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SIP (signaling inositol phosphatase) or SHIP (SH2-containing inositol phosphatase) is a recently identified
SH2 domain-containing protein which has been implicated as an important signaling molecule. SIP/SHIP
becomes tyrosine phosphorylated and binds the phosphotyrosine-binding domain of SHC in response to
activation of hematopoietic cells. The signaling pathways and biological responses that may be regulated by
SIP have not been demonstrated. SIP is a phosphatidylinositol- and inositol-polyphosphate 5-phosphatase with
specificity in vitro for substrates phosphorylated at the 3* position. Phosphatidylinositol 3*-kinase (PI 3-ki-
nase) is an enzyme which is involved in mitogenic signaling and whose phosphorylated lipid products are
predicted to be substrates for SIP. We tested the hypothesis that SIP can modulate signaling by PI 3-kinase
in vivo by injecting SIP cRNAs into Xenopus oocytes. SIP inhibited germinal vesicle breakdown (GVBD)
induced by expression of a constitutively activated form of PI 3-kinase (p110*) and blocked GVBD induced by
insulin. SIP had no effect on progesterone-induced GVBD. Catalytically inactive SIP had little effect on insulin-
or PI 3-kinase-induced GVBD. Expression of SIP, but not catalytically inactive SIP, also blocked insulin-
induced mitogen-activated protein kinase phosphorylation in oocytes. SIP specifically and markedly reduced
the level of phosphatidylinositol (3,4,5) triphosphate [PtdIns(3,4,5)P3] generated in oocytes in response to
insulin. These results demonstrate that a member of the phosphatidylinositol polyphosphate 5-phosphatase
family can inhibit signaling in vivo. Further, our data suggest that the generation of PtdIns(3,4,5)P3 by PI
3-kinase is necessary for insulin-induced GVBD in Xenopus oocytes.

Activation of phosphatidylinositol 39-kinase (PI 3-kinase) by
growth factors and oncogenes has been implicated as a critical
step in mitogenic signaling and cellular transformation (for
reviews, see references 5, 22 and 38). PI 3-kinase consists of 85-
and 110-kDa subunits which associate with receptor tyrosine
kinases and intracellular signaling molecules in response to
treatment with growth factors or in transformed cells. Block-
ade of PI 3-kinase function either by mutagenesis or with
pharmacological inhibitors prevents mitogenic signaling. Fur-
ther, two products of PI 3-kinase, phosphatidylinositol (3,4,5)
triphosphate [PtdIns(3,4,5)P3] and phosphatidylinositol (3,4)
bisphosphate [PtdIns(3,4)P2], increase in cells treated with mi-
togenic stimuli (2, 17, 28). The products of PI 3-kinase are
presumed to act as second messengers or as regulators of
protein-protein interactions. The regulation of PI 3-kinase ac-
tivity during signaling is less well studied. Changes in subcel-
lular localization, in phosphorylation state and in conformation
of the enzyme have been suggested to contribute to activation
(3, 6, 7, 24, 28), but little is known about how PI 3-kinase might
be downregulated.

Recently, we and others identified a novel, SH2 domain-
containing protein, known as SIP (signaling inositol phospha-
tase) or SHIP (SH2-containing inositol phosphatase), which is
likely to be an important signaling molecule but whose func-
tion in vivo is unknown (11, 25, 29). SIP/SHIP is tyrosine
phosphorylated and binds the phosphotyrosine-binding (PTB)
domain of SHC in a variety of activated hematopoietic cell
lines but not in quiescent cells. SIP also contains proline-rich
motifs which bind to the SH3 domains of GRB2 (25). SIP is a

member of the inositol polyphosphate 5-phosphatase family
which hydrolyzes the 59 phosphate from both inositol- and
phosphatidylinositol-polyphosphates. SIP has a striking sub-
strate specificity in vitro for those inositol and phosphatidyl-
inositols which are also phosphorylated at the 39 position.
Therefore, a known product of PI 3-kinase in vivo, PtdIns
(3,4,5)P3, would be predicted to be a substrate for the enzy-
matic activity of SIP. Additional members of the inositol
polyphosphate 5-phosphatase family that are specific for
PtdIns(3,4,5)P3 and form signal transduction complexes in
cells have been recently identified (19, 30). Thus, hydrolysis of
PI 3-kinase products by phosphatidylinositol polyphosphate
5-phosphatases may be a general mechanism for the regulation
of PI 3-kinase effects.

It is unknown whether hydrolysis of PtdIns(3,4,5)P3 by phos-
phatidylinositol polyphosphate 5-phosphatases would potenti-
ate or inhibit PI 3-kinase effects. SIP hydrolyzes PtdIns(3,4,5)P3
to PtdIns(3,4)P2 in vitro; both are produced in vivo upon ac-
tivation of PI 3-kinase. These two products may activate the
same or different signaling pathways, or one may be active and
the other inactive. Both PtdIns(3,4,5)P3 and PtdIns(3,4)P2 can
activate certain isotypes of protein kinase C in vitro (35, 40)
and can stimulate pleckstrin phosphorylation in permeabilized
platelets (39, 43). However, PtdIns(3,4)P2 can activate the Akt
kinase in vitro, but PtdIns(3,4,5)P3 has no effect (14, 27). Con-
versely, PtdIns(3,4,5)P3 can interact with SH2 domains, but
PtdIns(3,4)P2 does not (37). Therefore, the predicted effect of
phosphatidylinositol polyphosphate 5-phosphatase activity on
PI 3-kinase signaling is unclear.

We tested the hypothesis that phosphatidylinositol polyphos-
phate 5-phosphatases like SIP/SHIP may regulate PI 3-kinase
activity in vivo by injecting SIP cRNAs into Xenopus oocytes.
We show that SIP inhibits germinal vesicle breakdown
(GVBD) induced by a constitutively activated PI 3-kinase.
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Further, we show that SIP blocks insulin-induced GVBD and
phosphorylation of mitogen-activated protein (MAP) kinase,
processes which are thought to be mediated by PI 3-kinase in
oocytes. Finally, we show directly that SIP reduces levels of
PtdIns(3,4,5)P3 produced in vivo.

MATERIALS AND METHODS

Analysis of proteins expressed in COS cells. Wild-type human SIP (amino
acids 1 to 1188, as numbered in GenBank accession number U57650) tagged with
the influenza virus hemagglutinin (HA) epitope at the NH2 terminus was cloned
into the mammalian expression vector pCG (26). Catalytically inactive SIP was
generated by deleting amino acid residues 666 to 680 (NLPSWCDRVLWKSYP)
within the presumed inositol phosphatase catalytic domain (SIPDIP) (20, 21, 25)
or by substituting an alanine for aspartic acid 672 (D672A SIP) (20). Constructs
were expressed by transient transfection in COS 6M cells (15). Forty-eight hours
after transfection, the cells were lysed in lysis buffer (20 mM Tris-HCl [pH 8.0]
137 mM NaCl, 1% Triton X-100, 10% glycerol, 1 mM sodium orthovanadate, 100
mM NaF, 10 mM sodium pyrophosphate, 1 mM EGTA, 1.5 mM MgCl2, 1 mM
phenylmethylsulfonyl fluoride, 0.15 U of aprotinin per ml, 20 mM leupeptin) and
clarified by centrifugation (15,000 3 g, 48C, 10 min). SIPs were immunoprecipi-
tated with anti-HA monoclonal antibody 12CA5 (Boehringer Mannheim), the
pellets were washed, and the immunoprecipitates were analyzed for the ability to
hydrolyze inositol (1,3,4,5) tetraphosphate [Ins(1,3,4,5)P4] as previously de-
scribed (25). Aliquots of lysate were also immunoblotted with anti-SIP antiserum
8727 (25) to determine protein expression.

Xenopus oocytes. Xenopus laevis frogs were maintained as previously described
(42). In some experiments, frogs were injected with 25 to 50 IU of pregnant mare
serum gonadotropin (PMSG) (Calbiochem) on the day prior to oocyte harvest-
ing. Oocytes were surgically harvested as described elsewhere (42) and manually
defolliculated under a dissecting microscope. Stage VI oocytes were selected as
described previously (12) and maintained in MRS (modified Ringer’s solution;
100 mM NaCl, 4 mM NaHCO3, 1.8 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 1 mg
of bovine serum albumin per ml) at 18 to 208C. Small groups of oocytes were
tested for insulin responsiveness by incubation in MRS containing 8 mM insulin
for 4 to 8 h at 22 to 258C. If .60% GVBD in response to insulin was observed,
fresh oocytes from the same harvest were used for subsequent experiments.

cRNAs and protein expression. Wild-type SIP and SIPDIP (see above) were
cloned into the pSp vector, and cRNA was generated by in vitro transcription as
described previously (33). SIP containing an inactivating point mutation in the
SH2 domain (SIPDSH2) was generated by changing the codon for arginine 31
within the FLVRES motif to a leucine. Constitutively active, farnesylated PI
3-kinase (p110*) was constructed with a Myc epitope tag, and cRNA was gen-
erated as described previously (18, 28). Microinjection of cRNAs into oocytes
was performed in MRS essentially as described previously (33). Twenty-five to 50
nl of distilled H2O containing 25 to 50 ng of each cRNA or H2O alone as a
control was injected into groups of 20 to 60 oocytes. The oocytes were then
incubated at 18 to 258C in MRS for 3 to 16 h to allow for translation of the cRNA
into protein. The oocytes were then treated with 8 mM insulin (in 50 mM HCl
neutralized with an equal volume of 0.5 M NaHCO3), progesterone (5 mg/ml), or
vehicle for 8 to 16 h at 188C and scored for GVBD. Each experiment was
repeated at least three times. For analysis of SIP and p110* protein expression,
equal numbers of oocytes were lysed in 10 ml of lysis buffer per oocyte by
repeated pipetting, and lysates were clarified by centrifugation as described
above. Equal volumes of lysates representing equal numbers of oocytes were
immunoprecipitated and immunoblotted with anti-SIP serum 8727 (23) or im-
munoprecipitated with anti-Myc antibodies and immunoblotted with anti-p110
antibodies as described previously (28).

MAP kinase phosphorylation. Oocytes were lysed at 8 to 16 h after insulin
treatment by repeated pipetting in 10 ml of lysis buffer per oocyte and clarified by
centrifugation as described above. Aliquots of lysate containing equal amounts of
total protein and representing equal numbers of oocytes were analyzed by so-
dium dodecyl sulfate–10% polyacrylamide gel electrophoresis and immunoblot-
ted with polyclonal antibodies specific for the phosphorylated form of MAP
kinase (New England Biolabs). Immunoblots were then reprobed with polyclonal
anti-MAP kinase antibodies which recognize total MAP kinase, as a control for
gel loading.

Analysis of PI 3-kinase products in vivo. Oocytes were labeled with
[32P]orthophosphate, and phospholipids were extracted and analyzed by thin-
layer chromatography and high-pressure liquid chromatography (HPLC) essen-
tially as described previously (28, 31). Briefly, groups of 20 to 25 oocytes were
injected with H2O or with 50 ng of SIP cRNA, incubated for 2 to 16 h at 18 to
258C in MRS, and then incubated for an additional 3 h at room temperature in
1 ml of MRS containing 1 mCi of [32P]orthophosphate (9,120 Ci/mmol; NEN).
Oocytes were then washed three times in 1 ml of MRS and stimulated with 8 mM
insulin in 0.5 ml MRS for 10 min at room temperature. The oocytes were placed
on ice, the buffer was aspirated, and the oocytes were lysed in 750 ml of 1:1
(vol/vol) methanol–1 N HCl with vigorous vortexing and repeated pipetting.
Chloroform (380 ml) was then added, and the mixture was vortexed for an
additional 15 min to extract lipids. The extracts were then centrifuged (15,000 3
g, 2 min), the lower, chloroform phase was removed to a new tube, the interface

material and aqueous layer were reextracted with an equal volume of chloro-
form, and the organic phases were combined. The extracts were then separated
by thin-layer chromatography, deacylated, and analyzed by HPLC as described
previously (28, 31). PtdIns(3,4,5)P3 was identified by using 32P-labeled standards
generated with p110* as described previously (28).

RESULTS

Characterization of the full-length form of SIP. We previ-
ously reported that the human SIPs represent a family of
molecules which are likely to be splice variants of the same
gene (25). We postulated that the full-length form of SIP
corresponded to a 145-kDa protein, SIP-145, based on the
existence of a open reading frame without termination codons
59 to the first methionine codon in the longest SIP cDNA that
we cloned (methionine 41 as numbered in reference 25; me-
thionine 1 as numbered in GenBank accession number
U57650). Subsequently, additional human SIP/SHIP cDNAs
with longer 59 untranslated regions that contain upstream,
in-frame stop codons and no additional in-frame methionine
codons have been identified (41), suggesting that the postu-
lated SIP-145 does not exist and that full-length SIP/SHIP
corresponds to a smaller, 130- to 135-kDa protein translated
beginning at methionine 41 in our cDNA. However, SIP pro-
tein in cells has been reported by various investigators to have
an apparent molecular mass of 130, 140, 145, or 150 kDa (11,
25, 29). To better characterize the full-length form of SIP for
subsequent experiments, lysates of unstimulated BAL17 B cells
and anti-SHC immunoprecipitates of activated BAL17 cell ly-
sates were immunoblotted with anti-SIP antisera. The largest
protein specifically recognized by anti-SIP antisera migrated at
an apparent molecular mass of approximately 135 kDa, as
measured by quantitative comparison to molecular weight
standards (Fig. 1), and migrated significantly faster than a
known 145-kDa protein, phospholipase C-g. This finding sug-
gested that no 145-kDa form of SIP protein exists in these cells.
Further, translation starting at methionine 41 in our cDNA
would produce a protein with a predicted molecular mass of
133 kDa, which suggested that this methionine is the transla-
tion start site for the largest form of endogenous SIP. To
investigate further, recombinant SIP protein encoded from
methionine 41 to the termination codon (1,188 residues) was
expressed in COS 6M cells. This recombinant SIP migrated at
the exact same apparent molecular weight as the largest form

FIG. 1. The full-length form of SIP is 135 kDa. SIP (1,188 residues) was
expressed in COS cells as described in Materials and Methods. SHC was immu-
noprecipitated from activated BAL17 B cells as previously described (25). Un-
transfected COS cell lysates (control), COS cell lysates containing recombinant
SIP (COS SIP), SHC immunoprecipitates (SHC IP), and BAL17 B cell lysates
(BAL17) were analyzed by sodium dodecyl sulfate–8% polyacrylamide gel elec-
trophoresis and immunoblotted with anti-SIP antiserum 8727. As a standard for
a 145-kDa protein, phospholipase C-g was immunoprecipitated from BAL17
lysates, analyzed on the same gel, and immunoblotted with monoclonal anti-
PLC-g antibodies (PLCg). The positions of the largest endogenous form of SIP
in B cells and of recombinant SIP in COS cells are shown by the arrow; both are
often seen as doublets (see text). Positions of molecular weight standards are
indicated in kilodaltons.
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of endogenous SIP present in either lysates or anti-SHC im-
munoprecipitates from B cells (Fig. 1). These results strongly
suggest that translation of full-length endogenous SIP begins at
methionine 41 in our cDNA and that full-length SIP has an
apparent molecular mass of approximately 135 kDa. These
results are consistent with the recently published, longer SIP/
SHIP cDNA sequences (41). This form of SIP was therefore
used in our experiments, and for clarity, we propose that SIP/
SHIP be referred to as a 135-kDa protein in subsequent stud-
ies. Attempts to directly sequence the NH2 terminus of the
largest form of SIP protein purified from BAL17 B cells were
unsuccessful, presumably because the NH2 terminus was
blocked. We have observed that both recombinant SIP ex-
pressed in COS cells and endogenous SIP from B cells is often
seen as a doublet on immunoblots (Fig. 1). The significance of
the lower form is unknown.

Catalytically inactive mutant SIPs. SIP was originally iden-
tified as an inositol- and phosphatidylinositol-polyphosphate
5-phosphatase by the presence of sequence motifs homologous
to other inositol polyphosphate 5-phosphatases (11, 21, 25).
These sequences are presumed to constitute part of the cata-
lytic domain (20, 21), but mutagenesis studies of full-length SIP
to demonstrate this directly have not been reported. We
wished to generate a mutant SIP protein which is catalytically
inactive to use as a control in subsequent experiments. We
therefore generated SIP constructs with point mutations or
deletions within these conserved motifs and tagged with the
influenza virus HA epitope. The mutant proteins were ex-
pressed in COS cells, immunoprecipitated with anti-HA anti-
bodies, and tested for inositol polyphosphate 5-phosphatase
activity. SIP proteins with a substitution of alanine for aspartic
acid 672 (D672A SIP) or with a deletion of amino acids 666 to
680 (SIPDIP) were expressed as well as wild-type SIP (Fig. 2B)
but contained no detectable inositol polyphosphate 5-phos-
phatase activity (Fig. 2A). This experiment demonstrates di-
rectly that these residues are necessary for full-length SIP
catalytic activity and support the hypothesis (20, 21, 25) that

the PSWCDRVL motif comprises part of the catalytic center
of inositol polyphosphate 5-phosphatases.

SIP inhibits PI 3-kinase-induced Xenopus oocyte matura-
tion. The specificity of SIP in vitro for 39-phosphorylated phos-
phatidylinositols suggests that SIP may regulate signaling by PI
3-kinase. We asked whether expression of SIP protein is capa-
ble of either activating or inhibiting PI 3-kinase-dependent
signaling in vivo. It was previously demonstrated that a consti-
tutively activated form of PI 3-kinase, known as p110*, induced
GVBD in Xenopus oocytes in the absence of added growth
factors or hormones (18). We therefore studied whether SIP
modulated the effects of p110* in oocytes by coinjecting SIP
and p110* cRNA. As seen in Fig. 3A, injection of p110* cRNA
resulted in GVBD, consistent with previously reported results
(18). Injection of SIP cRNA alone did not induce GVBD (data
not shown). p110*-induced GVBD was markedly reduced by
coinjection of SIP (Fig. 3A). The inhibition of PI 3-kinase
signaling by SIP was not due to alterations in p110* protein
expression (Fig. 3B). Further, catalytically inactive SIP,
SIPDIP, had significantly less effect on GVBD induced by
p110* (Fig. 3A), despite expression of SIPDIP protein approx-
imately equivalent to that of wild-type SIP (Fig. 3B). These
experiments demonstrate that a biological effect of PI 3-kinase,
oocyte maturation, can be inhibited in vivo by the enzymatic
activity of SIP.

SIP specifically blocks insulin-induced GVBD. Previous
studies have demonstrated that insulin action on Xenopus oo-
cytes requires activation of PI 3-kinase and the generation of
39-phosphorylated phosphatidylinositols (8, 9, 16, 31). Because
SIP antagonizes PI 3-kinase effects in oocytes (Fig. 3), we
postulated that expression of SIP would inhibit insulin signal-
ing in oocytes. Injection of SIP cRNA into oocytes blocked the
ability of insulin to induce GVBD (Fig. 4A) in multiple exper-
iments. This effect was not due to a nonspecific toxic effect of
SIP, since similar levels of SIP protein expression (Fig. 4B) had
no effect on progesterone-induced GVBD in the same exper-
iments (Fig. 4A). Expression of SIP did not affect progester-

FIG. 2. Expression and activities of wild-type and mutant SIP. HA epitope-tagged wild-type SIP (wtSIP) and SIP containing a point mutation (D672A) or small
deletion (SIPDIP) in the presumed catalytic domain were expressed in COS cells as described in Materials and Methods. (A). Anti-HA immunoprecipitates were
prepared and assayed for Ins(1,3,4,5)P4 hydrolyzing activity. (B) Aliquots of the same COS cell lysates were immunoblotted with anti-HA antibody to examine protein
expression. SIP proteins are indicated by the arrow. Positions of molecular weight standards are indicated in kilodaltons.
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one-induced GVBD even when SIP protein was allowed to
accumulate to high levels over 16 h prior to treating the oo-
cytes with progesterone (data not shown). Further, the ability
of SIP to inhibit insulin-induced GVBD was dependent on the
enzymatic activity of SIP, since a catalytically inactive mutant
SIP (SIPDIP) expressed at similar levels had little effect (Fig.
4).

The inability of the catalytically inactive SIPDIP to inhibit
insulin signaling suggested that expression of the SH2 domain
of SIP, which is intact in this construct, is not sufficient for
inhibition of insulin effects. We also investigated whether the
SH2 domain of SIP is necessary for the ability of SIP to inhibit
insulin signaling in this system. We generated a mutant SIP
cRNA in which the arginine within the critical FLVRES motif
of the SH2 domain was changed to an alanine. Similar muta-
tions have been demonstrated in multiple systems to eliminate
the ability of SH2 domains to interact with their tyrosine-
phosphorylated targets (4, 23, 32). Injection of SIP cRNA
containing the inactivating SH2 domain mutation, but with an
intact catalytic domain, inhibited insulin-induced GVBD al-
most as well as wild-type SIP (Fig. 4). This experiment dem-
onstrates that SIP SH2 domain function is not necessary for
inhibition of insulin-induced GVBD in oocytes.

SIP blocks insulin-induced MAP kinase phosphorylation.
Previous studies have suggested that in Xenopus oocytes, acti-
vation of PI 3-kinase leads to activation of the Ras pathway,
including activation of Ras, Raf kinase, and MAP kinase (8,
18). These results suggest that injection of SIP would block the
ability of insulin to activate MAP kinase. To investigate fur-
ther, oocytes were injected with SIP or mutant SIP cRNAs and
treated with insulin for 18 h, and oocyte lysates were analyzed
for MAP kinase phosphorylation. As expected, insulin induced
MAP kinase phosphorylation (Fig. 5). Phosphorylation of
MAP kinase by insulin was blocked by wild-type SIP but not by
catalytically inactive SIP (Fig. 5). These results confirm bio-
chemically the observation that SIP enzymatic activity blocks
insulin effects in oocytes. Further, these data provide addi-
tional support for the hypothesis that SIP inhibits signaling by

PI 3-kinase by showing that SIP inhibits activation of a kinase
thought to be downstream of PI 3-kinase in oocytes.

Effect of SIP on PI 3-kinase products produced in vivo. To
directly determine the effects of SIP expression on the gener-
ation of PI 3-kinase products in vivo, oocytes were injected
with H2O or SIP cRNA and labeled with [32P]orthophosphate.
The oocytes were then stimulated with insulin for 10 min, and
the lipids were extracted and analyzed by thin-layer chroma-
tography and HPLC. Standards for PtdIns(3,4,5)P3 were gen-
erated in vitro with purified p110*. As shown in Fig. 6, levels of
PtdIns(3,4,5)P3 increase in oocytes treated with insulin, as has
been reported previously (10, 31). Expression of SIP signifi-
cantly reduces the amount of PtdIns(3,4,5)P3 produced in re-
sponse to insulin but did not affect levels of PtdIns(4,5)P2 (Fig.
6). This finding is consistent with the in vitro activity and
specificity of SIP and provides the first reported evidence that
SIP is a PtdIns(3,4,5)P3 5-phosphatase in vivo as well as in
vitro. Further, this experiment supports the hypothesis that SIP
inhibits insulin signaling by hydrolyzing a product of PI 3-ki-
nase.

DISCUSSION

The identification of a family of phosphatidylinositol
polyphosphate 5-phosphatases which are specific for 39-phos-
phorylated substrates in vitro (11, 19, 25, 30) has suggested a
novel mechanism for the regulation of PI 3-kinase signaling.
However, the activity of these enzymes in vivo has not been
demonstrated, nor is it known whether they would potentiate
or inhibit signaling by PI 3-kinase. In this report, we have
demonstrated that one member of this family, SIP/SHIP, can
inhibit PI 3-kinase effects in vivo. Using a constitutively acti-
vated form of PI 3-kinase, p110*, we showed directly that SIP
inhibits oocyte maturation induced by PI 3-kinase in the ab-
sence of added growth factors or hormones (Fig. 3). Further,
SIP blocks insulin-induced phosphorylation of MAP kinase
(Fig. 5) and GVBD (Fig. 4), processes which are thought to be
mediated by PI 3-kinase in oocytes (8–10, 18, 31). SIP did not

FIG. 3. Effects of SIP on GVBD induced by a constitutively activated PI 3-kinase. Xenopus oocytes (30 to 40 per treatment group) were injected with H2O or 25
to 50 ng of cRNA of a constitutively activated PI 3-kinase, p110*, alone, p110* coinjected with wild-type SIP (wt SIP), or p110* coinjected with catalytically inactive
SIP (SIPDIP). (A) GVBD was scored 12 to 48 h later and is expressed as percentage of the total number of oocytes injected. Results are the means of duplicate
experiments 6 range. Inhibition by SIP was statistically significant (P , 0.05); the effect of SIPDIP was not significant (P . 0.10). (B) Myc epitope-tagged p110* was
immunoprecipitated from oocyte lysates with anti-Myc antibodies and immunoblotted with anti-p110 antibodies as described in Materials and Methods (top panel).
SIP proteins were immunoprecipitated and immunoblotted with antiserum 8727 (bottom panel). The positions of p110* and SIP are indicated by arrows. Positions of
molecular weight standards are indicated in kilodaltons. A representative immunoblot is shown.
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affect GVBD induced by progesterone, demonstrating that the
effect of SIP is specific. The lack of an effect of SIP on pro-
gesterone-induced GVBD is consistent with reports that pro-
gesterone-induced oocyte maturation is not inhibited by the PI
3-kinase inhibitor wortmannin and does not require PI 3-ki-
nase activation (9, 31).

Although it is unknown whether the effects of expression of
human SIP in a heterologous system such as Xenopus oocytes
are applicable to other cells, recently published data on the
function of SIP in mammalian cells support the hypothesis that
SIP is an inhibitor of signaling. Ono et al have reported that
SIP associates with the inhibitory Fcg receptor IIB subunit
(FcgRIIB) in B cells and mast cells (36). Coligation of this
receptor with FcεRI or FcgRIII on mast cells inhibits degran-
ulation, and coligation with the antigen receptor on B cells
inhibits B-cell activation. SIP/SHIP bound to a 13-amino-acid
motif in the cytoplasmic domain of FcgRIIB which has been
shown to be necessary for inhibitory signaling by FcgRIIB (1,
34). It has also been reported that expression of SIP in myeloid
cells results in growth inhibition (29). Our data suggest one
mechanism by which SIP/SHIP might inhibit signaling in these
cells.

The ability of SIP to inhibit insulin and PI 3-kinase signaling
is likely to be due to hydrolysis of a biologically active product
of PI 3-kinase, PtdIns(3,4,5)P3. First, as mentioned above, SIP
inhibited processes known to be dependent on PI 3-kinase
activity, and we have shown directly by using p110* that SIP
inhibits PI 3-kinase effects. Second, mutant SIP proteins which
were demonstrated to be catalytically inactive had little effect
on signaling by p110* (Fig. 3) or by insulin (Fig. 4), demon-
strating that the enzymatic activity of SIP is necessary for
maximal inhibition. Finally, we have shown directly that ex-
pression of SIP results in significant and specific decreases in
PtdIns(3,4,5)P3 generated in vivo in response to insulin (Fig.
6). Hydrolysis in vivo of PtdIns(3,4,5)P3, but not PtdIns(4,5)P2
(Fig. 6), is consistent with the substrate specificity of SIP pre-
viously defined in vitro (11, 25). Taken together, these results
suggest that generation of PtdIns(3,4,5)P3 is necessary for
GVBD induced by insulin and p110* and that SIP inhibits
signaling by hydrolyzing PtdIns(3,4,5)P3. One implication of

FIG. 4. SIP specifically blocks insulin-induced GVBD. (A) Groups of 20 to
60 oocytes were injected with 25 nl of H2O or H2O containing 1 mg of each
cRNA per ml, incubated at 20 to 258C in MRS for 3 to 16 h, and then treated with
8 mM insulin, 5 mg of progesterone per ml, or vehicle as described in Materials
and Methods. GVBD was scored 16 to 24 h later and is expressed as percentage
of the response of insulin- or progesterone-treated, H2O-injected oocytes
(mean 6 standard deviation, 2 to 10 experiments). The effects of wild-type SIP
(SIP wt) and SIPDSH2 on insulin-induced GVBD were statistically significant
(P , 0.001 and P , 0.05, respectively); the effects of SIPDIP on insulin-induced
GVBD and of wild-type SIP on progesterone-induced GVBD were not signifi-
cant (P . 0.10). (B) SIP proteins were immunoprecipitated from oocyte lysates
and immunoblotted with antiserum 8727. SIPDSH2 is SIP with an inactivating
point mutation in the SH2 domain. dH2O, distilled H2O; ins, insulin; prog,
progesterone. Positions of size markers are indicated in kilodaltons. A represen-
tative immunoblot is shown.

FIG. 5. SIP blocks phosphorylation of MAP kinase induced by insulin. Oo-
cytes were injected with cRNAs, incubated, and treated with insulin for 16 h as
described in the legend to Fig. 4 and in Materials and Methods. The oocytes were
lysed, and clarified lysates representing equal numbers of oocytes were immu-
noblotted with polyclonal antibodies specific for the phosphorylated form of
MAP kinase (top panel). The same immunoblot was reprobed with antibodies
which recognize total MAP kinase protein, to control for loading of samples
(bottom panel). wtSIP, wild-type SIP. Positions of molecular weight standards
are indicated in kilodaltons. Results are representative of three independent
experiments.

FIG. 6. Effect of SIP on PtdIns(3,4,5)P3 produced in response to insulin
treatment in oocytes. Oocytes were injected with H2O or 50 ng of SIP cRNA,
labeled with [32P]orthophosphate for 3 h, and stimulated with insulin for 10 min,
and lipids were extracted as described in Materials and Methods. Lipid extracts
were separated by thin-layer chromatography, deacylated, and analyzed by
HPLC. Total radioactivity was determined in the HPLC peaks comigrating with
deacylated [32P]PtdIns(3,4,5)P3 and [32P]PtdIns(4,5)P2 standards. Results are
means of duplicate, independent experiments 6 range.
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these data is that although levels of both PtdIns(3,4,5)P3 and
PtdIns(3,4)P2 increase in oocytes in response to insulin treat-
ment (31), PtdIns(3,4,5)P3 is the PI 3-kinase product princi-
pally responsible for induction of GVBD. This hypothesis does
not exclude a role for PtdIns(3,4)P2 in other cellular functions;
for example, it has been recently suggested that PtdIns(3,4)P2
is the PI 3-kinase product principally responsible for activa-
tion of the Akt/PKB kinase in mammalian cells (13, 27). We
have attempted to analyze changes in PtdIns(3,4)P2 levels in
oocytes expressing SIP, but results have been inconclusive.
Direction injection into oocytes of either PtdIns(3,4)P2 or
PtdIns(3,4,5)P3 generated in vitro with p110* did not induce
GVBD (data not shown). Because the amount of
PtdIns(3,4,5)P3 which can be generated in vitro by this method
is limited (27), the dose of PtdIns(3,4,5)P3 injected may have
been insufficient to induce GVBD. Alternatively, a single in-
jection of PtdIns(3,4,5)P3 may not mimic the kinetics of
PtdIns(3,4,5)P3 generated by p110* or in response to insulin.
In vitro, SIP hydrolyzes Ins(1,3,4,5)P4 as well as PtdIns(3,4,5)P3.
We cannot exclude a role for hydrolysis of Ins(1,3,4,5)P4 in the
inhibitory action of SIP; however, the ability of SIP to inhibit
GVBD induced directly by p110* demonstrates that SIP can
regulate PI 3-kinase signaling in oocytes.

The SH2 domain of SIP was neither necessary nor sufficient
for inhibition of insulin signaling. These data exclude the pos-
sibility that overexpression of the SH2 domain alone accounted
for the inhibitory effect of SIP. In mammalian cells, the SH2
domain is likely to participate in targeting of SIP to signaling
complexes and/or to the membrane, where the products of PI
3-kinase are generated. The absence of a requirement for the
SH2 domain for SIP activity in oocytes likely reflects either the
effect of overexpression of SIP and/or the absence of the en-
dogenous target of the SH2 domain in oocytes. In addition to
the SH2 domain, SIP contains binding sites for the PTB do-
main of SHC and for the SH3 domains of GRB2. In mamma-
lian cells, formation of signal complexes may regulate SIP
activity by changing its subcellular localization or by bringing
SIP into contact with regulatory molecules.

In conclusion, we have shown that a phosphatidylinositol
polyphosphate 5-phosphatase can inhibit biological effects in-
duced by PI 3-kinase and insulin. We propose that this family
of enzymes can participate in the downregulation of PI 3-ki-
nase-mediated signaling during mitogenesis, transformation,
and immune cell function.
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