage activation [29].
However, whether Pyk2 associates with SHPS-1 or if it
plays a role in mediating Grb2 recruitment to the SHPS-1
complex in response to IGF-I has not been determined. In
the present study, we analyzed the role of the SHP2/Src
complex in the recruitment of Pyk2 to SHPS-1. We also
investigated the role of Pyk2 in the recruitment of Grb2 to
the SHPS-1 signaling complex and determined the
molecular domains within each protein that were required
for their interaction. By inhibiting their interactions, we
were able to determine how they functioned to activate
MAP kinase phosphorylation and cell proliferation in
response to IGF-I.

Materials and methods

Human IGF-I was a gift from Genentech (South San
Francisco, CA). Dulbecco’s modified medium (DMEM)
containing 4,500 mg glucose per liter (25 mM) was pur-
chased from GIBCO (Grand Island, NY), and penicillin
and streptomycin were purchased from Invitrogen
(Carlsbad, CA). Blasticidin was obtained from Invitrogen
(San Diego, CA). Antibodies that detected pSrc (Y419)
and pPyk2 (Y402) or (Y881) were from Invitrogen
(BioSources brand; Camarillo, CA). The anti-f-actin
antibody was from Cell Signaling technology (Danvers,
MA). Anti-Grb2 (rabbit) and the monoclonal anti-phos-
photyrosine antibody (pY99) were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). The Grb2 mono-
clonal antibody (mouse) and Pyk2 monoclonal antibody
(mouse) were purchased from BD Bioscience (San Diego,
CA). The anti-SHP2 and anti-Pyk2 antibodies (rabbit)
were purchased from Upstate Cell Signaling Solutions/
Millipore (Lake Placid, NY). The anti-Src antibody was
purchased from Calbiochem (San Diego, CA). A poly-
clonal antibody for the extracellular domain of SHPS-1 or
SHP2 was generated in our laboratory [7]. Two synthetic
peptides (pept.#142: YARAAARQARASPLPPCTPTPP
CA and cont#136: YARAAARQARAVQLYAVVSEE)
were prepared as described previously [5]. All other
reagents were purchased from Sigma (St. Louis, MO)
unless otherwise stated.

Cell culture

VSMCs were prepared from porcine aortas and maintained
in culture as described previously [30].

Generation of pLenti expression vectors

The following pLenti expression vectors were generated:
pLenti-HA-Pyk2 wild-type (Pyk2/WT), pLenti-HA-Pyk2/
Y402F (Pyk2/Y402F), pLenti-HA-Pyk2/Y881F (Pyk2/
Y881F), pLenti-HA-SHP2 wild-type (SHP2/WT), pLenti-
HA-SHP2/P561/562/565/567/568A (SHP2/5PA), pLenti-
HA-p52Shc wild-type (Shc/WT), and pLenti-HA-p52Shc
mutant (SHC/3YF: Shc/Y239F/Y240F/Y317F). The full-
length Pyk2/WT, Pyk2/Y402F, and Pyk2/Y881F were
PCR-amplified using pcDNA-myc-Pyk2/WT, pcDNA-
myc-Pyk2/Y402F, and pcDNA-myc-Pyk2/Y881F con-
structs kindly provided by Drs. H.S. Earp and Lee M.
Graves at the University of North Carolina at Chapel Hill,
and cloned into the pENTR/D-TOPO Gateway entry vector
according to the manufacturer’s instructions (Invitrogen).
The forward and reverse primers used to generate the PCR
product were: forward primer, 5'-CACC ATG TCC GGG
GTG TCT GAG CCC CTG-3'; and reverse primer, 5'-TTA
AGC GTA ATC TGG AAC ATC GTA TGG GTA CTC
TGC AGG CGG GTG GGC-3'. The forward primer
includes an ATG (underlined) start site. The reverse primer
contained the sequence encoding HA epitope (underlined)
followed by the stop codon (bold).

Using the pENTR-SHP2/WT as template, the proline at
positions 561,562, 565, 567 and 568 were mutated to alanine
(SHP2/5PA) by double-stranded mutagenesis. PCR ampli-
fication was carried out using forward primer 5'-gagatc
agagccctctcGegGettgtactGeaacgGeaGcectgtgecagaaatgagaga
aga-3’ and reverse primer 5'-tcttctctcatttctgcacaggCtgC
cgttgCagtacaagCcgCgagagggctctgatctc-3’  where  capital-
ized bases indicate the substitutions. Point mutations were
introduced using standard method (Quick Change; Strata-
gene, La Jolla, CA). SHC/WT and SHC/3YF were prepared
as described previously [4]. After selection of correct clones
based on sequencing, the cDNAs encoding the wild-type and
mutant proteins were transferred from the entry vector into
pLenti6/V5-DEST Gateway vector using the LR Clonase
reaction following the manufacturer’s instructions (Invitro-
gen). Similarly VSMCs expressing these cDNAs were
prepared as described previously [4].

Construction of a plasmid containing short hairpin
RNA (shRNA) template for SHP2, Src,
and Pyk2 silencing

Based on Invitrogen website design tools, sequences con-
taining 21 oligonucleotides located within the proteins of
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interest were used to construct the shRNA template plas-
mids. The top strand and bottom strand used to generate the
shRNA template plasmid for SHP2 were: top strand,
5'-CACCGCAATGATGGCAAGTCTAAAGCGAACTTT
AGACTTGCCATCATTGC-3' and bottom strand, 5'-AA
AAGCAATGATGGCAAGTCTAAAGTTCGCTTTAGA
CTTGCCATCATTGC-3'; for Pyk2, they were: top strand,
5'-CACCGCTTCTATAGCAACAGCTTCACGAATGAA
GCTGTTGCTATAGAAGC-3' and bottom strand, 5'-AAA
AGCTTCTATAGCAACAGCTTCATTCGTGAAGCTGT
TGCTATAGAAGC-3'. Each sequence contains 21 oligo-
nucleotides in the shRNA template (underline), the loop
sequence (usually in the middle, CGAA) and CACC in the
5’ top strand and AAAA in the bottom strand. The oligo-
nucleotides were annealed to form a double strand and
ligated into BLOCK-iT™ U6 RNAi Entry Vector (Cat#
K4945-00; Invitrogen). The complete sequences were
verified by DNA sequencing. The expression vector was
generated using the Gateway LR recombination reaction
between the Entry Vector and BLOCK-iT™ Lentiviral
RNAi Gateway® Vector (Cat# K4943-00; Invitrogen).
Construction of the plasmid containing shRNA template
for Src was prepared as described previously [5]. The
expression vector of shRNA template for Lac Z was used
as a control. After confirmation of the sequences, the
plasmid DNAs were prepared and purified using the Plas-
mid Midi Kit (Promega, Madison, WI) according to the
manufacturer’s instructions.

Generation of virus stocks and establishment of SMCs
expressing pLenti construct

293FT cells (Invitrogen) were utilized for generation of
virus stocks that were used to transfect VSMC and obtain
cells expressing Pyk2/WT, Pyk2/Y402F, Pyk2/Y881F,
SHC/WT, SHC/3YF, SHP2/WT, SHP2/5PA, si-SHP2,
si-Src, si-Pyk2, and si-LacZ. These cell lines were
established using procedures that have been previously
described [4, 5, 31, 32]. The expression of the HA-tagged
Pyk2/WT, Pyk2/Y402F, Pyk2/Y881F, SHC/WT, SHC/
3YF, SHP2/WT or SHP2/5PA protein was detected by
immunoblotting with an anti-HA antibody (1:1,000); The
effectiveness of shRNA for inhibiting SHP2 or Src or
Pyk2 expression was determined by immunoblotting with
antibodies that reacted with each protein and comparing
the results to SMCs expressing the LacZ shRNA. The
immune complexes were detected using either a horse-
radish peroxidase-conjugated anti-rabbit or anti-mouse
secondary antibody and developed with enhanced
chemiluminescence following the manufacturer’s instruc-
tions (Pierce, Rockford, IL).

Immunoprecipitation, double immunoprecipitations
and immunoblotting

Cells were seeded at 2 x 10° cells per 10-cm plate (BD
Biosciences, Franklin Lakes, NJ) and grown for 6 days to
reach confluence. The cultures were incubated in serum-free
DMEM-H for 16-18 h before the addition of IGF-I
(50 ng/ml). The cell monolayers were lysed in a modified
radioimmunoprecipitation assay (RIPA) buffer in the pres-
ence of protein phosphorylation inhibitors [4]. The cell
lysates were centrifuged at 14,000g for 10 min at 4°C. The
supernatants containing crude membrane and cytosolic
proteins were exposed to the following dilutions anti-SHPS-1
(1:500) antibody or other antibodies (as indicated) overnight
at 4°C. The immunoprecipitates were immobilized using
protein A or protein G beads for 2 h at 4°C and washed three
times with the same lysis buffer. The precipitated proteins
were eluted in 40 pl of 2x Laemmli sample buffer, boiled
for 5 min, and separated on an 8 or 10 or 12% SDS-PAGE,
then transferred to Immobilon-P membranes, and probed
with an antibody against the protein of interest. The proteins
were visualized using enhanced chemiluminescence fol-
lowing the manufacture’s instructions (Pierce). For double
immunoprecipitations [33], the first immunoprecipitation
was performed with an anti-SHPS-1 antibody or a normal
rabbit IgG (control). The beads were resuspended in 30 pl of
SDS buffer (20 mM Tris pH 7.5, 50 mM NaCl, 2% SDS)
containing 1 mM DTT. The resuspended supernatant was
added to cold RIPA buffer (final concentration 0.1% SDS)
and incubated overnight, then used for a second immuno-
precipitation with an anti-Grb2 antibody or normal rabbit
IgG as described above. The resultant supernatant was used
for a second immunoprecipitation with an anti-Grb2 anti-
body or normal rabbit IgG as described above.

Cell proliferation assay

Assessment of SMC proliferation was performed as
described previously [34]. Cells were incubated with or
without IGF-I (50 ng/ml) in serum-free DMEM-H con-
taining 0.2% platelet-poor plasma for 48 h, and cell
number was determined by counting. Each treatment was
analyzed in triplicate, and the results represent mean values
of three independent experiments.

Statistical analysis

Student’s ¢ test was used to compare differences between
treatments. The results that are shown in all experiments
are the representative of at least three independent exper-
iments and expressed as the mean & SE.
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Results

IGF-I stimulates Pyk2 recruitment to SHPS-1 and Pyk2
localization is mediated by Src

Prior studies have shown that formation of a signaling
complex on SHPS-1 is required for IGF-I-stimulated MAP
kinase activation in SMCs [4, 5]. Since Pyk2 has been
reported to play an essential role in activation of MAP
kinase pathway [19, 26-28, 35], we determined whether
Pyk2 was recruited to SHPS-1 in response to IGF-I
stimulation. IGF-I stimulated a 5.1 £ 1.2 (mean & SE)-
fold increase in SHPS-1/Pyk2 association (Fig. la). To
investigate the mechanism of Pyk2 recruitment to SHPS-1,
we focused on the role of Src kinase since it had been
shown to bind to Pyk2 and to be recruited to SHPS-1 in
response to IGF-I [5, 23]. IGF-I stimulated a 4.6 &+ 1.1-
fold increase in Src/Pyk2 association (Fig. 1b). This result
was confirmed, by immunoprecipitating Pyk2 and immu-
noblotting Src or SHPS-1 (Fig. 1c). To determine if Src
was absolutely required, we prepared a stable cell line
using Src shRNA. Src expression was reduced by
80 + 11% (Fig. 2a). This resulted in impairment of Pyk2
recruitment to SHPS-1 compared to the control cells
following IGF-I stimulation (5.5 & 1.3 compared to
1.2 £ 0.2-fold, n = 3, p < 0.01) (Fig. 2b). Interestingly,
Src knockdown also significantly impaired Pyk2 tyrosine
phosphorylation in response to IGF-I (71 £+ 9.2% reduc-
tion, n = 3, p < 0.01) (Fig. 2c). Pyk2 has several tyrosine
phosphorylation sites, and Tyr402 and Tyr881 have been
shown the essential for mediating its biological functions
(Fig. 2d) [8, 19, 21, 23-25]. IGF-I stimulated Pyk2
Tyr402 phosphorylation in control cells and this response
was unchanged when Src was silenced (Fig. 2e). This
suggests that IGF-I-stimulated Pyk2 phosphorylation of
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Fig. 1 Pyk2 is recruited to the SHPS-1/Src complex in response to
IGF-1. a,b Nontransfected cultures were serum starved and then
stimulated with IGF-I. The cell lysates were immunoprecipitated (IP)
with (a) anti-SHPS-1 antibody or (b) anti-Src antibody followed by
immunoblotting for Pyk2. To control for loading, the blot was
stripped and reprobed with (a) anti-SHPS-1 or (b) anti-Src antibodies,
respectively. ¢ The above cell lysates were immunopreciptated (IP)
with anti-Pyk2 and immunoblotted (IB) for SHPS-1 (upper panel) and
Src (middle panel). To control for loading, the blot was stripped and
reprobed with anti-Pyk2 antibody

Tyr402 is Src independent. To confirm the importance of
SHPS-1/Src association for Pyk2 recruitment, we focused
on SHP2 since it mediates Src recruitment to the SHPS-1
complex [5]. SHP2 knockdown reduced its expression by
84 £+ 9% (Fig. 2f). Using these cells, we showed that
SHPS-1/Pyk2 association was significantly reduced in
response to IGF-I, compared to the control cells (Fig. 2g).
More importantly, in control cells, SHP2/Pyk2 association
was preserved whereas in Src-silenced cells it was
markedly reduced (Fig. 2h). Our previous studies had
shown that Src association with SHPS-1 is mediated by
SHP2 through an interaction between a polyproline
sequence in SHP2 and the SH3 domain in Src following
IGF-I stimulation [5]. To exclude the possibility that
SHP2 was able to directly recruit Pyk2 to SHSP-1, a
mutant in which prolines 561, 562, 565, 567, and 568 in
SHP2 were substituted with alanines (SHP2/5PA), was
constructed and expressed. The levels of HA and SHP2
were confirmed to be the same when SHP2/WT and
SHP2/SPA  mutant-expressing cells were compared
(Fig. 2i). Consistent with our previous finding [5], the
SHP2/5PA mutant had significantly reduced SHP2 asso-
ciation with Src in response to IGF-I compared to SHP2/
WT-expressing cells (Fig. 2j). SHP2/Pyk2 association was
inhibited significantly in SHP2/5PA mutant-expressing
cells compared to SHP2/WT-expressing cells in response
to IGF-1 (Fig. 2j), whereas IGF-I-stimulated Src Tyr419
(autoactivation) and Pyk2 Tyr402 phosphorylation were
not impaired (Electronic supplementary material, ESM,
Fig. 1A and 1B). These data suggested that the SH2
domain of SHP2 did not bind to phosphorylated tyrosine
sites in Pyk2. More importantly, we confirmed that
expression of the SHP2/5PA mutant significantly impaired
Pyk2 recruitment to SHPS-1 in response to IGF-I
(Fig. 2k). Moreover, disruption of SHP2 and Src associ-
ation by a cell-permeable peptide (P142), which contained
the polypoline-rich region of SHP2, impaired SHP2/Src
association in response to IGF-I (ESM, Fig. 2B) [5] and
subsequently disrupted Pyk2/SHP2 association whereas a
control peptide 136 (P136) had no effect (ESM, Fig. 2A).
These results confirm that Pyk2 recruitment to SHPS-1 is
mediated by its direct association with Src followed by
recruitment of the Src/Pyk2 complex to SHPS-1 via SHP2.

To further investigate the mechanism of Pyk2 recruit-
ment, we focused on Pyk2 Tyr402. Previous studies have
shown that this residue is autophosphorylated, creating a
binding site for the SH2 domain of Src [23, 26]. Therefore,
we determined the effect of IGF-I on Pyk2 Tyr402 phos-
phorylation. IGF-I stimulated 4.8 + 0.9-fold increase of
Tyr402 phosphorylation (Fig. 3a). To further analyze the
role of IGF-I-stimulated Pyk2 Tyr402 phosphorylation in
recruitment of Pyk2 to SHPS-1, SMCs expressing wild-type
Pyk2 (Pyk2/WT), or a Pyk2 mutant (Pyk2/Y402F) were
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Fig. 2 Src or SHP2 knock-down attenuates Pyk2 recruitment top» A

SHPS-1. a SMCs were transduced with LacZ shRNA (control) or Src
shRNA template plasmid and analyzed for Src protein expression.
Cell lysates were immunoblotted with anti-Src antibody. The blot was
stripped and reprobed with anti-f-actin antibody as a loading control.
Quiescent Src knock-down SMCs were stimulated with IGF-1. Cell
lysates were immunoprecipitated (IP) with anti-SHPS-1 antibody (b)
or anti-Pyk2 antibody (c) followed by immunoblotting with the
antibody indicated (upper panel). To control for loading, the blot was
stripped and reprobed with the antibody indicated (lower panel).
d Diagram of the pyk2 phosporylation sites. The autophosphorylation
of Pyk2 at Try402 provides a binding site for Src tyrosine kinase
recruitment, and subsequently, Src phosphorylates Pyk2 on Tyr881
which provides a binding site for Grb2. e Autophosphorylation of
Pyk2 at Tyr402 in Src knock-down cells. Twenty micrograms of cell
lysate was directly immunoblotted for phospho-Pyk2 (Y402). The
blot was stripped and reprobed with anti-Pyk2 antibody as a loading
control. f SMCs were transduced with LacZ shRNA (control) or SHP2
shRNA template plasmid and analyzed for SHP2 protein expression.
Cell lysates were immunoblotted with anti-SHP2 antibody. The blot
was stripped and reprobed with anti-f-actin antibody as a loading
control. Quiescent SHP2 knock-down or Src knock-down SMCs were
stimulated with IGF-I. Cell lysates were immunoprecipitated (IP)
with anti-Pyk2 antibody (g) or anti-SHP2 antibody (h) followed by
immunoblotting with the antibody indicated (upper panel). To control
for loading, the blot was stripped and reprobed with the antibody
indicated (lower panel). i SMCs expressing SHP2/WT or SHP2/5SPA
were lysed. The blot was probed with an anti-HA antibody or anti-
SHP2 antibody to detect expression of SHP2/WT or SHP2/5PA.
Jj Quiescent SHP2/WT- or SHP2/5PA-expressing SMCs were stim-
ulated with IGF-I for 5 min. Cell lysates were immunoprecipitated
(IP) with anti-HA antibody and immunoblotted (IB) for the protein of
interest. To control the loading, the blots were stripped and reprobed
with anti-HA antibody. k Quiescent SHP2/WT or SHP2/5PA
expressing SMCs were stimulated with IGF-I for 5 min. Cell lysates
were immunoprecipitated (IP) with anti-SHPS-1 antibody and
immunoblotted (IB) for Pyk2. To control the loading, the blots were
stripped and reprobed with anti-SHPS-1 antibody

prepared. The expression levels of Pyk2/WT and the Pyk2/
Y402F were comparable (Fig. 3b). The Pyk2/Y402F
mutant-expressing cells showed no Tyr402 phosphorylation
basally or in response to IGF-I (Fig. 3c). Src/Pyk2 associa-
tion was significantly reduced in Pyk2/Y402F-expressing
cells in response to IGF-I (Fig. 3d). Following IGF-I stim-
ulation, localization of Pyk2 on SHPS-1 was also reduced in
Pyk2/Y402F-expressing cells (Fig. 3e). In contrast, IGF-I-
stimulated Src recruitment to SHPS-1 was not affected
(Fig. 3f), thus demonstrating that IGF-I-stimulated SHPS-1/
Src association did not require Src/Pyk2 association. Taken
together, these data indicate that Src mediates Pyk2
recruitment to SHPS-1 via its interaction with phosphory-
lated Tyr402 in Pyk2.

Knockdown Pyk?2 confirms its essential role
in mediating IGF-I-dependent MAP kinase activation
and cell proliferation

To determine the significance of Pyk2 recruitment to
SHPS-1 for IGF-I signaling and growth stimulation, we
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prepared SMC-expressing Pyk2 shRNA. We achieved
an 88 + 7% reduction in Pyk2 (Fig. 4a). In Pyk2-
silenced cells, IGF-I-stimulated Erk1/2 activation was
significantly attenuated compared to control cells
(74 £ 8.5% reduction; n = 3, p < 0.01) (Fig. 4b). Cell
proliferation in response to IGF-I in Pyk2-silenced cells
was also significantly reduced (2.3 £ 0.3-fold increase
in control cells and a 1.1 £ 0.1-fold change in Pyk2-
silenced cells; n = 6, p <0.01) (Fig. 4c). In contrast,
IGF-I-stimulated Src recruitment to SHPS-1 and phos-
phorylation of Src at Tyr419 (autoactivation) were not
impaired (ESM, Fig. 3A and B), demonstrating that
Pyk2 is downstream of Src. Previous studies have
demonstrated that Grb2 recruitment to the plasma
membrane is necessary for Erkl1/2 activation, and our
studies have shown that factors that mediate Grb2
recruitment to the SHPS-1 complex play a role in
regulating the cell proliferation in response to IGF-I. In
Pyk2-silenced cells, Grb2 localization on SHPS-1 was
significantly impaired in response to IGF-I stimulation
compared to control cells (Fig. 4d). This finding sug-
gests that Grb2 recruitment to SHPS-1 is Pyk2-
dependent and that Pyk2-mediated Grb2 recruitment to
SHPS-1 is required for cell proliferation in response to
IGF-1.
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Fig. 3 Pyk2 Tyrd402 is essential for Src binding, Pyk2 tyrosine
phosphorylation and Pyk2 recruitment to SHPS-1. a IGF-I induces
Pyk2 auto-phosphorylation at Tyr402. Cultures were treated with
IGF-I for 2 min. The cell lysates were immunoblotted for phospho-
Pyk2 (Y402). The blots were stripped and reprobed with anti-Pyk2
antibody as a loading control. b SMCs expressing Pyk2/WT or Pyk2/
Y402F were lysed. The blot was probed with an anti-HA or an anti-
Pyk2 antibody to detect expression of Pyk2/WT or Pyk2/Y402F.
c—f Quiescent Pyk2/WT or Pyk2/Y402F expressing SMCs were
stimulated with IGF-I for 2 or 5 min. Cell lysates were immunopre-
cipitated (IP) with anti-HA antibody or anti-SHPS-1 antibody and
immunoblotted (IB) for the protein of interest (upper panels). To
control the loading, the blots were stripped and reprobed with anti-
Pyk2, anti-HA antibody or an anti-SHPS-1 antibody

Pyk2 mediates Grb2 recruitment to SHPS-1 via Tyr881
phosphorylation, leading to MAP kinase activation
and mitogenesis in response to IGF-I

Following Src/Pyk2 association, Src subsequently phos-
phorylates three other tyrosines on Pyk2 including the
Tyr881 in response to IGF-1. Knockdown of Src resulted in
a major decrease in Pyk2 tyrosine phosphorylation
(Fig. 5a) and cells expressing the Pyk2/Y402F mutant, in
which Src/Pyk2 was disrupted also had reduced Tyr881
phosphorylation (1.1 £ 0.1 vs 4.5 £ 0.9-fold; n =3,
p < 0.01) (Fig. 5b). This was accompanied by reduced
Pyk2/Grb2 association (Fig. 5b).

To definitely determine if Pyk2 recruitment of Grb2
played a role in mediating IGF-I-stimulated SMC prolif-
eration, we prepared a Pyk2/Y881F mutant. Comparable
expression levels of Pyk2/Y881F mutant and wild-type
Pyk2 were confirmed by immunoblotting using anti-HA
and anti-Pyk2 antibodies (Fig. 6a). The Pyk2/Y881F
mutant showed a complete loss of Tyr881 phosphorylation
in response to IGF-I (Fig. 6b), and Pyk2/Grb2 association
in response to IGF-I was significantly impaired compared
to Pyk2/WT cells (1.0 £ 0.1 vs 4.9 + 0.8-fold; n = 3,
p < 0.01) (Fig. 6¢c). However, Pyk2 autophosphorylation
(Tyr402 phosphorylation) was unchanged (Fig. 6d).

Fig. 4 Pyk2 knock-down attenuates Erk1/2 phosphorylation and cell
proliferation in response to IGF-I. a SMCs were transduced with
LacZ shRNA (control) or Pyk2 shRNA template plasmid and
analyzed for Pyk2 protein expression. Cell lysates were immunoblot-
ted with anti-Pyk2 antibody. The blot was stripped and reprobed with
anti-f-actin antibody as a loading control. b Twenty micrograms of
cell lysate was used for detection of phospho-Erk1/2. The blot was
stripped and reprobed with anti-Erk1/2 antibody as a loading control.
The protein levels were quantified using scanning densitometry. The
graph shows the mean result from three independent experiments
expressed as relative pERK/ERK ratio that was calculated from
arbitrary scanning units (b, lower panel). ¢ Proliferation of Pyk2/WT
or Pyk2/Y881F mutant cells following IGF-I stimulation. Cell
proliferation was determined as described in “Materials and meth-
ods”. The results represent a mean value (£SE) of six independent
experiments. d Quiescent Pyk2 knock-down SMCs were stimulated
with IGF-I. Cell lysates were immunoprecipitated (IP) with anti-
SHPS-1 antibody and immunoblotted (IB) for Grb2. To control the
loading, the blot was stripped and reprobed with anti-SHPS-1
antibody
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Fig. 5 Src phosphorylates Pyk2 Tyr881 which is essential for
subsequent Grb2 association. a Phosphorylation of Pyk2 Tyr881 in
Src knock-down cells. Twenty micrograms of cell lysate was directly
immunoblotted for phospho-Pyk2 (Y881). The blot was stripped and
reprobed with anti-Pyk2 antibody as a loading control. b Quiescent
Pyk2/WT- or Pyk2/Y402F-expressing SMCs were stimulated with
IGF-I. Cell lysates were immunoprecipitated (IP) with anti-HA
antibody and immunoblotted (IB) with an antibody indicated (upper
panel). To control the loading, the blots were stripped and reprobed
with anti-Pyk2 antibody (lower panel)
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Importantly, inhibition of Pyk2/Grb2 association resulted
in a major decrease in Grb2 recruitment to SHPS-1
(1.5 £ 0.4 vs 4.6 £ 1.1-fold; n = 3, p < 0.05) (Fig. 6e).
IGF-I-stimulated Erk1/2 phosphorylation was significantly
reduced (67 = 11% reduction; n = 3, p < 0.05) compared
to the Pyk2/WT cells (Fig. 6f). Additionally IGF-I stimu-
lated a 2.6 & 0.2-fold increase in cell number in control,
Pyk2/WT-expressing cells, but failed to stimulate an
increase in Pyk2/Y881F-expressing cells (1.1 + 0.2-fold
increase; n = 6, p <0.01; see Fig. 6g). These results
demonstrate that Pyk2-mediated Grb2 recruitment to
SHPS-1 occurs via Src-mediated Tyr881 phosphorylation
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Fig. 6 IGF-I-stimulated Pyk2 Tyr881 phosphorylation is essential for
Grb2 recruitment to SHPS-1 and leads to Erk1/2 phosphorylation and
cell proliferation. a SMCs expressing Pyk2/WT or Pyk2/Y881F were
lysed and the lysates immunoblotted for HA or Pyk2 to detect
expression of Pyk2/WT or Pyk2/Y881F. b—e Quiescent Pyk2/WT- or
Pyk2/Y881F-expressing SMCs were stimulated with IGF-I for 2 or
5 min. Cell lysates were immunoblotted for detection of phospho-
Pyk2 (Y881) (b) or phospho-Pyk2 (Y402) (d). The blots were
stripped and reprobed with anti-Pyk2 antibody as a loading control.
Cell lysates from the same experiment were immunoprecipitated (IP)
with anti-HA antibody (c) or anti-SHPS-1 antibody (e) and immu-
noblotted (IB) with anti-Grb2 antibody. To control the loading, the
blots were stripped and reprobed with the antibody indicated (lower
panels). f Twenty micrograms of cell lysate from the same
experiment was used for detection of phospho-Erkl1/2. The blots
were stripped and reprobed with anti-Erk1/2 antibody as a loading
control. The protein levels were quantified using scanning densitom-
etry. The graph shows the mean result from three independent
experiments expressed as relative pERK/ERK ratio that was calcu-
lated from arbitrary scanning units (f, lower panel). g Proliferation of
Pyk2/WT or Pyk2/Y881F mutant cells following IGF-I stimulation.
Cell proliferation was determined as described in “Materials and
methods”. The results represent a mean value (£SE) of six
independent experiments

and that this is required for IGF-I-stimulated MAP kinase
activation and cell proliferation.

Pyk2/Grb2 association is prerequisite for p52Shc/Grb2
association in response to IGF-I

p52Shc/Grb2 association is required for SOS1 recruitment
and subsequent MAP kinase activation [36-38]. Since
p52Shc is recruited to SHPS-1 and is then phosphorylated
by Src resulting in Grb2 localization [4, 5], we wished to
determine if the recruitment of Grb2 to Pyk2 was required
for p52Shc/Grb2 association. To determine the relation-
ship between Pyk2/Grb2 and p52Shc/Grb2 association, we
compared Pyk2/WT and Pyk2/Y881F mutant cells. Ini-
tially, we determined that the Pyk2/Y881F substitution led
to reduced Grb2 association with p52Shc in response to
IGF-I compared to Pyk2/WT-expressing cells (70 &= 12%
decreased; n =3, p <0.05) (Fig. 7a) whereas IGF-I
stimulated p52Shc recruitment to SHPS-1 was not affec-
ted (ESM, Fig. 4). This suggests that phosphorylation of
Pyk2 Tyr881 is important for p52Shc/Grb2 association.
To further confirm the importance of Pyk2/Grb2 associ-
ation for regulating Grb2 association with the fraction of
p52She that is localized to the SHPS-1 signaling complex,
a double co-immunoprecipitation technique was employed
using both cell types. Following immunoprecipitation of
SHPS-1, the SHPS-1 immunoprecipitate was resuspended
and immunoprecipitated with anti-Grb2 antibody followed
by immunoblotting for Pyk2 and p52Shc. The results
showed that the association of Pyk2/Grb2 within the
SHPS-1 signaling complex was significantly impaired
in Pyk2/Y881F mutant-expressing cells, compared to
Pyk2/WT-expressing cells (Fig. 7b, upper panel). The
association of p52Shc/Grb2 within SHPS-1 signaling
complex was also significantly impaired in Pyk2/Y881F
mutant cells whereas in Pyk2/WT-expressing cells it was
easily detected. The experiment was repeated by immu-
nopreciptating SHPS-1, then conducting a second Co-IP
of the supernatant using anti-Grb2 antibody. The results
showed that, following depletion of SHPS-1, p52Shc/Grb2
association was decreased (67 + 13%; n = 3, p < 0.05)
and there was no difference between the cells expressing
either Pyk2/WT or Pyk2/Y881F (Fig. 7b, bottom panel).
As a control, a parallel experiment was conducted using a
normal IgG instead of a SHPS-1 antibody. Consistently,
in normal IgG immunoprecipitate, no Pyk2/Grb2 or
p52Shc/Grb2 association was detected (Fig. 7b, upper
panel). In contrast, p52Shc/Grb2 association was detected
in the supernatant since the SHPS-1 complex was also
present. Given the fact that IGF-I-induced phosphoryla-
tion of p52Shc was not impaired in Pyk2/Y881F mutant-
expressing cells compared to Pyk2/WT-expressing cells
(Fig. 7c), these results suggest that the Pyk2/Grb2
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Fig. 7 Impairment of Pyk2/Grb2 complex formation leads to
decreased Shc/Grb2 association within the SHPS-1 signaling complex
in response to IGF-I. a Quiescent Pyk2/WT or Pyk2/Y881F
expressing SMCs were stimulated with IGF-I. Cell lysates were
immunoprecipitated (IP) with anti-Grb2 antibody and immunoblotted
(IB) with anti-Shc antibody. The blot was stripped and reprobed with
anti-Grb2 antibody. b Lysates from Pyk2/Wt and Pyk2/Y881F mutant
cells were immunoprecipitated first with anti-SHPS-1 antibody or
normal rabbit IgG. The double-immunoprecipitation was performed
as described in “Materials and methods”. After immunoprecipitation
of SHPS-1, (1) the SHPS-1 immunoprecipitate was resuspended and
immunoprecipitated with anti-Grb2 antibody and immunoblotted (IB)
with anti-Pyk2 or anti-Shc antibody; the resultant supernatants after
IP (1I) with anti-SHPS-1 antibody or normal IgG were immunopre-
cipitated with anti-Grb2 antibody and immunoblotted (IB) with anti-
Shc antibody. The resultant supernatants from same experiment were
also directly immunoblotted for -actin as a loading control. ¢ Lysates
from Pyk2/WT and Pyk2/Y881F mutant cells were immunoprecip-
itated (IP) with anti-pY99 antibody and immunoblotted (IB) with
anti-Shc antibody. Twenty micrograms of cell lysate from the same
experiment was used for detection of total Shc protein level as a
loading control

association occurs primarily within the SHPS-1 signaling
complex, which localizes the adaptor protein Grb2 in
close proximity to p52Shc, thereby allowing the formation
of p52Shc/Grb2 association, a critical signaling event for
IGF-I-stimulated MAP kinase activation and cell prolif-
eration. To determine the relative importance of Pyk2
and p52Shc for Grb2 recruitment to the SHPS-1 complex,
we utilized p52Shc/3YF mutant, which disrupts Shc/Grb2
association [4, 31]. The results showed that most
(78.8 = 14.4%) SHPS-1/Grb2 complex formation was
retained in cells expressing p52shc/3YF. IGF-I-stimulated
Pyk2 recruitment to SHPS-1 was not affected in
p52Shc/3YF-expressing cells (ESM, Fig. 5). These data
confirm that Grb2 recruitment to the SHPS-1 complex is
primarily mediated by Pyk2.

Discussion
In response to hyperglycemic stress, SHPS-1 functions as a

scaffold protein for mediating IGF-I signaling. The IGF-I
receptor directly phosphorylates SHPS-1 leading to SHP2

and Src recruitment. Src phosphorylates p52Shc leading to
Grb2 association which activates MAP kinase. This
response occurs in both vascular smooth muscle cells
(SMCs) and endothelial cells [4-6, 39]. Our prior studies
have shown that Grb2 associates with p52Shc when it is
bound to the SHPS-1 complex, but they did not determine
the mechanism of Grb2 recruitment to SHPS-1. The studies
of Eguchi et al. [35] and Rocic et al. [19] have suggested
that formation of the Src/Pyk2 complex leads to recruit-
ment of Grb2 in vascular SMCs. Since our studies had
shown that Src was associated with SHPS-1, we deter-
mined if Pyk2 was also recruited to SHPS-1 and if the
SHPS-1-associated Pyk2/Src complex could recruit Grb2.

To determine the mechanism by which Pyk2 was
recruited to SHPS-1, we focused on its interaction with Src
kinase. Following tyrosine phosphorylation of SHPS-1,
only a few signaling proteins, e.g., SHP2 and CTK, bind
directly to SHPS-1, whereas several others associate indi-
rectly through these intermediaries [7]. Pyk2 has been
shown to associate indirectly with SHPS-1 in macrophages
[29], therefore we focused on the identification of an
intermediary. The N terminal domain of Pyk2 contains a
tyrosine autophosphorylation site, Tyr402, and its phos-
phorylation increases in response to IGF-I (Fig. 3a) [27].
This residue serves as a binding site for Src family tyrosine
kinases [23]. Based on our previous studies [4, 5], we used
two approaches (in vitro mutagenesis and shRNA) to show
that IGF-I-induced Pyk?2 association with SHPS-1 is med-
iated by the SHP2/Src complex via the direct interaction of
Src with Pyk2 Tyr402 (Figs. 2, 3). In addition, our results
showed that truncation of cytoplasmic domain of SHPS-1
impaired Pyk2 association with Src but did not affect IGF-
I-stimulated autophosphorylation of Pyk2 Tyr402, sug-
gesting that this is independent of SHPS-1 association (data
not shown). However, IGF-I stimulation of Pyk2 Tyr402
phosphorylation is required since Pyk2/Src association and
Pyk2 recruitment to SHPS-1 are impaired in cells
expressing the Pyk2/Y402F mutant.

The underlying mechanism that initiates Pyk2 Tyr402
phosphorylation is unclear. Two proteins, Cbl and dyn-
amin, both bind to the Pyk2/Src complex and regulate Pyk2
Tyr402 phosphorylation [40, 41]. Although some studies
have shown that Pyk2 Tyr402 phosphorylation is Src
kinase activation-dependent [42, 43], our data support the
conclusion of other studies that showed that Tyr402
phosphorylation is Src-independent [27, 44], since Src
knockdown had no effect on Pyk2 Tyr402 phosphorylation
(Fig. 2e). Overexpression of Pyk2 enhances Src activation
while PRNK (dominate negative form of Pyk2), Pyk2—/—
mice and Pyk2/Y402F mutant expression show decreased
Src activation [28, 45, 46]. Our results support the con-
clusion that Src is upstream of Pyk2 based on the fact that
Pyk2/Y402F mutant and Pyk2 knockdown failed to impair
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Src activation and SHPS-1/Src association in response to
IGF-1. Additionally in Src silenced cells, IGF-I induction of
Pyk2 Tyr881 phosphorylation was attenuated even though
Pyk2 Tyr402 autophosphorylation was not affected. These
results are in agreement with other studies that have shown
that Src kinase is upstream of Pyk2 Tyr881 phosphoryla-
tion [21, 47-49].

Prior studies have shown that, following Src association
with Pyk2 Tyr402, it phosphorylates several other Pyk2
tyrosine residues, including Tyr881, which is a potential
Grb2 binding site [25, 26]. Our findings are consistent with
those studies since they showed that vascular SMCs
expressing Pyk2/Y881F mutant had significantly impaired
Grb2 recruitment to Pyk2 and more importantly to SHPS-1.
That this substitution specifically impaired Grb2 recruit-
ment to Pyk2 was demonstrated by showing that both Pyk2
Tyr402 and Src Tyr419 phosphorylation in response to
IGF-I were not impaired. Similarly, Src recruitment to
SHPS-1- and Src-mediated p52Shc phosphorylation were
not inhibited. Therefore, loss of the Tyr881 phosphorylation
site has no effect on recruitment of other components to
the SHPS-1 signaling complex in response to IGF-1, and
it specifically disrupts Grb2/Pyk2 and Grb2/SHPS-1
association.

p52Shc protein phosphorylation has been extensively
characterized as a critical step that activates a mitogenic
signal through its association with Grb2 [38, 50-52].
IGF-I-dependent mitogenesis requires p52Shc phosphory-
lation and Grb2/p52Shc association, and this complex is
assembled on SHPS-1 [4]. p52Shc phosphorylation is
mediated by Src kinase which is activated in response to
IGF-I [5]. Tyrosine-phosphorylated Shc forms a complex
with Grb2 at the phosphorylated residues 239, 240, and 317
via the SH2 domain of Grb2 [36, 53], then the SH3 domain
of Grb2 recruits son of sevenless (SOS) to this complex
[37, 54]. This stimulates Ras activation, which leads to
stimulation of MAP kinase [36-38, 53, 55-57]. Previous
studies [8, 58] have suggested that Pyk2 activates the Ras/
MAP kinase pathway by directly binding to Grb2 and
recruiting SOS to the Pyk2/Grb2 complex. Blaukat et al.
[26] demonstrated that Grb2 binding to tyrosine-phos-
phorylated p52Shc plays a major role in the Pyk2-induced
activation of the Ras/MAP kinase pathway. Rikitake et al.
[59] showed that lysophosphatidylcholine stimulates
p52Shc association with Pyk2, p52Shc tyrosine phosphor-
ylation, and Grb2 binding to p52Shc. Our current results
clearly show that expression of the Pyk2/Y881F mutant not
only impaired Pyk2/Grb2 association but it also inhibited
p52Shc/Grb2  association, which was stimulated in
response to IGF-I, even though p52Shc phosphorylation
was not affected. Although both Pyk2 and p52Shc were
able to directly bind to Grb2, the amount of p52Shc/Grb2
association that was localized on the SHPS-1 signaling

scaffold was significantly reduced by Pyk2/Y881F muta-
tion. In contrast, the amount of Grb2 recruitment to the
SHPS-1 complex was decreased by only 21% in SMC
expressing the SHC/3YF mutant suggesting that Grb2
recruitment to the SHPS-1 complex is primarily mediated
by Pyk2 (ESM, Fig. 5). This conclusion was confirmed by
using double co-immunoprecipitation and comparing the
amount of Grb2 associated with the SHPS-1 complex in
cells expressing the Pyk2/Y881F mutant and Pyk2/WT
cells (Fig. 7b, upper panel). Since the Pyk2/Y881F sub-
stitution had no effect on Src kinase activation or p52Shc
phosphorylation, we conclude that a key function of Pyk2
is to localize Grb2 in close proximity to p52Shc on the
SHPS-1 complex, thus leading to enhanced p52Shc/Grb2
complex formation, MAP kinase activation, and cellular
proliferation in response to IGF-I.

Grb2 is a modular protein comprised of a central SH2
domain flanked between an N-terminal SH3 domain and a
C-terminal SH3 domain. Grb2 associates with SOS through
SH3 domain interaction [37]. Previous studies have shown
that both Pyk2/Grb2 and p52Shc/Grb2 association require
the Grb2 SH2 domain [4, 8, 19, 25, 26, 31]. We did not
determine experimentally how the single SH2 domain in
Grb2 could confer binding to both Pyk2 and p52Shc
simultaneously. One possibility is that Grb2 binds to both
Pyk2 and p52Shc as a result of Grb2 dimerization [60].
That the Grb2 dimer could bind to two distinct signaling
proteins simultaneously is supported by the work of
McDonald et al. [61], who reported that dimerization of
Grb2 allows multiple protein interactions. Another possi-
bility is that Grb2 is recruited to Pyk2 initially, and
subsequently Pyk2-associated Grb2 is recruited to p52Shc
following its tyrosine phosphorylation. Our results show
maximal Pyk2/Grb2 association 5 min after IGF-I stimu-
lation, whereas Shc/Grb2 association is still increasing at
10 min. Therefore, this time course of events is consistent
with that mechanism.

In summary, in the present study, we have defined the
molecular mechanism of Pyk2 recruitment to SHPS-1 in
response to IGF-I. We propose a model in which IGF-I
stimulates recruitment of Pyk2 to the SHPS-1 signaling
complex via a Src/Pyk2 association. Src phosphorylates
Pyk2 Tyr881 creating a binding site for Grb2. The role of
Pyk2 is to localize Grb2 in close proximity to Shc, facili-
tating Shc/Grb2 association within the SHPS-1 signaling
complex. Since SHPS-1 phosphorylation is activated in
SMCs by IGF-I only in response to hyperglycemic stress,
the regulated assembly of this complex provides a high
level of specificity for the activation of MAPK in response
to IGF-L
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