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To investigate the difference in signaling between insulin and insulin-like growth factor I
(IGF-I), we studied the effects of these hormones on the phosphorylation state of Crk-asso-
ciated substrate (Cas) in cells expressing human insulin receptor (HIRc). In the basal state,
Cas was heavily tyrosine-phosphorylated, and insulin dephosphorylated Cas in a time- and
dose-dependent manner. On the other hand, IGF-I phosphorylated rather than dephosphor-
ylated Cas in HIRe cells. In HIRY /F2 cells expressing a mutant insulin receptor lacking a
binding site of SHP-2, a protein-tyrosine phosphatase containing src homology 2 (SH2)
regions, insulin accelerated phosphorylation of Cas, as did IGF-I1. In HIRc cells expressing
a mutant SHP-2 lacking a PTPase domain (4PTP), which interfered with SHP-2 function,
insulin failed to dephosphorylate Cas. In whole cell lysate obtained in the basal state, Cas
bound to a glutathione-S transferase fusion protein containing SH2 domains of SHP-2 and
dissociated from this GST protein in response to insulin. These results indicate that the
opposite regulation of Cas phosphorylation by insulin and IGF-I may be mediated through
different properties of their receptors, and that the interaction of the insulin receptor with
SHP-2 may play an important role in determining the tyrosine-phosphorylation state of
Cas.

Key words: Crk-associated substrate, insulin, insulin-like growth factor I, insulin recep-

tor, SHP-2.

The major effect of insulin is metabolic, while insulin-like
growth factor I (IGF-I) is characterized by its growth-pro-
moting effects, although both hormones mediate their
specific signals through tyrosine-phosphorylation of insulin
receptor substrates (IRSs) (I, 2). Several quantitative
differences in the molecular mechanisms of insulin and
IGF-1 signaling have been reported, but reports about their
quantitative differences are few. In one such paper, Pillay
et al. reported that insulin dephosphorylated a focal
adhesion kinase, pl25F¢ (Fak), whereas IGF-I induced

! This work was supported in part by a Grant-in-Aid from the
Ministry of Education, Science, Sports and Culture of Japan, grants
from Sankyo Co. Litd., Japan, and Kato Memorial Bioscience Founda-
tion.

?To whom correspondence should be addressed. Tel: +81-77-548-
2222, Fax: +81-77-543-3858, E-mail: maegawa@belle.shiga-med.
ac.jp

Abbreviations: Cas, Crk associated substrate; Fak, Focal adhesion
kinase; JPTP, cells expressing a mutant SHP-2 lacking a full PTPase
domain; IGF-1, Insulin-like growth factor I; GST, glutathione-S-
transferase; HIRc, Rat 1 fibroblasts overexpressing human wild-type
insulin receptor; IRS, insulin receptor substrate; MAP kinase,
mitogen-activated protein kinase; PMSF, phenylmethylsulfonyl
fluoride; PTPase, protein-tyrosine phosphatase; SH2, src homology 2
region; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel
electrophoresis; HIRY/F2, a mutant human insulin receptor in which
both carboxyl-terminal tyrosine residues (1316 and 1322) were
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phosphorylation of Fak (3).

Cas has recently been identified as a 130-kDa protein that
is highly phosphorylated on its tyrosine residues and is
associated with v-Crk and v-Src in cells transformed by
these oncogene products. Cas is a unique signaling molecule
having a cluster of multiple Src homology 2 (SH2) binding
motifs and a single SH3 domain (4, 5). Furthermore, cell
adhesion to fibronectin promotes tyrosine phosphorylation
of Cas in fibroblasts. Thus, Cas serves as a docking protein
and plays important roles in the signaling pathways
mediated by cell adhesion as well as transformation (6). It
has been reported that insulin induced interaction of Cas
with Fak (7), and insulin regulates phosphorylation states
of Fak. Therefore, to clarify the involvement of Cas in the
signal transduction pathways of insulin and IGF-1, we
investigated the effects of insulin and IGF-I on the tyrosine-
phosphorylation states of Cas in the cells overexpressing
either a wild-type or a mutant insulin receptor.

MATERIALS AND METHODS

Materials—Purified porcine ingulin was a gift from Eli
Lilly Company (Indianapolis, IL) and IGF-I was a gift from
Fujisawa (Osaka) and Mitsubishi Kagaku (Tokyo). A
monoclonal anti-phosphotyrosine antibody (PY69) was
from ICN Biomedical (Lisle, IL). Monoclonal antibodies for
SHP-2 and Cas and polyclonal antibody against insulin
receptor S-subunit (anti-IR) were from Transduction
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Laboratories (Lexington, KT). Monoclonal antibody
against @-subunit of the receptor for IGF-I (anti-IGFR) was
from Calbiochem (Cambridge, MA). Polyclonal anti-Cas
antibody was provided by Dr. H. Hirai (The University of
Tokyo). Protein G Sepharose and glutathione-Sepharose
were purchased from Pharmacia PL Biochemical (Uppsala,
Sweden). Aprotinin and phenylmethylsulfonyl fluoride
(PMSF) were purchased from Sigma (St. Louis, MO). All
other reagents were of analytical grade from Nacalai
Chemicals (Kyoto).

Cell Culture—Rat 1 fibroblasts overexpressing either a
wild-type (HIRc) or a carboxyl-terminal mutant receptor in
which both carboxyl-terminal tyrosine residues (1316 and
1322) were replaced by phenylalanine (HIRY/F2), were
provided by Dr. J.M. Olefsky (University of California,
San Diego) (8, 9) and maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum.

Effects of Insulin and IGF-I on the Phosphorylation State
of Cas in the Cells Expressing a Wild-Type Insulin
Receptor—HIRc cells were starved in serum-free medium
overnight, then stimulated with either insulin (10 nM) or
IGF-I (10 nM) at 37°C for 5 min unless otherwise de-
scribed. Thereafter, the cells were lysed in 20 mM Tris-
HCI (pH 7.5) containing 1 mM EDTA, 140 mM NaCl, 1%
NP-40, 1 mM sodium orthovanadate, 1 mM PMSF, 50 mM
NaF, and 50 zg/ml aprotinin at 4°C for 20 min. The cell
lysates were centrifuged to remove insoluble materials at
12,000 X g for 30 min. The cells were solubilized, and cell
lysate was immunoprecipitated with anti-Cas antibody.
The bound protein was subjected to SDS-polyacrylamide
gel electrophoresis (SDS-PAGE), electrotransferred to a
PVDF membrane, and immunoblotted with anti-phospho-
tyrosine antibody. The blot was incubated with horseradish
peroxidase-linked second antibody followed by an enhanced
chemiluminescence detection according to the manufac-
turer’s instructions. The same filter was also re-probed
using anti-Cas antibody to quantify the amount of Cas
protein.

Effects of Insulin and IGF-I on the Phosphorylation State
of Cas in the Cells Expressing a Mutant Y /F2 Insulin
Receptor—The change of phosphorylation state of Cas in
response to either insulin or IGF-I was also analyzed in the
cells expressing a carboxyl-terminal mutant insulin recep-
tor (HIRY/F2). Following either insulin or IGF-I stimula-
tion, the cells were solubilized and cell lysate was immuno-
precipitated with anti-Cas antibody, then bound protein
was analyzed by Western blotting using anti-phosphotyro-
sine antibody.

Effects of Insulin and IGF-I on the Association of Their
Receptors or IRS-1 with SHP-2—Following either insulin
or IGF-I stimulation, HIRc and HIRY /F2 cells were solubi-
lized, cell lysate was immunoprecipitated with anti-SHP-2
antibody, and bound protein was analyzed by Western
blotting using anti-IR. In a separate experiment, insulin- or
IGF-I-stimulated HIRc cells were solubilized, cell lysate
was immunoprecipitated with either anti-IR or anti-IGFR
antibody, and bound protein was analyzed by Western
blotting using anti-SHP-2 antibody. We also assessed the
interaction of IRS-1 with SHP-2 in response to insulin or
IGF-1 using anti-IRS-1 antibody and anti-SHP-2 antibody.

Effect of Insulin on the Phosphorylation State of Cas in
Cells Expressing a Mutant SHP-2 (APTP)—The effect of
insulin on the phosphorylation state of Cas was analyzed in
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HIRc cells expressing a mutant SHP-2 lacking the full
PTPase domain, in which endogenous SHP-2 function was
impaired by expression of a dominant negative mutant
SHP-2 (10). Following insulin stimulation, cell lysate was
immunoprecipitated with anti-Cas antibody, then bound
protein was analyzed by Western blotting using anti-phos-
photyrosine antibody.

Association of GST-SHP-2 Fusion Proteins with Cas
Protein—The cellular proteins bound to GST-SHP-2 fusion
proteins were analyzed as described (10). In brief, GST
fusion proteins containing either full-length SHP-2 (GST-
SHP-2) or only two SH2 domains of SHP-2 (GST-bi-SH2)
were made as described. To prepare whole cell lysate, cells
were starved for 24 h, then stimulated with 10 nM insulin
for 5 min at 37°C. Following insulin stimulation, the cells
were solubilized, and cell lysate (500 ug protein) was
incubated with GST fusion proteins coupled to glutathione-
Sepharose beads in the presence of phosphatase inhibitors
for 90 min at 4°C. After extensively washing, proteins
bound to either GST-SHP-2 or GST-bi-SH2 fusion protein
were analyzed by Western blotting using anti-Cas anti-
body.

Statistics—The data are expressed as mean+ SE, unless
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Fig. 1. Effects of insulin and IGF-I on phosphorylation state of

Cas in HIRc cells. HIRc cells were stimulated with either 10 oM
insulin or IGF-1 at 37°C for the indicated time and the cell lysate was
immunoprecipitated with anti-Cas (aCas) antibody. Bound protein
was analyzed by Western blotting using anti-phosphotyrosine anti-
body («PY69). The same filters were reproved with anti-Cas anti-
body to assess the amount of Cas protein. Phosphorylation states of
Cas in the basal state should be identical. However, to demonstrate
dramatically the effect of each ligand, exposure time was longer for
insulin than for IGF-I. A: Time course of the insulin-induced
dephosphorylation of Cas. B: Time course of IGF-I-induced phos-
phorylation of Cas. C: Dose response of insulin-induced Cas dephos-
phorylation.
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otherwise stated. Scheffe’s multiple comparison test was
used to determine the significance of any differences among
more than two groups, and unpaired Student’s ¢-test used
to determine the significance of any differences between
two groups. p <0.05 was considered significant.

RESULTS

In the current study, Cas was heavily phosphorylated in the
basal state even though overnight serum starvation, and
insulin induced dephosphorylation of Cas in a time- and
dose-dependent manner in HIRc cells (41.04+:7% of the
basal state, p<0.01) as shown in Figs. 1 and 2. The effect
of insulin became apparent within 5 min, and the maximal
effect was achieved at 7-10 min. The half-maximal dephos-
phorylation of Cas was observed at 1 nM insulin and the
maximal dephosphorylation at 10 nM insulin, as shown in
Fig. 1C. On the other hand, IGF-1 phosphorylated rather
dephosphorylated Cas in HIRc cells. IGF-I stimulated
phosphorylation levels by 2.4-fold compared with the basal
state (p<0.01), as shown in Figs. 1 and 2. The maximal
IGF-I-induced phosphorylation of Cas was observed at 10
nM IGF-I, and the half-maximal phosphorylation at 1 nM
IGF-1.

HIRY/F2 cells expressed a carboxyl-terminal mutant
receptor in which both carboxyl-terminal tyrosine residues
(1316 and 1322) were replaced by phenylalanine (HIRY/
F2), and which is believed to behave like IGF-I receptor as
compared with a wild-type receptor (9, 11, 12). Thus, we
next assessed the alteration in phosphorylation state of Cas
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Fig. 2. Effects of insulin and IGF-Ion phosphorylation state of
Cas in HIRc cells. HIRc cells were stimulated with either 10 nM
insulin or IGF-I at 37°C for 5 min, and the cell lysate was immuno-
precipitated with anti-Cas (aCas) antibody. Bound protein was
analyzed by Western blotting using anti-phosphotyrosine antibody
(aPY69). A: Effects of insulin and IGF-I on phosphorylation states of
Cas. B: Effects of insulin and IGF-I on phosphorylation states of Cas
were quantified by Densitometer. Each column shows the mean + SE
of 8 separate experiments. **p<0.01 vs. the basal state. #¥p<0.01
vs. insulin stimulation. Significance was determined by Scheffe's
multiple comparison test.
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Fig. 3. Effects of insulin and IGF-I on phosphorylation state of
Cas in HIRY /F2 cells. A: HIRc and HIRY /F2 cells were stimulated
with either 10 nM insulin or 10 nM IGF-I at 37°C for 5 min, and the
cell lysate was immunoprecipitated with anti-Cas antibody (aCas).
Bound protein was analyzed by Western blotting using anti-phos-
photyrosine antibody (aPY). B: Intensity of Cas phosphorylation was
quantified by Densitometer. Each column shows the mean+SE of 5
separate experiments. *p<0.05 vs. the basal state. Significance was
determined by Scheffe’s multiple comparison test.
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Fig. 4. Insulin-induced association of insulin receptor with
SHP-2 in HIRc and HIRY /F2 cells. A: HIRc and HIRY/F2 cells
were stimulated with 10 oM insulin for 5 min, and cell lysates were
immunoprecipitated with anti-SHP-2 antibody (aSHP-2). Bound
protein was analyzed by Western blotting using anti-insulin receptor
antibody (a«IR). B: HIRc cells were stimulated with either 10 nM
insulin or 10 nM IGF-I for 5 min, and cell lysates were immuno-
precipitated with either anti-insulin receptor antibody («IR) or anti-
IGF-I receptor antibody (aIGF-IR). Bound protein was analyzed by
Western blotting using anti-SHP-2 antibody (e SHP-2). Representa-
tive results were obtained in at least more than 3 independent
experiments.
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Fig. 5. Time course of insulin-induced alteration of phosphor-
ylation state of Cas in 4PTP Cells. A: APTP cells were stimulated
with 10 nM insulin at 37°C for 0-20 min, and the cell lysate was
immunoprecipitated with anti-Cas («Cas) antibody. Bound protein
was analyzed by Western blotting using anti-phosphotyrosine anti-
body (aPY69). B: APTP cells were stimulated with 10 nM insulin at
37°C for 5 min, and the cell lysate was immunoprecipitated with
anti-Cas («Cas) antibody. Each column shows the mean+SE of 4
separate experiments. *p <0.05 vs. the basal state. Significance was
determined by Student’s ¢-test.

in the HIRY /F2 cells in response to either insulin or IGF-1.
In contrast to the HIRc cells expressing the wild-type
insulin receptor, insulin phosphorylated rather than de-
phosphorylated Cas in the HIRY /F2 cells, as shown in Fig.
3. Insulin stimulated the phosphorylation levels by 2.8-fold
when compared with the basal state (p<0.01).

We previously reported that SHP-2, a protein-tyrosine
phosphatase containing SH2 domain (13-18), bound to a
carboxyl-terminal of insulin receptor, and HIRY /F2 failed
to bind to SHP-2 in vitro experiments (19), because this
receptor lacked this SHP-2 binding motif. To confirm our in
vitro findings, we studied the association of the insulin
receptors with SHP-2 in whole cells. As shown in Fig. 4A,
insulin induced the association of #-subunit of the insulin
receptors with SHP-2 in HIRe cells, but not in HIRY /F2
cells. In the case of IGF-I receptors, we did not observe any
significant association of these receptors with SHP-2, as
shown in Fig. 4B. Furthermore, ligand induced association
of IRS-1 with SHP-2 was comparable in the HIRc cells
stimulated by either insulin and IGF-I (data not shown).

To further clarify the involvement of the interaction of
insulin receptor with SHP-2 in regulation of Cas phosphor-
ylation, we studied the effects of insulin in the cells
expressing a mutant SHP-2 lacking a full PTPase domain
(4PTP), where interferes with endogenous SHP-2 func-
tion. In these cells, the interaction of endogenous SHP-2
with either insulin receptors or insulin receptor substrate-1
(IRS-1) was inhibited by introduction of mutant SHP-2
(10). In the cells expressing a mutant SHP-2 (JPTP),
insulin also failed to dephosphorylate Cas. As shown in Fig.
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Fig. 6. Direct association of SHP-2 with Cas in HIRc cells.
After starvation for 24 h, cells were stimulated with 10 nM insulin at
37'C for 5 min, then whole cell lysate (500 ug protein) was incubated
with GST-bi-SH2 fusion protein coupled to glutathione-Sepharose
beads for 90 min at 4°C. Afier extensive washing, proteins bound to
GST-SHP-2 fusion proteins were analyzed by Western blotting using
anti-Cas antibody.

5, insulin significantly increased the phosphorylation state
of Cas in JPTP cells.

We previously reported that an undefined phosphotyro-
sine-containing protein with a molecular mass of 130 kDa
binds to GST fusion proteins of SHP-2 (10), and it is
possible, therefore, that SHP-2 interacts directly with Cas.
To assess whether this 130-kDa GST-SH2 binding protein
is identical to Cas, we characterized the protein by Western
blotting using anti-Cas antibody. As shown in Fig. 6, GST-
bi-SH2 protein bound to Cas immunoreactivity in the basal
state. Furthermore, this association of GST-bi-SH2 protein
with Cas was decreased in response to insulin (26.3+6.7%
of the basal state).

DISCUSSION

The mechanisms of insulin and IGF-I actions are not
completely understood, and reports on qualitative differ-
ences at the molecular level are few. Pillay et al. reported
that insulin dephosphorylated Fak, whereas IGF-I induced
phosphorylation of Fak (3).

In the current study, we found that insulin dephospho-
rylated Cas in a dose- and time-dependent manner. In
contrast, IGF-I stimulated phosphorylation state of Cas in
HIRc cells. Thus, we speculated that the opposite regula-
tions by insulin and IGF-I of both Cas and Fak phosphoryla-
tion states may be derived from different properties of
their receptors and partly different signaling.

In HIRY/F2 cells, the insulin-stimulated mitogen-ac-
tivated protein (MAP) kinase activity is enhanced as
compared to the cells expressing the wild-type receptor (9,
11, 12), and the carboxyl-terminal mutated insulin recep-
tor is thus believed to behave as an IGF-I receptor.
Furthermore, the insulin-induced dephosphorylation of
Fak is also attenuated in HIRY/F2 cells (3). It has been
reported that the phosphorylation state of Cas parallels
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that of Fak. Thus, it is possible that this structural
modification of a carboxyl-terminal portion of the insulin
receptor may alter the dephosphorylation state of Cas. To
examine this possibility, we assessed the effects of insulin
and IGF-I on the phosphorylation state of Cas in HIRY/F2
cells. As expected, insulin induced the phosphorylation
rather than the dephosphorylation of Cas in HIRY /F2 cells.
These opposite regulations of the phosphorylation state of
Cas and Fak in the cells expressing wild-type and mutant
Y/F2 receptors may be the result of the different prop-
erties of the C-terminal portion of their receptors. Regard-
ing the difference in properties between wild-type and Y/
F2 insulin receptors on Cas phosphorylation, we speculate
that SHP-2 is involved in insulin-induced Cas dephosphor-
ylation, because SHP-2 was found to be able to bind a
carboxyl-terminal portion of the insulin receptor through
its SH2 domains in our previous in vitro study (19), and
this binding motif of SHP-2 is removed in the HIRY/F2
mutant receptor (9, 11). Thus, we speculate that a lack of
interaction between Y/F2 receptor and SHP-2 may lead to
the failure of Cas dephosphorylation and result in the
enhanced mitogenicity, because the tyrosine-phosphor-
ylated Cas activates p21™* through its complex formation
with nucleotide exchange factors (6). Nevertheless, SHP-2
i8 believed to be a positive regulator of the tyrosine kinase
pathway and to enhance the p21™° and MAP kinase cascade,
and attenuation of SHP-2 function by an introducing a
dominant negative mutant led to decreased mitogenic
activity of insulin (10, 20-24). In the present study, insulin
induced phosphorylation rather than dephosphorylation of
Cas in the cells expressing a dominant negative mutant
SHP-2 (JPTP). In terms of phosphorylation of Cas by
insulin, these cells were expected to show potentiated
mitogenic activity. However, this was not the case (10).
Normal insulin signaling potentiates mitogenic activity
through activation of MAP kinase cascade. Simultaneously,
insulin may negatively regulate the mitogenic activity
through its Cas dephosphorylation. Therefore, the lack of
dephosphorylation of Cas in HIRY/F2 cells may enhance
mitogenicity. In contrast, in the A/PTP mutant cells, in-
sulin-induced p21™* activation was impaired even though
insulin-induced Cas dephosphorylation was attenuated,
suggesting that the regulatory site of SHP-2 on the activa-
tion of p21™*® might be downstream of Cas dephosphoryla-
tion.

We previously reported that four tyrosine-phosphor-
ylated proteins (185, 130, 115, and 95 kDa) bound to
SHP-2 (10). Two major tyrosine-phosphorylated proteins
bound to both GST proteins after insulin stimulation. The
185-kDa tyrosine-phosphorylated protein was identified as
IRS-10rIRS-2(19, 25, 26), and the 115-kDa protein might
be SHP-2-binding protein as reported (10, 26-31). The
95-kDa tyrosine-phosphorylated protein (£ subunit of the
insulin receptor) also bound to both GST-SHP-2 and
GST-SH2 in response to insulin (10, 32, 33). To rule out a
possibility that the 130-kDa protein was identical to Cas,
we assessed the direct interaction between Cas and SHP-2
using GST-SHP-2 fusion proteins and observed that tyro-
sine-phosphorylated Cas bound to GST-bi-SH2 fusion
protein in the basal state and dissociated from GST protein
in response to insulin. Therefore, we speculated that
tyrosine-phosphorylation states of Cas are critical for the
association of Cas with SHP-2.
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As mentioned, the association of SHP-2 with g8-subunit
of the insulin receptors may have a regulatory role in the
dephosphorylation of Cas. SHP-2 may be activated by the
association of the insulin receptors, then attack phosphor-
ylated Cas in response to insulin. Alternatively, SHP-2 has
a pair of SH2 domains, and it may act as an adaptor protein
linking to other signaling molecules (26). If so, SHP-2 may
link the insulin receptor with the Cas protein via a pair of
SH2 domains in response to insulin stimulation, and this
complex formation may be critical for full activation of
SHP-2 and lead to Cas dephosphorylation. Further study is
necessary to assess the mechanism of the insulin-induced
Cas dephosphorylation. On the other hand, the ligand
association of IRS-1 with SHP-2 was comparable in the
cells stimulated by either insulin or IGF-1. We speculated,
therefore that the intracellular distribution of SHP-2
complex with receptors might be different from that of the
SHP-2 complexes with IRS-1.

Of the PTPases involved in Cas dephosphorylation, PTP-
PEST and PTP1B have been reported to be candidates (34,
35). However, we did not observe any significant associa-
tion of Cas with PTP1B (data not shown). In the current
study, GST-bi-SH2 (SH2 domains alone) bound more
strongly to Cas than GST-full-length SHP-2 (data not
shown), suggesting that GST-full-length SHP-2 might
dephosphorylate Cas, but GST-bi-SH2 might not because
of the lack of the PTPase domain. Furthermore, Cas
dephosphorylation was attenuated in the cells expressing a
mutant SHP-2. These lines of evidence strongly suggest
that the interaction between SHP-2 and the insulin recep-
tor may be important for dephosphorylation of Cas.

In conclusion, the tyrosine-phosphorylation of Cas is
regulated by insulin and IGF-Iin the opposite direction, and
these regulations may be responsible for the different
properties of their receptors. Furthermore, the interaction
of the #-subunit of insulin receptor with SHP-2 may play
an important role in determining the phosphorylation state
of Cas, and may subsequently play a critical role in a
negative feedback circuit to reduce exaggerated activation
of p21™* and MAP kinase cascade in the insulin signal
pathway. Our results clearly indicate that SHP-2 has a
unique role in differentiation of insulin signaling from IGF-1
signaling, through at least Cas dephosphorylation.

We are grateful to Drs. H. Kojima and S. Ugi for their technical
assistance and useful discussions. We are also grateful to Dr. J.M.
Olefsky (University of California, San Diego) for the gift of specific
cells.
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