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SH2-containing inositol 5’-phosphatase (SHIP) plays
a negative regulatory role in hematopoietic cells. We
have now cloned the rat SHIP isozyme (SHIP2) cDNA
from skeletal muscle, which is one of the most impor-
tant target tissue of insulin action. Rat SHIP2 cDNA
encodes a 1183-amino-acid protein that is 45% identi-
cal with rat SHIP. Rat SHIP2 contains an amino-
terminal SH2 domain, a central 5’-phosphoinositol
phosphatase activity domain, and a phosphotyrosine
binding (PTB) consensus sequence and a proline-rich
region at the carboxyl tail. Specific antibodies to
SHIP2 were raised and the function of SHIP2 was
studied by stably overexpressing rat SHIP2 in Ratl
fibroblasts expressing human insulin receptors (HIRc).
Endogenous SHIP2 underwent insulin-mediated tyro-
sine phosphorylation and phosphorylation was mark-
edly increased when SHIP2 was overexpressed. Al-
though overexpression of SHIP2 did not affect insu-
lin-induced tyrosine phosphorylation of the insulin
receptor B-subunit and Shc, subsequent association of
Shc with Grb2 was inhibited, possibly by competition
between the SH2 domains of SHIP2 and Grb2 for the
Shc phosphotyrosine. As a result, insulin-stimulated
MAP kinase activation was reduced in SHIP2-over-
expressing cells. Insulin-induced tyrosine phosphory-
lation of IRS-1, IRS-1 association with the p85 subunit
of PI3-kinase, and PI3-kinase activation were not af-
fected by overexpression of SHIP2. Interestingly, al-
though both Ptdins-(3,4,5)P3 and PtdIns(3,4)P2 have
been implicated in the regulation of Akt activity in
vitro, overexpression of SHIP2 inhibited insulin-
induced Akt activation, presumably by its 5’-inositol
phosphatase activity. Furthermore, insulin-induced
thymidine incorporation was decreased by overex-
pression of SHIP2. These results indicate that SHIP2

' To whom correspondence should be addressed at First Depart-
ment of Medicine, Toyama Medical & Pharmaceutical University,
2630 Sugitani, Toyama, 930-0194, Japan. Fax: 81-764-34-5025.
E-mail: tsasaoka-tym@umin.ac.jp.

265

plays a negative regulatory role in insulin-induced
mitogenesis, and regulation of the Shc - Grb2 complex
and of the downstream products of PI3-kinase pro-
vides possible mechanisms of SHIP2 action in insulin

signaling. © 1999 Academic Press

SH2-containing inositol 5’-phosphatase (SHIP) was
originally identified as a Shc associated protein (1-3).
The importance of SHIP has been reported in diverse
hematopoietic cells (1-4). SHIP is composed of an
amino-terminal SH2 domain, a central phosphoinositol
5’-phosphatase activity domain, and two phosphoty-
rosine binding (PTB) consensus sequences and a pro-
line rich region at the carboxyl tail (1-4). SHIP selec-
tively hydrolyzes the 5’-phosphate from Ins(1,3,4,5)P4
and PtdIns(3,4,5)P3, which are implicated in growth
factor and cytokine mediated signaling (1-4).
PtdIns(3,4,5)P3 is generated by PI3-kinase whose ac-
tivation is initiated by many tyrosine kinase receptors
(5, 6). Since PtdIns(3,4,5)P3 is thought to act as second
messenger (5, 6), dephosphorylation of PtdIns(3,4,5)P3
by SHIP may negatively regulate signals downstream
of PI3-kinase. Along this line, SHIP has been impli-
cated in the negative regulation of FcyRIIB receptor-
mediated B cell proliferation and signaling in mast
cells (7, 8). In addition to the catalytic role of SHIP, the
SH2 domain of SHIP has been shown to interact with
Shc at its phosphorylated 317-Tyr residue (9). Since
phosphorylated Shc 317-Tyr residue binds to Grb2
which is important for Ras-MAP kinase activation (10,
11), competitive interaction of SHIP with Shc via the
SHIP SH2 domain may reduce Ras activity resulting in
negative regulation of mitogenesis.

SHIP is abundantly expressed only in hematopoietic
cells (1, 2), with barely detectable expression in CHO
cells and Ratl fibroblasts, in which certain aspects of
insulin signaling have been characterized (12, 13). In
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spite of negligible expression of SHIP, insulin treat-
ment increased the phosphoinositol 5’-phosphatase
activity and this activity was found in anti-Shc
immunoprecipitates in CHO cells (12). Furthermore,
down-regulation of insulin signaling by exogenously
transduced SHIP was indicated by the fact that
insulin-induced Xenopus oocyte maturation and Glut4
translocation were inhibited by SHIP expression (13,
14). The inhibitory function of SHIP appeared to be
dependent on its 5’-phosphatase activity toward
PtdIns(3,4,5)P3 (13, 14). Taken together with these
previous reports, one can speculate that a SHIP
isozyme exists which modulates insulin signaling. This
prompted a search for a possible SHIP isozyme in-
volved in insulin signaling in insulin target tissues.
Here we report the cloning of a novel isozyme of SHIP,
designated as rat SHIP2, from rat skeletal muscle,
which is one of most important target tissues of insu-
lin. The involvement of rat SHIP2 in regulation of
insulin signaling was examined by stably overexpress-
ing rat SHIP2 into Ratl fibroblasts overexpressing in-
sulin receptors (SHIP2 cells).

MATERIALS AND METHODS

Materials. Porcine insulin was the kind gift of Shimizu Pharma-
ceutical Co. (Shizuoka, Japan). [y-32P]JATP (3000 TBg/mmol) and
enhanced chemiluminescence reagents were purchased from Amer-
sham Pharmacia Biotech Corp. (Uppsala, Sweden). A polyclonal and
a monoclonal anti-Shc antibody, a monoclonal anti-IRS-1 antibody, a
monoclonal anti-Grb2 antibody, and a monoclonal anti-p85 antibody
were from Transduction Laboratories (Lexington, KY). A polyclonal
anti-FLAG antibody, a polyclonal anti-MAP kinase antibody, a poly-
clonal anti-Akt antibody, and a monoclonal anti-phosphotyrosine
antibody (PY99) were from Santa Cruz Biotechnology (Santa Cruz,
CA). A polyclonal anti-phospho-specific p44/p42 MAP Kinase
(Thr202/Tyr204) antibody, and a polyclonal anti-phospho-specific
Akt (Ser4d73) antibody were from New England Biolabs, Inc. (Bev-
erly, MA). All other routine reagents were analytical grade and
purchased from Sigma Chemical Co. (St. Louis, MO).

DNA amplification and molecular cloning of rat SHIP2. Two sets
of degenerate oligonucleotides, coding for two stretches of conserved
amino acids within various 5’-phosphatases (1-3, 15, 16), were syn-
thesized based on the following sequences: FWFGDLNYRLD and
PSWCDRILWK (sense 5'-TITGGYTIGGIGAYYTIAAYTA-3', anti-
sense 5'-YKCCAIARIA-YICKRTCRCACCA-3', sense 5'-TIGGIGA-
YYTIAAYTAYMGIIT-3" and antisense 5'-ARIAYI-CKRTCRCACC-
AISHIGG-3'). First-strand cDNA was obtained by incubating 2 ug
total RNA of rat skeletal muscle with random hexamers and Super-
script Il reverse transcriptase according to the manufacturer’s in-
struction (Life Technologies, Rockville, MD). The obtained cDNA was
used for hot-start PCR utilizing Ampli-Wax PCR Gem (Perkin—
Elmer, Foster City, CA) under the following condition: after initial
denaturation for 10 min at 95°C, 30 cycles of incubation for 30 s at
95°C and 30 sec at 45°C and 1 min at 72°C, followed by a final
incubation for 7 min at 72°C. PCR products were analyzed by 2%
agarose gel electrophoresis. The products were subcloned into vector
pCR Il (Invitrogen, Carlsbad, CA) and their sequences were deter-
mined by utilizing T7 primer by dye-terminator cycle sequence
method. According to the sequence data, one clone appeared to en-
code the rat homologue of human INPPL1 (inositol polyphosphate-
like protein-1) (15). To obtain the full length rat cDNA, 5’- and 3’-
rapid amplification of cDNA ends (RACE) were carried out utilizing
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the Marathon cDNA amplification system according to the sup-
plier's protocol (Clontech, San Diego, CA). The primers used
were: 5'-CACATTGGTCCGGACCCCA-GTTGGCTT-3', 5'-CCCAG-
TTGGCTTCTGCTTGTGCCAAGC-3', 5'-CTGCTTGTGCCAAG-CAT-
ATGTGTCTCGG-3', 5'-CCTTCTTCTGGATGCCTGACAGGAAG-3’,
5'-CTGGGCATA-CAGGCCTATAAGCTCACC-3’, 5'-CACAGCCAG-
GAAATCCTCTCCATCTGG-3', 5-CGCT-CTCGCTGTCTCGCACCA-
GGAAGCTG-3',5-GCTGCCATCGCGGCCTGCCCGAGCTAG-CAG-3’
(antisense) and AP1 primer and AP2 primer of the kit (sense) for 4
sets of 5'-RACE reactions including nested PCR, and 5'-GAC-
ATGGATATCCAGGAGATCCTGAAC-3' and 5'-TACATTAGTAGG-
AGAGAGTTTGAGCCCCTG-3' (sense) and AP1 primer and AP2
primer for 1 set of 3'-RACE reactions including nested PCR. Over-
lapping PCR products were directly sequenced. Furthermore, these
PCR products were subcloned into pCR Il and various DNA frag-
ments generated by restriction enzymes were re-subcloned into
pBluescript (Stratagene, La Jolla, CA), and the sequences were
confirmed.

Anti-SHIP2 antibodies. Two rabbit polyclonal antibodies to rat
SHIP2 were generated against synthetic polypeptides corresponding
to amino-terminal amino acids 18 to 36 (APAWYHRDLSR-
AAAEELLA) or to carboxyl-terminal amino acids 1864 to 1878 (PLS-
FPPPRIRESIQE) of rat SHIP2. These two antibodies are specific to
SHIP2 and no reactive with SHIP.

Cell culture, plasmid, and DNA transfection. Ratl fibroblasts
overexpressing 1 X 10° human insulin receptors per cell (HIRc) were
kindly supplied by Dr. J. M. Olefsky (University of California San
Diego, CA). HIRc cells were maintained in Dulbecco’s modified Ea-
gle’'s medium (DMEM)/F12 medium supplemented with 10% fetal
calf serum (FCS) as previously described (10, 11). A wild SHIP2
fragment was subcloned into pFLAG-CMV-5b (Eastman Kodak Co.,
New Haven, CT) to generate SHIP2 fused FLAG at its carboxyl-
terminus (pSHIP2-FLAG). To establish cell lines stably overexpress-
ing SHIP2, 10 ung of pSHIP2-FLAG and 1 pg of pcDEB carrying a
hygromycin-resistant gene were cotransfected utilizing the TransIT-
LT1 transfection reagent according to the manufacturer’s instruc-
tions (Pan Vera Co., Madison, WI). In brief, the cells were washed
with sterile phosphate buffered saline (PBS) followed by addition of
10 ml serum-free DMEM to each 90 mm dish. Premixed TransIT
reagents including DNA were then added to each dish and dishes
were placed at 37°C in 5% CO,. After 4 h incubation, the medium
was changed to 10 ml fresh growth medium. At 48 h after transfec-
tion, hygromycin B (400 pg/ml) was added to the medium to select for
resistant cells. Cells expressing high levels of SHIP2-FLAG were
isolated by limiting dilution and then chosen by immunoblotting
with anti-SHIP2 antibody.

Immunoprecipitations and Western blotting. Serum-starved cells
were treated with 17 nM insulin at 37°C for the indicated times. The
cells were lysed in a buffer containing 30 mM Tris, 150 mM NacCl, 10
mM EDTA, 0.5% sodium deoxycholate, 1% Triton X-100, 1 mM
phenylmethyl-sulfonyl fluoride (PMSF), 1 mM Na;VO,, 160 mM
sodium fluoride, 10 uM aprotinin, 10 uM leupeptin, pH 7.4, for 10
min at 4°C. The cell lysates were centrifuged to remove insoluble
materials. The supernatants were immunoprecipitated with the in-
dicated antibodies for 2 h at 4°C. The precipitates or the remaining
supernatants were then separated by 7.5% SDS—-PAGE and electri-
cally transferred onto polyvinylidene difluoride membranes. After
incubation with the specified antibody, enhanced chemiluminescence
detection was performed according to the manufacturer’s instruc-
tions (Amersham Pharmacia Biotech Corp.) (10, 11).

P13-kinase activity. Serum-starved cells were stimulated with 17
nM insulin at 37°C for the indicated times. The cells were solubilized
in a buffer containing 20 mM Tris, 137 mM NacCl, 1 mM MgCl,, 1 mM
CaCl,, 100 uM NasVO,, 1% Nonidet-P40, 10% glycerol, 2 mM PMSF,
and 10 pg/ml aprotinin, pH 7.6. The cells were centrifuged to remove
insoluble materials. The supernatants were immunoprecipitated
with anti-IRS-1 antibody for 2 h at 4°C. The precipitates were
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washed twice with Buffer A (Tris-buffered saline, pH 7.6, 1%
Nonidet-P40, 100 uM Na;VO,, and 1 mM dithiothreitol (DTT)), twice
with Buffer B (100 mM Tris, pH 7.6, 500 mM LiCl, 100 uM Na;VO,,
and 1 mM DTT) and twice with Buffer C (10 mM Tris, pH 7.6, 100
mM NaCl, 1 mM EDTA, and 1 mM DTT). The phosphorylation
reaction was started by adding 20 wl Pl solution containing 0.5
mg/ml P1, 50 mM Hepes, 1 mM NaH,PO,, 1 mM EGTA, pH 7.6 at
20°C, followed by addition of 10 ul of the reaction mixture containing
250 uM [y-*P]ATP (0.37 Mbg/tube), 100 mM Hepes, 50 mM MgCl,,
pH 7.6 for 5 min. The reaction was stopped by the addition of 15 ul
8M HCI. The products were extracted by adding 130 mM of
chloroform/methanol (1:1) followed by centrifugation. The organic
phase was removed and spotted on Silica Gel 60 plates. The plates
were developed and dried. The phosphorylated inositol was visual-
ized by autoradiography and quantitated by the Bio-Image Analyzer
(Fuji Film, Tokyo, Japan).

BrdU incorporation. 1 X 10 cells were grown in 96-multiwell
culture plates and serum-starved for 24 h in DMEM. After stimula-
tion of the cells with various concentrations of insulin for 20 h, the
cells were incubated with BrdU for 2 h at 37°C. BrdU incorporation
into DNA was measured using Cell Proliferation ELISA Kit accord-
ing to the manufacturer’s instructions (Roche Diagnostics, Basel,
Switzerland).

RESULTS AND DISCUSSION

Identification, structure, and overexpression of rat
SHIP2. We have isolated a cDNA encoding a SHIP
isozyme using a PCR based strategy in which degen-
erate primers were designed coding for highly con-
served amino acid regions within the 5'-phosphatase
catalytic domain of known inositol and phosphatidyl-
inositol polyphosphate 5'-phosphatases. Reverse-tran-
scription PCR on rat skeletal muscle RNA amplified a
fragment of approximately 300 bp which was homolo-
gous to human INPPL1 (15) and SHIP2 (17). Human
INPPL1 was cloned using a similar strategy (15), and
the predicted protein product was homologous to SHIP,
but did not have an N-terminal SH2 domain. Another
group subsequently cloned a gene they designated as
SHIP2, almost identical to INPPL1 in the catalytic
domain, but differing at both the N- and C-termini
from INPPL1. The predicted human SHIP2 protein
had the expected N-terminal SH2 domain, and proba-
bly represents the same gene as INPPL1, with the
differences possibly representing sequencing of an un-
spliced intron upstream of the catalytic domain, and an
artificial frameshift downstream, in the INPPL1 se-
quence (17). Therefore, we proceeded to obtain the full
length rat cDNA by a direct PCR-based cloning strat-
egy utilizing 5’'- and 3'-RACE. The deduced amino acid
sequence of the cloned rat cDNA is shown in Fig. 1A.
The predicted open reading frame encodes a 1183-
amino-acid protein, referred to as rat SHIP2, with a
predicted molecular weight of 133 kDa. The cDNA and
predicted amino acid sequences of rat SHIP2 were
deposited in DDBJ under Accession No. AB011439. Rat
SHIP2 contains an amino-terminal SH2 domain, a cen-
tral inositol polyphosphate 5’-phosphatase catalytic re-
gion, and a PTB binding consensus sequence (NPAY)
and a carboxyl-terminal proline rich region for poten-
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(A)

1 MASVCGAPSPGGALGSQAPAWYHRDLSRAAAEELLARAGRDGSFLVRDSE
51 SVAGAFALCVLYQKHVHTYRILPDGEDFLAVQTSQGVPVRRFQTLGELIG
101 LYAQPNOGLVCALLLPVEGEREPDPPDDRDASDVEDEKPPLPPRSGSTSI
151 SVPAGPSSPLPAPETPTTPAAESTPNGLSTVSHEYLKGSYGLDLEAVRGG
201 ASNLPHLTRTLVTSCRRLHSEVDEVLSGLEILSKVFDQQSSPMVTRLLOOQ
251 QSLPQTGEQELESLVLELSVLKDFLSGIQKKALKALQDMSSTAPPAPLQP
301 SIRKAKTIPVQAFEVELDVTLGDLTKIGKSQEKFTLSVDVEGGRLVLLRRQ
351 RDSQEDWTTFTHDRIRQLIKSQRVONKLGVVFEKEKDRTQREDFIFVSAR
401 KREAFCQLLOLMENKHSKQDEPDMISVFIGTWNMGSVPPPENVTSWFTSK
451 GLGKALDEVTVTIPHDIYVFGTQENSVGDREWLDLLRGGLEELTDLDYRP
501 IAMQSLWNIKVAVLVEPEHENRISHVSTSSVKTGIANTLGNEGAVGVSFM
551 FNGTSFGFVNCHLTSGNEKTTRRNQNYLDILRLLSLGDRQLSAFDISLRF
601 THLFWFGDLNYRLDMDIQEILNYISRREFEPLLRVDQLNLEREKHEVFLR

651 FSEEEISFPPTYRYERGSRDTYAWHKQKPTGVRTNVPSWCDRILWKSYPE
701 THIICNSYGCTDDIVTSDHSPVFGTFEVGVTSQFISKKGLSKTSDQAYIE
751 FESIEAIVKTASRTKFFIEFYSTCLEEYKKSFENDAQSSDNINFLKVOWS
801 SRQLPTLKPILADIEYLQODQHLLLTVKSMDGYESYGECVVALKSMIGSTA
851 QQFLTFLSHRGEETGNIRGSMKVRVPTERLGTRERLYEWISIDKDDTGAK
901 SKAPSVLRGNQEHRSGSRKPTSTEASCPLSKLFEEPEKPPPTGRPPAPPR
951 AVPREESLNPRLKSEGTPEQEGVAAPPPKNSFNNPAYYVLEGVPHOLLPL
1001 EPTSFARALIPPTTKNKVAITVPAPQLGRHRTPRVGEGSSSDEDSGGTLP
1051 PPDFPPPPLPDSAIFLPPNLDPLSMPVVRGRSVGEARGPPPPKAHPRPPL
1101 PPGTSPASTFLEEVASADDRSCSVLOMAKTLSEVDYSPGPGRSALLPNPL

1151 ELQLPRGPSDYGRPLSFPPPRIRESIQEDLAEE 1183
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FIG. 1. Amino acid sequence of rat SHIP2, comparison of rat
SHIP2 with rat SHIP and human SHIP2, and overexpression of
SHIP2 in HIRc cells. (A) Deduced amino acid sequences of rat SHIP2
are shown. The underlined sequence indicates the SH2 domain, the
dotted line denotes the two conserved 5’-phosphatase motifs, and the
NPXY PTB domain binding consensus sequence and the target se-
quence for binding to the SH3 domains (PXXPXR) are doubly under-
lined. (B) Amino acid homology among rat SHIP2, rat SHIP, and
human SHIP2. Percent identity for the indicated regions are shown.
(C) Parental and SHIP2 overexpressing HIRc cells were solubilized,
and expression of SHIP2 in the cell lysates were analyzed by immu-
noblotting with anti-SHIP2 antibody.

tial binding to SH3 domains (PPAPPR). This structure
is similar to that of SHIP, except for the fact that SHIP
contains two NPXY PTB domain binding consensus
sites (1-3). In addition, rat SHIP2 is highly homolo-
gous with 92% amino acid identity to the more recently
cloned human SHIP2, and has 45% identity with rat
SHIP (Fig. 1B). It is of note that the sequence of rat
SHIP2 differs at the carboxyl-terminus from human
SHIP2 (17). The carboxyl-terminus amino acid se-
quence of rat SHIP2 is 74 aa shorter than that of
human SHIP2. This finding was confirmed by the fact
that anti-SHIP2 immunoblot of samples derived from
rat and human tissues demonstrated shorter molecu-
lar weight of rat SHIP2 than that of human SHIP2
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(A) a phosphotyrosine blot.
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a phosphotyrosine blot.
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FIG. 2. Effects of SHIP2 overexpression on insulin-mediated early signaling events. Serum-starved cells were incubated with 17 nM
insulin for the indicated times. The cell lysates were immunoprecipitated with the specified antibody. The immunoprecipitates were
immunoblotted with anti-phosphotyrosine antibody. Tyrosine phosphorylation of SHIP2 (A), insulin receptor B-subunit (B), IRS-1 (C), and
Shc (D) is shown. Results are representative of three separate experiments.

(data not shown). Further the carboxyl-terminus of rat
SHIP2 is less proline-rich than that of human SHIP2,
although the SH3 domain binding motif, PPAPPR, in
rat SHIP2 is well conserved. To investigate the role of
SHIP2 in insulin signaling, SHIP2 cDNA was stably
transfected into Ratl fibroblasts expressing insulin re-
ceptors (HIRc). From the SHIP2 transfected cell lines,
a cell line expressing a 10-fold excess of SHIP2 com-
pared with endogenous SHIP2 (designated SHIP2
cells) was chosen for further studies (Fig. 1C).

Effects of SHIP2 overexpression on proximal events
in insulin signaling. Since SHIP is tyrosine-phos-
phorylated following cytokine stimulation in hemato-
poietic cells (1, 2, 9), the effect of insulin treatment on
SHIP2 tyrosine phosphorylation was examined. En-
dogenous SHIP2 underwent tyrosine phosphorylation
at 1 min and this persisted at 15 min of insulin stim-
ulation in HIRc cells. Insulin induced tyrosine phos-
phorylation of SHIP2 was faster and greater amount of
SHIP2 was phosphorylated in SHIP2 cells as shown in
Fig. 2A. Since the SHIP2 987-Tyr residue is located
within the phosphotyrosine binding consensus motif,
we suspected that it might be phosphorylated. This
prediction was confirmed by expressing a 987-Tyr—Phe
mutant SHIP2 which demonstrated decreased tyrosine
phosphorylation (data not shown). Although the role of
tyrosine phosphorylation of SHIP2 is unknown at
present, one can speculate that it may modulate the
5’-phosphatase activity of SHIP2, as tyrosine phos-
phorylation of SHIP was reported to negatively regu-
late the 5'-phosphatase activity (4, 18). Constitutive
phosphorylation of SHIP with elevated PtdIns(3,4,5)P3
levels is observed in Bcr-Abl-transformed cells (4, 18).

Interestingly, a tyrosine phosphorylated 95-kDa pro-
tein was seen in anti-SHIP2 immunoprecipitates. The
identity of this 95-kDa protein as the insulin receptor

B-subunit was established by immunoblotting the anti-
SHIP2 precipitates with anti-insulin receptor antibody
(data not shown). Although we can not rule out the
possibility that insulin receptor interacts with SHIP2
via a third molecule, SHIP2 may be a substrate of the
insulin receptor.

Insulin treatment induces autophosphorylation of
the insulin receptor B-subunit. The activated insulin
receptor phosphorylates various substrates including
IRS-1 and Shc to propagate the insulin signal down-
stream (19). The effect of SHIP2 overexpression on
these early intracellular signaling events was exam-
ined. Basal tyrosine phosphorylation of the insulin re-
ceptor B-subunit, IRS-1, and Shc was barely detected
in both parental HIRc and SHIP2 cells. In addition,
overexpression of SHIP2 did not affect these early in-
sulin signaling events, including tyrosine phosphoryla-
tion of the insulin receptor B-subunit (Fig. 2B), IRS-1
(Fig. 2C), and Shc (Fig. 2D). These results indicate that
SHIP2 does not interfere with the most proximate
events in the insulin signaling pathway.

Effect of SHIP2 overexpression on insulin stimula-
tion of Ras-MAP kinase pathway. Tyrosine phosphor-
ylated Shc binds to Grb2, which is important for Ras-
MAP kinase activation in Ratl fibroblasts (10, 11, 20,
21). SHIP was originally identified as a Shc binding
protein, and has been shown to associate with Shc
following cytokine and growth factor stimulation (1-3,
9, 22, 23). Since SHIP2 has a similar domain structure
compared with SHIP, one can speculate that SHIP2
may also interact via its SH2 domain with 317-Tyr,
and via its carboxyl-terminus tyrosine residue with the
Shc PTB domain. In fact, endogenous SHIP2 under-
went insulin-stimulated association with Shc, as dem-
onstrated by co-immunoprecipitation, and this was
greatly increased upon overexpression of SHIP2 (Figs.
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FIG. 3. Effect of SHIP2 overexpression on insulin-mediated Shc - Grb2 association and MAP kinase activation. Serum-starved cells were
incubated with 17 nM insulin for the indicated times. The cell lysates were immunoprecipitated with anti-Shc antibody and the precipitates
were immunoblotted with anti-SHIP2 antibody (A) or anti-Grb2 antibody (C). The amount of SHIP2 associated with Shc (B) and of Grb2
associated with Shc (D) was analyzed with densitometry. Results are the mean * SE of four separate experiments. The cell lysates were
immunoblotted with anti-phospho-specific p44/p42 MAP Kkinase (Thr202/Tyr204) antibody (E). The amount of phosphorylated p44 MAP
kinase was analyzed with densitometry. Results are means = SE of three separate experiments (F).

3A and 3B). This association was confirmed by the fact
that Shc was also found in anti-SHIP2 immunoprecipi-
tates following insulin stimulation (data not shown).
These results are in contrast to a previous report show-
ing that insulin fails to induce Shc association with
human SHIP2 in 3T3-L1 adipocytes (24). Although the
reason for the difference is uncertain, it may arise from
tissue specificity or experimental conditions used in
the study. In our hands, insulin-induced Shc associa-
tion with SHIP2 was clearly visualized by using two
different SHIP2 specific antibodies in HIRc cells. Since
SHIP2 binding via its SH2 domain to phosphorylated
Shc 317-Tyr residue may compete with Shc binding to
Grb2, one can speculate that overexpression of SHIP2
may interfere with the association of Shc with Grb2
resulting in attenuation of signaling through the Ras
pathway. Indeed, overexpression of SHIP2 inhibited
Shc association with Grb2 by 45 = 2% at 15 min fol-
lowing insulin stimulation as shown in Figs. 3C and
3D. As a result, insulin induced MAP kinase activation
detected by utilizing phospho-specific anti-MAP kinase
antibody was also reduced by 37 = 2% in SHIP2 cells
(Figs. 3E and 3F). To assure equal amount of protein

loaded for the study, the cell lysates were immunoblot-
ted with anti-MAP kinase antibody (data not shown).

Effect of SHIP2 overexpression on insulin-stimulated
Pl 3-kinase pathway. It is well known that PI3-
kinase is an important mediator of insulin-induced
metabolic and mitogenic signaling (25, 26). SHIP2 was
cloned based on homology with the 5’-inositol phospha-
tase activity region in SHIP (1-3, 15, 16), and therefore
is likely a 5’-phosphatase capable of modifying the
P13-kinase pathway. We examined the effect of SHIP2
overexpression on insulin stimulation of the PI3-
kinase pathway. Insulin induced IRS-1 association
with the p85 regulatory subunit of PI3-kinase in a
time-dependent manner in HIRc cells. Overexpression
of SHIP2 did not affect insulin-mediated IRS-1 associ-
ation with p85 (Fig. 4A). In addition, insulin-
stimulated PI13-kinase activation was not affected by
overexpression of SHIP2 (Fig. 4B). These results indi-
cate that SHIP2 does not act upstream of insulin-
induced PI3-kinase activation. Activation of PI3-
kinase generates PtdIns(3,4,5)P3 in vivo, which is
thought to function as a second messenger to signal
downstream molecules (6). Akt lies downstream of P13-
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FIG. 4. Effect of SHIP2 overexpression on insulin-stimulated P13-kinase and Akt activation. Serum-starved cells were incubated with 17
nM insulin for the indicated times. (A) The cell lysates were immunoprecipitated with anti-IRS-1 antibody and the precipitates were
immunoblotted with anti-p85 subunit antibody. Results are representative of three separate experiments. (B) PI3-kinase activity was
assayed as described under Materials and Methods. Results are representative of three separate experiments. (C) The cell lysates were
immunoblotted with anti-phospho-specific Akt antibody. (D) The amount of phosphorylated Akt was analyzed with densitometry. Results are

means = SE of four separate experiments.

kinase (27, 28), and has been shown to play an impor-
tant role in diverse biological actions of insulin in-
cluding mitogenesis, glucose uptake, and glycogen
synthesis (29-31). Previous studies indicated that Akt
is directly activated in vitro by PtdIns(3,4)P2 and in-
hibited by PtdIns(3,4,5)P3 in the absence of PDK1 (32,
33). In contrast, activation of Akt is more dependent on
PtdIns(3,4,5)P3 than PtdIns(3,4)P2 in the presence of
PDK1 (34, 35). Thus, the relative role of Ptdins
(3,4,5)P3 versus PtdIns(3,4)P2 in the activation of Akt
is controversial in vitro, and unclear in vivo. Since Akt
is activated by phosphorylation on Ser-308 and Ser-473
residues (36), insulin stimulation of Akt activity was
examined by immunoblotting with a phospho-specific
Akt antibody. Insulin stimulated Akt phosphorylation
in a time-dependent manner. Importantly, overexpres-
sion of SHIP2 inhibited insulin-mediated Akt activa-
tion (Fig. 4C). The results are summarized in Fig. 4D.
Following 15 min of insulin stimulation, Akt phosphor-
ylation was decreased by 58 *= 4% in SHIP2 cells com-
pared with parental HIRc cells. To assure equal
amount of protein loaded for the study, the cell lysates
were immunoblotted with anti-Akt antibody (data not
shown). These results are consistent with a recently
published report showing that SHIP inhibits Akt acti-
vation in B cells (37). Taken together, this suggests
that SHIP2 down-regulates this pathway by decreas-
ing levels of PtdIns(3,4,5)P3, and one can infer that
PtdIns(3,4,5)P3 rather than PtdIns(3,4)P2 plays the
more important role in in vivo activation.

Role of SHIP2 in insulin-stimulated mitogenesis.
As overexpression of SHIP2 was found to modulate
insulin stimulation of both the Ras-MAP kinase and
P13-kinase pathways, the biological actions of insulin

may be affected by SHIP2. We examined the effect of
SHIP2 overexpression on insulin induced mitogenesis
(Fig. 5). Insulin stimulated BrdU incorporation in a
dose-dependent manner with an EDg, value of 2.4 =+
0.3 nM in parental HIRc cells. Overexpression of
SHIP2 resulted in marked decrease of insulin respon-
siveness by 61 * 4%. Insulin sensitivity was also re-
duced with an ED, value of 4.2 = 0.3 nM in SHIP2
cells. Increasing evidence suggests that SHIP acts as a
negative regulator of signaling in hematopoietic cells.
Expression of SHIP in myeloid cells led to inhibition of
the cell growth (1). Hemopoietic progenitors lacking
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FIG. 5. Effect of SHIP2 overexpression on insulin-mediated
BrdU incorporation. Serum-starved cells were incubated with the
indicated concentrations of insulin. BrdU incorporation in HIRc (O)
and SHIP2 (@) cells was assayed as described under Materials and
Methods. Dose—response curves for insulin stimulation of BrdU in-
corporation are shown. Results are means * SE of three separate
experiments.
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SHIP are hyper-responsive to multiple cytokines (38).
Although expression of SHIP is restricted to hemato-
poietic cells (1, 2), a broader range of human SHIP2
expression has been reported including heart, skeletal
muscle, and placenta by Northern blot analysis (15,
17). Therefore, it is logical to speculate that SHIP2 may
function as a negative regulator of insulin and growth
factor-mediated proliferation in these cells.

Insulin activation of PI3-kinase plays a key role in
the metabolic actions of insulin. Specific blockade of
P13-kinase utilizing a dominant negative mutant of
P13-kinase or pharmacological inhibitors, such as
wortmannin and LY294002, inhibited metabolic ac-
tions of insulin including glucose uptake and glycogen
synthesis (26, 39, 40). Since it is apparent that regula-
tion of the PI3-kinase product PtdIns(3,4,5)P3 is a key
determinant of the metabolic actions of insulin (5, 6), it
is reasonable to hypothesize that SHIP2-induced de-
phosphorylation of PtdIns(3,4,5)P3 and production of
PtdIns(3,4)P2 could modulate insulin’s metabolic sig-
naling. The role of SHIP2 in the metabolic actions of
insulin in appropriate target tissues is currently under
investigation.

In summary, we have cloned a SHIP isozyme, re-
ferred to as rat SHIP2, from rat skeletal muscle, which
has a 5’-inositol phosphatase domain. SHIP2 appears
to play a novel role in insulin signaling by down-
regulating both the Ras-MAP kinase and PI3-kinase
pathways. As the result, it seems to play an inhibitory
role with respect to insulin-mediated cell proliferation,
and it is interesting to speculate that it may be an
important in regulating insulin’s metabolic actions, as
many of them require the downstream products of PI13-
kinase.
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