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In a previous study, we found that the SHIP2 protein became tyrosine phosphorylated and associated with
the Shc adapter protein in response to the treatment of cells with growth factors and insulin (T. Habib, J. A.
Hejna, R. E. Moses, and S. J. Decker, J. Biol. Chem. 273:18605–18609, 1998). We describe here a novel
interaction between SHIP2 and the p130Cas adapter protein, a mediator of actin cytoskeleton organization.
SHIP2 and p130Cas association was detected in anti-SHIP2 immunoprecipitates from several cell types.
Reattachment of trypsinized cells stimulated tyrosine phosphorylation of SHIP2 and increased the formation
of a complex containing SHIP2 and a faster-migrating tyrosine-phosphorylated form of p130Cas. The faster-
migrating form of p130Cas was no longer recognized by antibodies to the amino terminus of p130Cas and
appeared to be generated through proteolysis. Interaction of the SHIP2 protein with the various forms of
p130Cas was mediated primarily through the SH2 domain of SHIP2. Immunofluorescence studies indicated
that SHIP2 localized to focal contacts and to lamellipodia. Increased adhesion was observed in HeLa cells
transiently expressing exogenous WT-SHIP2. These effects were not seen with SHIP2 possessing a mutation in
the SH2 domain (R47G). Transfection of a catalytic domain deletion mutant of SHIP2 (DRV) inhibited cell
spreading. Taken together, our studies suggest an important role for SHIP2 in adhesion and spreading.

Products of phosphatidylinositol (PI) metabolism are impor-
tant second messengers in cellular signaling pathways (1, 11,
70, 76). Activation of PI 39-kinase, which phosphorylates the 39
position of the inositol ring of PI, is a critical event in growth
factor, insulin, and G protein-mediated signal transduction
(14, 25, 49). In addition, PI 39-kinase plays an important role in
the regulation of adhesion and migration (68). PI 39-kinase
activation localizes to cell-cell and cell-matrix adhesion sites in
epithelial cells, as well as to membrane ruffles in fibroblasts
(78). Inhibition of PI 39-kinase attenuated integrin-mediated
adhesion and migration in several cell types, while expression
of the catalytic p110 subunit of PI 39-kinase enhanced cell
adhesion (18, 22, 29, 31, 33, 34, 52, 80). Moreover, p85, the
regulatory subunit of PI 39-kinase, interacted with proteins
regulating adhesion and migration such as focal adhesion ki-
nase (FAK) and p130Crk-associated substrate (p130Cas) (3, 8,
43).

In vivo, the major substrate for PI 39-kinase is phosphatidyl-
inositol-4,5-bisphosphate [PI-(4,5)-P2] leading to the forma-
tion of phosphatidylinositol-3,4,5-trisphosphate [PI-(3,4,5)-P3]
(63). Significant pools of phosphatidylinositol-3,4-bisphos-
phate [PI-(3,4)-P2] are also generated following PI 39-kinase
activation primarily through dephosphorylation of PI-(3,4,5)-P3
by 59 inositol phosphatases (27). PI-(3,4,5)-P3 and PI-(3,4)-P2
specifically interact with pleckstrin homology (PH) domains of
proteins, regulating activity or intracellular localization of cel-
lular enzymes such as Akt/PKB and its upstream kinase phos-

phoinositide-dependent kinase 1 (PDK1) (75). In addition to
Akt and PDK1, phospholipid products of PI 39-kinase regulate
the activity of a number of other cellular proteins containing
PH domains. These include the Btk family tyrosine kinases, as
well as guanine nucleotide exchange factors such as Vav, Dbl,
and general receptor for phosphoinositides 1 (Grp1) (54). Vav,
Dbl, and Grp1 are important regulators of cytoskeletal orga-
nization, adhesion, invasion, vesicle budding, membrane traf-
ficking, and cell spreading (7, 39, 77).

Inositol phosphatases are important in regulating the cellu-
lar levels of lipid second messengers. Inactivation of the tumor
suppressor gene PTEN/MMAC1, which hydrolyzes the 39-
phosphate of PI-(3,4,5)-P3, is frequently observed in tumor
cells (2), leading to increased basal levels of PI-(3,4,5)-P3 and
activation of downstream targets of PI 39-kinase (23). PTEN
also regulates integrin-mediated activation of extracellular-sig-
nal-regulated kinase (ERK), interacts with FAK, and inhibits
adhesion, migration, and invasion processes (19, 44, 71, 72).
Thus, PTEN has been implicated in the regulation of adhesion
and/or integrin-mediated survival signaling and detachment-
induced cell death or “anoikis” (5, 69). Several inositol phos-
phatases that dephosphorylate the 59 position of PI-(3,4,5)-P3
have been cloned (79). Among the known 59 inositol phospha-
tases, SH2-containing inositol 59-phosphatases 1 and 2 (SHIP1
and SHIP2) are specific for PI-(3,4,5)-P3 and inositol-(1,3,4,5)-
tetrakiphosphate (12). SHIP1 is expressed primarily in hema-
topoietic tissues, while SHIP2 expression appears to be more
ubiquitous (15, 24, 48, 59, 67). Studies using SHIP1 knockout
mice revealed a negative regulatory role for SHIP1 in myeloid
cell proliferation and immune system function (46, 47). Nega-
tive regulation of growth factor and antigen receptor-mediated
signaling by SHIP1 is well documented (28, 45). On the other
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hand, the role of SHIP2 in cellular functions remains largely
unknown, although some studies suggest a negative role for
SHIP2 in insulin and FcgRIIB receptor signaling (30, 53).
Besides an amino-terminal SH2 domain, both SHIP1 and
SHIP2 possess a proline-rich region and NPXY motifs that
could possibly provide interaction sites with proteins. Indeed,
SHIP1 forms complexes with adapter proteins, Shc and Grb2,
as well as tyrosine phosphatase SHP-2 (6, 26, 42, 61). We have
previously reported that SHIP2 was tyrosine phosphorylated
and associated with adapter protein Shc in response to growth
factors and insulin (24). In this study, we report a novel func-
tion for SHIP2 in cell adhesion and spreading. We have iden-
tified p130Cas, an important regulator of adhesion and migra-
tion processes, as an SHIP2-interacting protein. In HeLa cells,
SHIP2 localized to focal contacts during attachment and to
leading edges of membranes, lamellipodia, in spreading cells.
Wild-type SHIP2 promoted adhesion, while catalytically inac-
tive SHIP2 inhibited the spreading of HeLa cells.

MATERIALS AND METHODS

Materials. A monoclonal antibody directed against an epitope (amino acids
[aa] 644 to 819) at the C terminus of p130Cas (C-Cas) was from Transduction
Laboratories. Another monoclonal antibody raised against full-length p130Cas

(CAS-14) was obtained from Neomarkers. Rabbit polyclonal anti-p130Cas (N-17)
raised against an N-terminus epitope and rabbit polyclonal anti-GST (Z-5) were
purchased from Santa Cruz Biotech. Anti-FLAG (M2) antibody, rat tail collagen
I, and calpain inhibitor E-64d were from Sigma Chemicals. Antiphosphotyrosine
(clone 4G10) was from Upstate Biotech. Anti-mouse immunoglobulin G (IgG)-
Oregon Green, anti-rabbit IgG-Oregon Green, and anti-mouse IgG-Texas Red
were from Molecular Probes. We obtained horseradish peroxidase (HRP)-conju-
gated anti-mouse IgG from BioRad, and anti-rabbit IgG-HRP and purified Abl
kinase from NEB. Rabbit polyclonal anti-SHIP2 antiserum was raised as described
earlier (24). The protease inhibitors calpeptin, MG132, MG115, ALLN, and
lactacystin were purchased from Alexis Biochemicals. The caspase-I inhibitor,
Z-VAD-fmk, was from Calbiochem. Mammalian expression construct for the glu-
tathione S-transferase (GST)-p130Cas (pEB6-Cas) fusion protein was a kind gift
from Bruce Mayer, Harvard University Medical School, Cambridge, Mass. (50).

Cell culture. HeLa and 293T cells were routinely cultured in Dulbecco mod-
ified Eagle medium (with high glucose, pyridoxine hydrochloride, and L-glu-
tamine and without sodium pyruvate) containing 10% heat-inactivated fetal
bovine serum (FBS). Transient transfection of HeLa or 293T cells was carried
out using Lipofectamine-Plus reagent (Gibco-BRL).

Construction of expression vectors encoding epitope-tagged SHIP2 and GST
fusion proteins. cDNAs encoding full-length SHIP2 without (untagged SHIP2)
or with a FLAG epitope at the carboxy terminus (SHIP2-FLAG) were cloned
into the pcDNA3 mammalian expression vector. Deletion in the catalytic domain
of SHIP2 was achieved by digestion with EcoRV enzyme with sites flanking aa
616 to 812, followed by religation. Site-directed mutagenesis was used to replace
the arginine at codon 47 with glycine (R47G). This mutation disrupted the FLVR
motif in the SH2 domain (aa 20 to 108). These constructs were tagged with the
FLAG epitope at the carboxy terminus. The FLAG epitope was attached to the
full-length rat p130Cas at the amino terminus by PCR using pEB6-Cas as a
template and cloned into pcDNA3. SHIP2 cDNA fragments encoding aa 20 to
118 encompassing the SH2 domain and aa 890 to 1258 encompassing the C-
terminus proline-rich region and the sterile alpha motif domain were generated
by PCR and cloned into pGEX-KG (21) in frame with the N-terminus coding
region for GST. Fragments of cDNA encoding the SH2 domain of the Shc
adapter protein (aa 487 to 583) (51) and the full-length EWS/FLI1-activated
transcript2 (EAT2) (73) were also cloned similarly into the pGEX-KG vector.

Preparation of GST fusion proteins and GST pulldown assays. The GST
fusion proteins, except GST-p130Cas, were purified from Escherichia coli. Bac-
terial cells expressing fusion proteins were suspended in lysis buffer (20 mM
HEPES, pH 7.4; 0.5 mM EDTA; 0.1% Triton X-100; 1 mM phenylmethylsulfo-
nyl fluoride [PMSF]) and lysed by sonication. GST fusion proteins were purified
from sonicates using glutathione-Sepharose (Pharmacia) beads. GST-p130Cas

fusion protein was expressed and purified from 293T cells. pEB6.GST-Cas (10
mg/100-mm dish) was transiently transfected into 293T cells using Lipo-
fectamine-Plus (20 ml of Plus reagent and 30 ml of Lipofectamine reagent per

100-mm dish) reagent. At 48 h posttransfection, cells were lysed in HNTG buffer
(50 mM HEPES, pH 7.4; 150 mM NaCl; 1% Triton X-100; 10% glycerol; 1 mM
EGTA; 1 mM EDTA; 10 mM sodium pyrophosphate; 100 mM sodium fluoride;
0.2 mM sodium orthovanadate; 1 mM PMSF; plus protease inhibitor cocktail
[Boehringer Mannheim]) and precleared by spinning at 14,000 3 g at 4°C for 10
min. GST-Cas was purified from the precleared lysate with glutathione-Sepha-
rose beads.

For the pulldown assays, HeLa cells, cultured as indicated, were lysed in
HNTG buffer. Lysates were centrifuged at 14,000 3 g at 4°C for 10 min, followed
by incubation for 90 min at 4°C with fusion proteins bound to glutathione-
Sepharose beads as indicated. Beads were then washed four times with HNTG
buffer and resuspended in sodium dodecyl sulfate (SDS) sample buffer. Bound
proteins were analyzed on SDS-gels, transferred to nitrocellulose, and probed
with antiphosphotyrosine or anti-p130Cas antibodies. Blots were developed with
chemiluminescence reagents.

For GST-Cas pulldown experiments, GST-Cas bound to glutathione beads was
washed two times with Abl kinase buffer (NEB) and incubated in Abl kinase
buffer supplemented with bovine serum albumin (BSA; 0.1 mg/ml), 200 mM
ATP, and with or without 100 U of purified Abl kinase (NEB). In vitro kinase
reaction was carried out at 30°C for 30 min, followed by two washes with TNTG
buffer (10 mM Tris-HCl, pH 7.4; 150 mM NaCl; 0.1% Triton X-100; 10%
glycerol; 1 mM PMSF; 0.2 mM sodium orthovanadate) (50). Equal amounts of
GST-Cas, bound to glutathione beads pretreated with or without Abl as described
above, were incubated for 60 min at 4°C with lysates from 293T cells that were
transiently transfected with pcDNA3 (vector), pcDNA3-SHIP2-FLAG, pcDNA3-
DRV-FLAG, or pcDNA3-R47G-FLAG (10 mg of DNA/100-mm dish). Beads
were washed four times with HNTG buffer and resuspended in SDS sample
buffer. Bound proteins were resolved on SDS-polyacrylamide gel electrophoresis
(PAGE) gels and blotted with anti-FLAG (M2) antibody. Lipofectamine-Plus
reagent was used for 293T cell transfection. 293T cell lysates were prepared 30 h
posttransfection in HNTG buffer, and the amounts of FLAG-tagged proteins in
the lysates were determined by an anti-FLAG (M2) Western blot.

Far-Western analyses. GST-Cas or Abl phosphorylated GST-Cas (GST-Cas-
PY), prepared as described above, was run on SDS-PAGE gels and then trans-
ferred to nitrocellulose membranes. Membranes were blocked for 5 h at 4°C in
blocking buffer (2% BSA; 20 mM Tris-HCl, pH 7.5; 100 mM NaCl; 0.1 mM
EDTA; 0.1% Tween 20; 1 mM dithiothreitol). SHIP2-FLAG was expressed in
293T cells, purified on anti-FLAG (M2)-agarose beads, and eluted with FLAG
peptide (100 mg/ml). Approximately 2.5 mg of purified SHIP2-FLAG per ml in
the blocking buffer was incubated with the membranes for 12 h at 4°C. Mem-
branes were washed three times for 5 min each time with washing buffer (essen-
tially same as the blocking buffer but without BSA), followed by sequential
probing with anti-FLAG (M2) antibody and anti-mouse IgG-HRP in the block-
ing buffer. Duplicate membranes were incubated with anti-FLAG and anti-
mouse IgG-HRP alone. Purified SHIP2-FLAG protein was run alongside as a
positive control for anti-FLAG probing. Reverse analyses were carried out by
running anti-FLAG immunoprecipitates from 293T cells transfected with
pcDNA3 (V) or SHIP2-FLAG on the gel. Proteins were transferred to the
nitrocellulose membranes, followed by blocking as described above. Abl-phos-
phorylated GST-Cas (GST-Cas-PY) was eluted off the glutathione-Sepharose
beads with 20 mM glutathione and incubated with the membranes (2.5 mg/ml) in
the blocking buffer for 12 h at 4°C. Following three 5-min washes, the membranes
were sequentially probed with anti-GST and anti-rabbit IgG-HRP in the blocking
buffer. Duplicate membrane was incubated with anti-GST and anti-rabbit IgG-
HRP alone. All antibody incubations were done for 1 h at room temperature.
Membranes were washed three times for 5 min each time with washing buffer at
room temperature at the end of each probing. Blots were developed using
chemiluminescence reagents.

Immunoprecipitation and Western blot analyses. HeLa cells cultured under
various conditions as indicated were lysed in HNTG buffer. For adherent sam-
ples used in the experiments, confluent cells in 100-mm tissue dishes were
washed once with cold phosphate-buffered saline (PBS) and scraped into lysis
buffer. Lysates from trypsinized cells were prepared after treatment with 13
trypsin-EDTA (Gibco-BRL; 0.25% trypsin, 1 mM EDTA) for 3 min. Trypsin was
inactivated by using complete medium containing FBS. Cells were then centri-
fuged for 3 min at 50 3 g in a tabletop centrifuge and washed once with PBS
prior to lysis. For samples from reattaching cells, trypsinized cells were replated
for indicated intervals on 100-mm tissue culture dishes with no additional coating
or on bacterial petri dishes coated with collagen I (6 mg/cm2 in PBS for 1 h),
poly-L-lysine (Sigma) (0.1% solution in PBS) or PBS alone. After the indicated
intervals, adherent cells were gently washed once with cold PBS and scraped into
lysis buffer. The medium and the PBS wash containing nonadherent cells from
each sample were centrifuged, and the resulting cell pellet was combined with the
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respective lysate. Immunoprecipitations and Western blots were done as de-
scribed earlier (62). Briefly, samples were centrifuged at 14,000 3 g for 10 min
at 4°C, precleared with protein A/G-agarose beads for 30 min at 4°C, and
immunoprecipitated with the specified antibodies and protein A/G-agarose
beads. The beads were washed three times with lysis buffer and resuspended in
SDS sample buffer. Whole-cell lysates were prepared in 13 SDS sample buffer
containing 2% SDS, 10% sucrose, 25 mM Tris-HCl (pH 7.4), and 2.5 mM
EDTA. Samples were boiled in the presence of 5% 2-mercaptoethanol prior to
SDS-PAGE analyses. Proteins were resolved on SDS-gels, transferred to nitro-
cellulose, and probed with the appropriate antibodies. Blots were developed with
chemiluminescence reagents. p130Cas immunoprecipitations and Western blot
analyses were carried out using C-Cas antibody (Transduction Laboratories),
and HNTG buffer was used to prepare the cell lysates unless stated otherwise.
The anti-p130Cas immunoblots described in Fig. 6 were carried out with N-17
(Santa Cruz Biotech) and CAS-14 (Neomarkers) antibodies as indicated.

For anti-p130Cas immunoprecipitations described in Fig. 2A and B, cell lysates
were prepared either in HNTG buffer or in NP-40 buffer (1% NP-40, 50 mM
Tris-HCl [pH 7.4], 10 mM sodium pyrophosphate, 100 mM sodium fluoride, 0.2
mM sodium orthovanadate, 4 mg of leupeptin per ml, 1 mg of aprotinin per ml,
1 mg of pepstatin per ml, 1 mM PMSF), as indicated. Lysates were precleared at
14,000 3 g for 10 min at 4°C, followed by incubation with a combination of two
monoclonal antibodies, C-Cas (Transduction Laboratories) and CAS-14 (Neo-
markers), for 1 h at 4°C. Immunoprecipitates were then collected on protein
A/G-agarose beads, washed three times with the respective lysis buffer, and
resuspended in the SDS sample buffer. SDS-PAGE and Western blot analyses
were done essentially as described above.

Immunofluorescence staining. HeLa cells, cultured in 35-mm dishes, were
transiently transfected with expression constructs of FLAG-tagged wild-type
SHIP2, DRV-FLAG-SHIP2, or R47G-FLAG-SHIP2 mutants cloned into
pcDNA3 vector. A green fluorescent protein (GFP) expression construct
(pEGFP-C1; Clontech), with the same cytomegalovirus promoter as that of
SHIP2 constructs, was used as control. At 48 h posttransfection, the cells were
trypsinized and replated for 1 h on collagen I-coated chamber slides (6 mg/cm2

for 1 h), followed by anti-FLAG (M2) immunofluorescence staining. Duplicate
dishes of transfected cells were stained directly on 35-mm dishes with anti-FLAG
(M2) antibody. After a gentle PBS wash, cells were fixed with 4% paraformal-
dehyde in PBS for 15 min and permeabilized with 0.2% Triton X-100 in PBS for
an additional 15 min. Blocking was performed in PBS containing 2% BSA
(PBS-BSA) and 1:1,000-diluted normal goat serum for 1 h. Cells were then
treated with 1.5 mg of anti-FLAG antibody (M2) per ml in PBS-BSA for 1 h.
After five washes with PBS, the cells were further incubated with 0.75 mg of
Oregon green-conjugated anti-mouse IgG per ml for 45 min. Final washes were
done in PBS five times prior to confocal microscopy. Staining for endogenous
SHIP2 was done on HeLa cells that were adherent or replated for 1 h on collagen
I-coated chamber slides. Double staining of HeLa cells, plated for 1 h on colla-
gen I-coated chamber slides, was done with a combination of anti-paxillin (mono-
clonal antibody, 1 mg/ml) and anti-SHIP2 (1:250). After being washed, the cells
were stained for 45 min with Texas red-conjugated anti-mouse IgG (0.5 mg/ml)
and Oregon green-conjugated anti-rabbit IgG (0.75 mg/ml). Cells were washed
five times with PBS prior to confocal microscopy. All incubations were done at
room temperature in humidified chambers. Control GFP-transfected cells were
fixed in 4% paraformaldehyde and processed for microscopy after several PBS
washes.

Adhesion and spreading assays. Anti-FLAG staining of HeLa cells was carried
out as described above after 1 h of replating on collagen I-coated chamber slides.
Positively stained (green) cells that were adherent were counted from five ran-
dom fields (magnification, 360). The total number of adherent cells in five fields
(magnification, 360) was ca. 300 to 350 both in untransfected and transfected
cells. Among the positive cells that were adherent, the numbers of spread or
nonspread and/or round ones were determined. The average numbers of positive
(green) cells that were adherent are presented in histogram form after the values
were normalized for transfection efficiency. The numbers of positively stained
cells (at least 300 per sample) on a duplicate 35-mm dish were counted in three
random fields (magnification, 320) to calculate relative transfection and/or ex-
pression efficiency that was employed to normalize the above values. The per-
centage of spreading among adherent green cells was calculated from three
separate experiments. The statistical significance was calculated by paired Stu-
dent’s t test. The effect of proteasome inhibition on cell spreading was evaluated
as follows. HeLa cells were pretreated with dimethyl sulfoxide (DMSO), MG132
(25 mM), or lactacystin (10 mM) for 30 min prior to trypsinization. Cells were
then replated for 1 h in the presence of DMSO, MG132, or lactacystin on
collagen I-coated chamber slides. The cells were fixed and scored for spreading.

The percentage of cells that were spread was calculated by scoring at least 300
cells under a 603 objective.

RESULTS

Interaction of SHIP2 with p130Cas. Several tyrosine phos-
phorylated proteins were found to coprecipitate with SHIP2
protein from HeLa cell lysates (Fig. 1A). In SHIP2 immuno-
precipitates from untreated cells, a basal level of tyrosine
phosphorylation of SHIP2 protein was found along with co-
precipitating tyrosine phosphorylated proteins with Mrs of
approximately 65,000, 105,000, 110,000, and 180,000. The
105,000- and 110,000-Mr SHIP2-associated proteins comi-
grated with immunoprecipitated forms of the p130Cas adapter
protein in anti-phosphotyrosine immunoblots. They were also
detected in anti-p130Cas immunoblots and comigrated with the
faster-migrating forms of p130Cas (Fig. 1B). A slower-migrat-
ing 120,000-Mr form of p130Cas was also weakly detectable in
anti-SHIP2 immunoprecipitates. In whole-cell lysates of HeLa
cells, p130Cas forms appeared as a doublet with Mrs of 110,000
and 120,000, with a low-abundance third form with an Mr of
105,000 as previously observed by others (13, 58). SHIP2 and
tyrosine phosphorylated p130Cas could directly associate
through the SH2 domain of SHIP2 or through interaction of
proline-rich regions in the carboxyl terminus of SHIP2 with the
SH3 domain of p130Cas. To examine these possibilities, HeLa
cell lysates were incubated with the GST-SHIP2 SH2 domain
or GST-SHIP2 carboxyl-terminus fusion proteins bound to
glutathione-Sepharose beads. As shown in Fig. 1A, tyrosine-
phosphorylated proteins migrating with p130Cas specifically
bound the GST-SHIP2 SH2 domain, with little binding to the
GST-SHIP2 carboxyl terminus or to GST alone. Additional
tyrosine-phosphorylated bands with Mrs of 180,000 and 60,000
to 70,000 were present in GST-SHIP2 SH2 pulldowns (Fig. 1A
and see also Fig. 5B). Anti-p130Cas immunoblots confirmed
that the 105,000- to 120,000-Mr SHIP2 SH2 domain-associated
proteins were indeed three forms of p130Cas (Fig. 1B). As
controls, we tested GST-Shc SH2 domain (51) and GST-EWS/
FLI1-activated transcript 2 (EAT2) fusion proteins (73) for
interaction with p130Cas. EAT2 is a small protein comprising
mostly a SH2 domain and is closely related to the SH2 domain
of SHIP2. Neither GST-Shc SH2 nor GST-EAT2 interacted
with p130Cas (Fig. 1C). To confirm the in vivo association
between SHIP2 and p130Cas, reciprocal immunoprecipitation
experiments were performed. In these experiments SHIP2 was
found in anti-p130Cas immunoprecipitates (Fig. 2A). The as-
sociation was enhanced in cells that were allowed to reattach
after trypsinization. Overexpression of SHIP2 further in-
creased the coprecipitating amounts of SHIP2 in HeLa cells
upon replating (Fig. 2B). In addition, SHIP2 was detected in
anti-FLAG immunoprecipitates when FLAG-tagged p130Cas

and untagged SHIP2 were coexpressed in 293T cells (Fig. 2C).
To further characterize the SHIP2-p130Cas interaction, pull-

down assays were carried out using purified GST-Cas from
293T cells. Tyrosine phosphorylation of GST-Cas purified
from 293T cells was not detectable by antiphosphotyrosine
blotting, but incubation with purified Abl (Abl-K; NEB) and
ATP in vitro resulted in the appearance of a slower-migrating
form of Cas (P-GST-Cas) which was strongly reactive with
antiphosphotyrosine antibody (Fig. 3A). Lysates from 293T
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cells transiently transfected with FLAG-tagged SHIP2, with a
SH2-defective mutant (in which the critical arginine of FLVR
motif in the SH2 domain was changed to glycine; R47G-
FLAG), or with a catalytic region deletion mutant (DRV-
FLAG) were incubated with GST-Cas bound to glutathione
beads that were pretreated with or without Abl kinase. GST-
Cas coprecipitated SHIP2-FLAG and DRV-FLAG only when
Cas was prephosphorylated in vitro by purified Abl kinase. The
SH2 domain-defective mutant, R47G-FLAG, on the other
hand, failed to associate with GST-Cas even when Cas was
tyrosine phosphorylated (Fig. 3A). Far-Western analyses pro-
vided further evidence for direct interaction between p130Cas

and SHIP2 (Fig. 3B). SHIP2-FLAG purified from 293T cells
interacted specifically with nitrocellulose membrane-bound ty-

FIG. 1. SHIP2 associates with p130Cas. (A) Lysates of adherent
(Ad) HeLa cells were immunoprecipitated with preimmune serum
(Pre), anti-SHIP2, control mouse IgG (MIg), or anti-p130Cas. Pull-
down assays were carried out by incubating adherent HeLa cell lysates
with GST, GST-SHIP2 SH2 fusion protein (GST-SH2), or GST-SHIP2
carboxyl-terminus fusion protein (GST-CT). Precipitates were blotted
with antiphosphotyrosine antibody (a-PY; 4G10). The arrows point to
coprecipitating tyrosine-phosphorylated proteins. (B) Preimmune se-
rum (Pre) or anti-SHIP2 immunoprecipitates from adherent (Ad)
HeLa cells, GST pulldown samples from adherent (Ad) cells, or those
held in suspension for 30 min (Susp) were immunoblotted with anti-
p130Cas. A pulldown assay was carried out by incubating lysate with
GST, GST-SHIP2 SH2 fusion protein (GST-SH2), or GST-SHIP2
carboxyl-terminus fusion protein (GST-CT). HeLa cell lysate from
adherent cells (Lys) was run as a control. The arrows indicate different
forms of p130Cas. (C) Anti-p130Cas immunoblot of GST pulldown
samples from adherent (Ad) HeLa cells carried out using GST-SHIP2
SH2 fusion protein (GST-SH2), GST-Shc SH2 fusion protein (Shc-
SH2), or GST-EAT2 fusion protein immobilized on glutathione-
Sepharose beads. The arrows indicate different forms of p130Cas.

FIG. 2. SHIP2 coprecipitates with anti-p130Cas. (A) Anti-p130Cas

(a combination of C-Cas and CAS-14 antibodies) or mouse IgG (MIg)
immunoprecipitates from HeLa cells that were adherent (Ad) or re-
plated for 2 h (RP) were blotted with anti-SHIP2. Lysis conditions are
indicated at the bottom of the figure. HeLa cell lysate from adherent
cells (Lys) was run as a control. (B) HeLa cells transfected with
pcDNA3 vector alone (V) or with pcDNA3-SHIP2-FLAG (SHIP2)
were lysed with NP-40 buffer. Anti-p130Cas (a combination of C-Cas
and CAS-14 antibodies) immunoprecipitates were blotted with anti-
SHIP2. Mouse IgG (MIg) was used as a control. (C) 293T cells,
transfected with pcDNA3 (V), pcDNA3-FLAG-tagged p130Cas (Cas-
FLAG), or Cas-FLAG plus untagged SHIP2, were lysed in HNTG and
immunoprecipitated with anti-FLAG. Anti-SHIP2 and anti-FLAG
blots of anti-FLAG immunoprecipitates, as well as an anti-SHIP2 blot
of whole-cell lysate, are shown.
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rosine-phosphorylated GST-Cas and purified GST-Cas-PY
(GST-Cas tyrosine phosphorylated by Abl) bound to SHIP2-
FLAG that was immobilized to the membrane (Fig. 3B).

Adhesion-dependent tyrosine phosphorylation of SHIP2
and interactions between SHIP2 and p130Cas. The interaction
between SHIP2 and p130Cas protein suggested a possible role
for SHIP2 in regulation of cellular adhesion and migration
processes. In HeLa cells, SHIP2 is constitutively tyrosine phos-
phorylated and the tyrosine phosphorylation observed in un-
stimulated cells could be decreased by detachment from the
substratum through trypsinization (Fig. 4A). HeLa cells re-
plated on bacterial petri dishes coated with collagen I (inte-
grin-dependent adhesion) displayed increased SHIP2 tyrosine
phosphorylation compared to those plated on poly-L-lysine
(integrin-independent adhesion) or PBS-coated petri dishes

(Fig. 4A). Replating of cells on regular tissue culture dishes
restored SHIP2 tyrosine phosphorylation as well (Fig. 4B).

Trypsin treatment appeared to have little effect on the as-
sociation between SHIP2 and p130Cas or on the tyrosine phos-
phorylation of p130Cas (Fig. 4B and 5A). However reattach-
ment preferentially induced association of SHIP2 with the
tyrosine-phosphorylated smaller Mr 105,000 form p130Cas. An-
ti-p130Cas antibody immunoblots of anti-p130Cas immunopre-
cipitates and of whole-cell lysates indicated that levels of the
Mr 105,000 form increased during adhesion, while the levels of
the Mr 110,000 and 120,000 forms were relatively unchanged
(Fig. 5A and 6A). The stoichiometry of tyrosine phosphoryla-
tion of the all p130Cas forms appeared to decrease during
adhesion. Overall tyrosine phosphorylation of the Mr 110,000
and 120,000 forms of p130Cas was greatly reduced during ad-

FIG. 3. The SH2 domain of SHIP2 mediates interaction with tyrosine-phosphorylated p130Cas. (A) Lysates from 293T cells transfected with
vector pcDNA3 (V), FLAG-tagged WT-SHIP2, DRV-SHIP2, or R47G-SHIP2 were blotted with anti-FLAG antibody to determine levels of
expression. In the bottom panel, 293T lysates containing equal amounts of FLAG-tagged proteins were incubated with purified GST-p130Cas beads
that were pretreated in vitro with or without Abl kinase as described in Materials and Methods. Proteins bound to GST-p130Cas beads were blotted
with anti-FLAG. Vector-transfected cell lysate (V) was included as a control. GST-p130Cas pulldown samples were also blotted with anti-p130Cas

and antiphosphotyrosine antibodies. (B) In far-Western experiments, GST-Cas or GST-Cas-PY (GST-Cas tyrosine phosphorylated by Abl as
described above) were transferred to nitrocellulose and incubated with purified SHIP2-FLAG, followed by detection with anti-FLAG and goat
anti-mouse IgG-HRP. A duplicate membrane was probed only with anti-FLAG and goat anti-mouse IgG-HRP as a control. As a positive control
for anti-FLAG reactivity, purified SHIP2-FLAG was run alongside. GST-Cas-PY migrated at approximately Mr 150,000 to 160,000. In the bottom
panel, anti-FLAG immunoprecipitates from 293T cells transfected with pcDNA3 (V) or SHIP2-FLAG were transferred to nitrocellulose, followed
by incubation with purified GST-Cas-PY. The interaction was detected with anti-GST (rabbit polyclonal antibody) and goat anti-rabbit IgG-HRP.
A duplicate membrane was incubated with only anti-GST and goat anti-rabbit IgG-HRP as a control.
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hesion, while tyrosine phosphorylation of the proportion of these
proteins bound to SHIP2 was not changed. Both the Mr 105,000
and 120,000 proteins were present in GST-SHIP2 SH2 domain
pulldown reattachment experiments with a time-dependent in-
crease in the amount of bound Mr 105,000 protein (Fig. 5B).

Origin of the Mr 105,000 form of p130Cas. Reactivity of
p130Cas forms with antibodies recognizing the carboxy-termi-
nal or the amino-terminal region of p130Cas were compared
using whole-cell lysates of HeLa cells (Fig. 6A). The amino-
terminal-specific anti-p130Cas (N-17) antibody failed to recog-
nize the p105 form of p130Cas, which was readily apparent with
the carboxy-terminal-specific antibody (Fig. 6A). A second
monoclonal anti-p130Cas antibody (raised against full-length
p130Cas; CAS-14) also detected the p105 form of p130Cas in
whole-cell lysates, as well as in anti-SHIP2 immunoprecipitates
(Fig. 6B). This suggested that the p105 form of p130Cas in

HeLa cells might be an N-terminally truncated form generated
due to proteolytic processing. The addition of the proteasome
inhibitors MG132, MG115, lactacystin, and ALLN reduced the
adhesion-dependent appearance of the p105 form of p130Cas

(Fig. 6C). The calpain inhibitors E64d and calpeptin, the in-
hibitors of trypsin-like proteases aprotinin, PMSF, and leupep-
tin, and the caspase-I inhibitor Z-VAD-fmk did not appear to
affect processing to the Mr 105,000 form. In addition, treat-
ment with MG132 and lactacystin decreased the association
between SHIP2 and the p105 form of p130Cas (Fig. 6D), and
proteasome inhibition with MG132 and lactacystin significantly
delayed the spreading of cells plated on collagen-coated sur-
face (Fig. 6E).

SHIP2 localizes to focal contacts and lamellipodia. Adhe-
sion-dependent phosphorylation of SHIP2 and its interaction
with p130Cas suggested that SHIP2 might function in the or-
ganization of the actin cytoskeleton. To examine this possibil-
ity, we studied the cellular localization of SHIP2 in HeLa cells.
Immunofluorescence staining with anti-SHIP2 revealed that
SHIP2 localized largely to peripheral membrane protrusions
and lamellipodia in adherent cells (Fig. 7A). In addition, dif-
fuse perinuclear cytoplasmic staining, somewhat stronger than
that seen with preimmune serum alone, was apparent. When
cells were detached by trypsinization and allowed to reattach
on collagen-coated slides, SHIP2 localized primarily to focal
contacts or focal complexes that formed in the initial stages of
spreading and to membrane protrusions of lamellipodia type
structures in later stages of spreading. In Fig. 7B, cells were
double stained with anti-SHIP2 and a monoclonal antibody to
a focal contact component protein, paxillin. Colocalization of
SHIP2 (in green) and paxillin (in red) to focal contacts was
observed in adhering cells. In order to test the roles of the SH2
domain and catalytic domain in SHIP2 localization, anti-
FLAG immunofluorescence staining was done on HeLa cells
transiently transfected with FLAG-tagged versions of WT-
SHIP2, DRV, and R47G mutants (Fig. 8). In adherent cells
WT-SHIP2-FLAG localized to peripheral membranes, whereas
the DRV and R47G mutants were generally cytoplasmic,
displaying a punctate pattern of variable intensity lacking
significant peripheral membrane staining. Upon replating,
localization of WT-SHIP2 and DRV-FLAG appeared simi-
lar, concentrating in the focal contacts (Fig. 8). DRV-
FLAG- and R47G-FLAG-SHIP2 was largely absent from
membrane periphery and appeared punctate in spread cells.
The SH2-defective mutant, R47G-FLAG, was largely absent
from the peripheral membranes, showing a more prominent
punctate pattern of cytoplasmic staining (Fig. 8).

Effects of WT-SHIP2 and SHIP2 mutants on cellular adhe-
sion and spreading. We next examined the effect of transient
expression of exogenous WT-SHIP2 or SHIP2 mutants on
adhesion and spreading of HeLa cells (Fig. 9). As illustrated in
the representative photomicrographs (Fig. 9A) and in the his-
togram form (Fig. 9B), the overexpression of WT-SHIP2 re-
sulted in an approximately two- to three-fold increase in the
number of adherent cells compared to the control GFP group.
The proadhesion effect of WT-SHIP2 was not seen with R47G-
SHIP2, indicating the importance of SH2 domain interactions
in this effect. DRV-FLAG promoted adhesion to a lesser de-
gree than the wild-type SHIP2, and the R47G mutant was
inactive. The effects of WT-SHIP2 and the SHIP2 mutants on

FIG. 4. Effects of adhesion on tyrosine phosphorylation of SHIP2.
(A) Immunoprecipitates were prepared from cells that were adherent
(Ad), detached with trypsin (T), or replated (RP) for 1 h on a bacterial
petri dish coated with collagen I (Col-I), poly-L-lysine (P-L), or PBS
(None). Preimmune serum (Pre) or anti-SHIP2 immunoprecipitates of
lysates of cells from these treatments were blotted with anti-phospho-
tyrosine antibody (a-PY). (B) Anti-phosphotyrosine antibody (a-PY)
and anti-SHIP2 blots of preimmune serum (Pre) or anti-SHIP2 immu-
noprecipitates from HeLa cells that were cultured as indicated: adher-
ent (Ad), detached by trypsinization (T), or replated on tissue culture
dishes (RP) for 1 h or 2 h. Arrows in both panels point to the copre-
cipitating tyrosine-phosphorylated doublet of Mr 110,000 and Mr
105,000 corresponding to the p130Cas forms.
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cell spreading were also examined (Fig. 9C). At 1 h postplating,
only ca. 60% of RV-FLAG-positive adherent cells were spread
compared to ;90% of wild-type SHIP2 or GFP-positive cells.
The transfection of R47G-FLAG had no effect on spreading.

DISCUSSION

This study describes a novel interaction between SHIP2 and
p130Cas mediated primarily through the SH2 domain of

SHIP2. SHIP2 was tyrosine phosphorylated in an adhesion-
dependent manner and was localized to focal contacts as well
as to lamellipodia. Transient expression of exogenous SHIP2
in HeLa cells increased adhesion, and this effect was abolished
by mutation of the SH2 domain (R47G). Cell spreading was
severely reduced by a catalytic domain deleted version of
SHIP2 (DRV). Our data clearly indicated an important role for
SHIP2 in cellular adhesion and spreading.

SHIP2 was tyrosine phosphorylated in unstimulated HeLa

FIG. 5. Adhesion-dependent changes in the interaction of SHIP2 with p130Cas. (A) Anti-p130Cas blots of anti-SHIP2 immunoprecipitates or
anti-p130Cas immunoprecipitates and anti-phosphotyrosine antibody (a-PY) blot of anti-p130Cas immunoprecipitates from HeLa cells that were
cultured as indicated: adherent (Ad), detached by trypsinization (T), or replated (RP) for 1 or 2 h. The control lanes are preimmune serum (Pre)
and mouse IgG (MIg). (B) GST (G) or GST-SHIP2-SH2 domain (SH2) beads were incubated with lysates prepared from HeLa cells that were
adherent (Ad), detached by trypsinization (T), or replated (RP) for 1 or for 2 h. Pulldown samples were blotted with anti-p130Cas or anti-
phosphotyrosine (a-PY) antibodies as indicated. The arrows point to the coprecipitating p130Cas forms, and the asterisk highlights the changes in
the p105 form of p130Cas.
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cells and was rapidly tyrosine phosphorylation decreased upon
detachment. Similar results were observed in two other cell
lines, MDCK and SH-SY5Y, as well (unpublished observa-
tion). It is unclear how tyrosine phosphorylation of SHIP2
might affect its activity. Although in vitro phosphorylation of
SHIP1 has been reported to decrease enzymatic activity, this
effect has not been confirmed in vivo (57). Growth factors,
cytokines, and other activation signals induce tyrosine phos-
phorylation of SHIP1 and SHIP2, but no significant alteration
in the inositol phosphatase activity of either enzyme was ob-
served under these conditions (24, 28, 38). A recent study by
Phee et al. (60) shows that membrane localization may be the

critical mechanism that regulates the activity of SHIP1. Signal-
dependent tyrosine phosphorylation of SHIP2 may cause re-
cruitment of other signaling molecules with SH2 and phospho-
tyrosine-binding (PTB) domains, as has been shown for Shc
(24).

The SH2 domain of SHIP2 may be important in initiating
interaction with tyrosine-phosphorylated signaling molecules.
Accordingly, SHIP2 was shown to associate with immunore-
ceptor tyrosine-based inhibition motif (ITIM) of FcgRII in B
cells. Mutations in the ITIM sequence of FcgRII abrogated
SHIP2 binding and subsequent tyrosine phosphorylation (53).
Tyrosine phosphorylation of p130Cas upon integrin activation

FIG. 6. Adhesion-dependent processing of p130Cas. (A) Anti-p130Cas blots of whole-cell lysates prepared from HeLa cells that were adherent
(Ad), detached by trypsinization (T) or replated (RP) for 1 or 2 h. The arrow indicates the p105 form of p130Cas. Antibody raised against the
carboxy-terminal region (C-Cas) or the amino-terminal region (N-17) of p130Cas was used. (B) Anti-SHIP2 or preimmune serum (Pre) immu-
noprecipitates or whole-cell lysates (Lys) from HeLa cells replated for 2 h were blotted with C-Cas (Transduction Laboratories) or with CAS-14
(monoclonal antibody raised against full-length p130Cas; Neomarkers). The arrow indicates the p105 form of p130Cas. The amount of immuno-
precipitates blotted were half of that shown in Fig. 5A. (C) Whole-cell lysates from adherent cells (Ad) or from those replated for 2 h (RP) were
blotted with anti-p130Cas (C-Cas). Cells were pretreated with vehicle (DMSO) or various protease inhibitors for 30 min prior to trypsin treatment
and were replated for 2 h along with vehicle or inhibitors, respectively. Adherent cells were treated for 2.5 h with vehicle or protease inhibitors.
The protease inhibitors MG132 (25 mM), MG115 (20 mM), ALLN (100 mM), lactacystin (10 mM), E64 (100 mM), calpeptin (20 mM), caspase-I
inhibitor Z-VAD-fmk (100 mM), aprotinin (2 mg/ml), PMSF (1 mM), and leupeptin (100 mM) were used. The arrow indicates the p105 form of
p130Cas. (D) Anti-p130Cas blots of preimmune serum (Pre) or anti-SHIP2 immunoprecipitates from HeLa cells that were adherent (Ad) or replated
for 2 h (RP) in the presence of DMSO, MG132 (25 mM), or lactacystin (10 mM) as described above. The amount of immunoprecipitates blotted
were half of that shown in Fig. 5A. Whole-cell lysates (Lys) from untreated HeLa cells replated for 2 h were run as a control. The arrow indicates
the p105 form of p130Cas. (E) HeLa cells treated with DMSO, MG132 (25 mM), or lactacystin (10 mM) were plated on collagen I-coated chamber
slides for 1 h. Cells were then fixed and scored for spreading. At least 300 cells were counted for each sample, and the percentage of cell spreading
(average of two experiments done in duplicate) is shown. p, P , 0.01; pp, P , 0.001 (as determined by paired Student’s t test).
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may provide binding sites for the SH2 domain of SHIP2 (55).
Our data clearly indicate that tyrosine phosphorylation of
p130Cas is important for the interaction with SHIP2. It is con-
ceivable that the interaction may more likely occur through the
carboxyl terminus substrate domains of p130Cas that contains
several tyrosine phosphorylation sites. p130Cas has been shown
to interact with tyrosine kinases, FAK and c-Src, as well as p85
subunit of PI 39-kinase, in an adhesion-dependent manner (20,
66). p130Cas may bring SHIP2 to the proximity of the above
enzymes facilitating tyrosine phosphorylation of SHIP2 as well
as hydrolysis of PI-(3,4,5)-P3 generated at the sites of cell-
matrix interaction. In agreement, PI 39-kinase-dependent PI-

(3,4)-P2 generation has been reported upon integrin-mediated
aggregation in platelets (74) and during adhesion in fibroblasts
(34). p130Cas is an important regulator of adhesion and migra-
tion processes (35, 56, 72), and recruitment of SHIP2 to the
sites of focal contacts and lamellipodia may modulate PI 39-
kinase signaling events at these sites by means of the genera-
tion of PI-(3,4)-P2.

Several distinct forms of p130Cas have been previously ob-
served (13, 55, 58). No functional distinction between these
forms is currently known. We found here the adhesion-depen-
dent generation of an Mr 105,000 form of p130Cas which pref-
erentially binds SHIP2 during adhesion. Low levels of the Mr

105,000 form were detectable in adherent cells which greatly
increased during reattachment. Generation of the Mr 105,000
form appeared to result from proteolysis at the amino-terminal
end of a larger form of p130Cas. Surprisingly, several protea-
some inhibitors decreased the processing to the Mr 105,000
form during adhesion and significantly delayed the spreading
process. Proteolytic processing of p130Cas of a related protein,
human enhancer of filamentation 1 (HEF1), has been ob-
served during programmed cell death (36, 37, 40, 41). While
caspase family proteases play a major role in the degradation
of p130Cas and HEF1 (36, 40), proteasome-dependent process-
ing also appears to occur (40). A proapoptotic role has been
attributed to an Mr 28,000 form of HEF1 (40) and during
mitosis HEF1 was shown to be cleaved by caspases to generate
a Mr 55,000 form that localized to the mitotic spindle, suggest-
ing a role of HEF1 proteolysis in remodeling of actin cytoskel-
eton (41). In addition, an as-yet-unidentified proteasome-de-
pendent event is shown to be necessary for adhesion process in
HL60 cells (32). In HeLa cells the p105 form of p130Cas was
the major tyrosine-phosphorylated species of p130Cas seen dur-
ing reattachment. The p105 form of p130Cas may participate in
the dynamic process of assembly and disassembly of adhesion
complexes, which occurs during remodeling of the actin cy-
toskeleton.

SHIP2 in the membrane localized largely to broad exten-
sions of the lamellipodia type. In cells that were freshly plated,
SHIP2 was predominantly found in focal contacts formed early
in spreading cells and in membrane protrusions of the lamel-
lipodia type in spread cells. Interestingly, the SH2-defective
SHIP2 mutant (R47G-FLAG) did not localize to focal contacts
and was largely absent from the membrane periphery in spread
cells. This suggests that interactions through the SHIP2 SH2
domain are critical to SHIP2 localization. On the other hand,
DRV-FLAG, which still carries an intact SH2 domain, local-
ized to focal contacts in the early stages but not to lamellipodia
of spread cells. Catalytic activity of SHIP2 may aid in the
localization of SHIP2 to lamellipodia. The product of SHIP2
activity, PI-(3,4)-P2, may indirectly stabilize SHIP2 membrane
localization through interaction with putative PH-domain-con-
taining proteins that could also interact with phosphorylated
tyrosines in SHIP2. Such dual-adapter proteins with SH2 and
PH domains or PTB and PH domains have been cloned (9, 10).
It may also be possible that deletion of catalytic domain might
have inadvertently deleted other putative sites of protein in-
teraction that stabilize the membrane localization. Alterna-
tively, a direct effect of phosphoinositides on SHIP2 localiza-
tion might also be plausible through SH2 interaction, since
SH2 domains from p85 subunit of PI 39-kinase, pp60c-Src, and

FIG. 7. Subcellular localization of SHIP2. (A) Immunofluores-
cence staining of adherent HeLa (Ad) or HeLa cells replated for 1 h
on collagen I-coated surface (RP) using preimmune serum (Pre) or
anti-SHIP2. (B) HeLa cells replated for 1 h on collagen I-coated
surface were stained with anti-paxillin antibody and preimmune serum
(Pre) or anti-SHIP2 antibody. Control (Pre) and anti-SHIP2 antibody
(green color) were detected by Oregon green-conjugated anti-rabbit
IgG, and anti-paxillin antibody was detected by Texas red-conjugated
anti-mouse IgG.
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phospholipase C-g have been reported to interact with phos-
phoinositol lipids (4, 64). The catalytic domain of SHIP2 ap-
pears to be dispensable for increased adhesion but was clearly
essential for cell spreading, since a large number of DRV-
expressing cells remained round. The R47G-SHIP2 mutant did
not affect adhesion or the spreading of cells compared to the
GFP control and failed to enhance adhesion, unlike wild-type
SHIP2. The R47G-SHIP2 mutant did not behave as a domi-
nant negative, but our results suggest that a functional SH2
domain was necessary for the proadhesive function of SHIP2.
Combining our observations that the SH2 domain mediated
interaction of SHIP2 with p130Cas and that the R47G mutation

in the SHIP2 SH2 domain inhibited membrane localization, as
well as the proadhesive effect of SHIP2, we suggest that inter-
action with p130Cas may mediate membrane localization and
proadhesive function of SHIP2.

Although this is the first report demonstrating a biological
role for SHIP2 in cell adhesion and migration, earlier studies
with the other PI phosphatases PTEN and SHIP1 provide
some precedence. Expression of PTEN, a 39 PI phosphatase,
inhibited the growth and invasion of mammary epithelial and
glioblastoma cells (72). PTEN associated with FAK and caused
dephosphorylation of FAK (71). p130Cas reversed the effect of
PTEN on invasion but not on growth. SHIP1 has been shown

FIG. 8. Role for SH2 and catalytic domains in SHIP2 subcellular localization. Anti-FLAG staining of HeLa cells transiently transfected with
FLAG-tagged WT-SHIP2, DRV-SHIP2-FLAG, or R47G-SHIP2-FLAG mutants. Staining was performed on adherent cells (Ad) or on cells that
were replated for 1 h on a collagen I-coated surface (RP).
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to promote LFA-1-dependent adhesion to intracellular adhe-
sion molecule-1 (65), and SHIP1 tyrosine phosphorylation and
membrane localization were induced by the integrin-mediated
aggregation of platelets (16, 17).

Our observations that SHIP2 localizes to focal contacts as well
as lamellipodia, that SHIP2 promotes adhesion, and that catalytic

domain-deleted SHIP2 prevented cell spreading suggest a signif-
icant role for SHIP2 in cell adhesion and spreading. PI-(3,4)-P2
generation during integrin-dependent signaling may be due to the
action of SHIP2. A dynamic process involving turnover of PI-
(3,4,5)-P3 and PI-(3,4)-P2 may be critical for sequential cell at-
tachment and release events needed for cell motility.

FIG. 9. Role for SHIP2 in adhesion and spreading. (A) Representative fields of anti-FLAG staining of HeLa cells that were transiently
transfected with FLAG-tagged SHIP2 or the SHIP2 mutants DRV-FLAG and R47G-FLAG. Cells were trypsinized and replated on collagen
I-coated plates for 1 h, followed by immunofluorescence staining. Cells transfected with GFP were used as a control. (B) Histogram showing the
number of green cells (GFP or FLAG-positive) that were adherent after 1 h of plating. Average data from two experiments are shown in which
five random fields (magnification, 360) were counted and normalized for transfection efficiency as described under Materials and Methods. (C)
Percentage of spreading among the adherent green (GFP or FLAG-positive) cells. The data are from an average of three experiments in which
five random fields (magnification, 360) were counted. p, P , 0.01 (compared with SHIP2-FLAG as determined by paired Student’s t test).
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