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Tyrosine kinase receptors lead to rapid activation of phosphatidylinositol 3-kinase (PI3 kinase) and the
subsequent formation of phosphatidylinositides (PtdIns) 3,4-P2 and PtdIns 3,4,5-P3, which are thought to be
involved in signaling for glucose transporter GLUT4 translocation, cytoskeletal rearrangement, and DNA
synthesis. However, the specific role of each of these PtdIns in insulin and growth factor signaling is still mainly
unknown. Therefore, we assessed, in the current study, the effect of SH2-containing inositol phosphatase
(SHIP) expression on these biological effects. SHIP is a 5’ phosphatase that decreases the intracellular levels
of PtdIns 3,4,5-P3. Expression of SHIP after nuclear microinjection in 3T3-L1 adipocytes inhibited insulin-
induced GLUT4 translocation by 100 = 21% (mean * the standard error) at submaximal (3 ng/ml) and 64 =
5% at maximal (10 ng/ml) insulin concentrations (P < 0.05 and P < 0.001, respectively). A catalytically inactive
mutant of SHIP had no effect on insulin-induced GLUT4 translocation. Furthermore, SHIP also abolished
GLUT4 translocation induced by a membrane-targeted catalytic subunit of PI3 kinase. In addition, insulin-,
insulin-like growth factor I (IGF-I)-, and platelet-derived growth factor-induced cytoskeletal rearrangement,
i.e., membrane ruffling, was significantly inhibited (78 = 10, 64 = 3, and 62 * 5%, respectively; P < 0.05 for
all) in 3T3-L1 adipocytes. In a rat fibroblast cell line overexpressing the human insulin receptor (HIRc-B),
SHIP inhibited membrane ruffling induced by insulin and IGF-I by 76 = 3% (P < 0.001) and 68 = 5% (P <
0.005), respectively. However, growth factor-induced stress fiber breakdown was not affected by SHIP expres-
sion. Finally, SHIP decreased significantly growth factor-induced mitogen-activated protein kinase activation
and DNA synthesis. Expression of the catalytically inactive mutant had no effect on these cellular responses.
In summary, our results show that expression of SHIP inhibits insulin-induced GLUT4 translocation, growth
factor-induced membrane ruffling, and DNA synthesis, indicating that PtdIns 3,4,5-P3 is the key phospholipid

product mediating these biological actions.

Insulin binding stimulates tyrosine autophosphorylation of
the insulin receptor and activates its intrinsic tyrosine kinase
activity, leading to the phosphorylation of insulin receptor sub-
strates and the subsequent activation of PI3 kinase (44). PI3
kinase is a heterodimer of a 110-kDa catalytic subunit (p110)
and an 85-kDa regulatory subunit (p85). Once activated, it
phosphorylates the D-3 position of phosphoinositides (PtdIns)
(25, 44), leading to the formation of PtdIns 3,4-P2 and PtdIns
3,4,5-P3 (4, 39, 41). These PtdIns are thought to be second
messengers that play a crucial role in the biologic actions of
growth factors (41). However, the exact function of each of
these PtdIns in hormone signaling is still unknown.

One of the major biological effects of insulin is to promote
glucose uptake in muscle and fat tissue through the transloca-
tion of the glucose transporter GLUT4 to the plasma mem-
brane (36), and PI3 kinase is both necessary (19) and sufficient
(33) for this effect. Akt (PKB) is a serine-threonine kinase
downstream of PI3 kinase, and overexpression of a constitu-
tively active form of Akt leads to increased glucose uptake and
GLUTH4 translocation in 3T3-L1 adipocytes (28). 3’ PtdIns
bind directly to Akt through its PH domain and PtdIns 3,4-P2
has been found to partially activate Akt in vitro (27), but full
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activation of the kinase requires Ser/Thr phosphorylation of
the protein (29). Recently, an Akt kinase (PDK1) was cloned,
and its activation of Akt was shown to be dependent on PtdIns
3,4,5-P3 (2, 3, 8, 38, 40). Therefore, the current data suggest
that PtdIns 3,4-P2, as well as PtdIns 3,4,5-P3, play a role in
insulin-induced Akt activation and GLUT4 translocation.

Growth factors such as insulin also induce actin filament
rearrangement in various cell lines, leading to stress fiber
breakdown and membrane ruffling (33, 34). This latter effect
requires PI3 kinase activation and, in particular, PtdIns
3,4,5-P3 formation (21, 34, 43). Stress fiber formation corre-
lates with PtdIns 4,5-P2 generation (7), and it has been sug-
gested that stress fiber breakdown is induced by 3’ phosphor-
ylation of 4,5-P, induced by PI3 kinase (34). Finally, based on
numerous studies encompassing different approaches, PI3 ki-
nase activity has also been shown to be necessary for cell cycle
progression (6, 11, 22, 24).

The pleiotrophic effects of PtdIns suggest that its synthesis
must be highly regulated. Recently, a new family of 5’ inositol
phosphatases has been described. In particular, hematopoietic
cells contain an SH2 domain containing 5" inositol phospha-
tase (SHIP) (26, 31, 45). It dephosphorylates 3’ PtdIns at the 5’
position and regulates the amount of PtdIns 3,4,5-P3 in the cell
(31, 45). Therefore, SHIP could modulate biological effects
which are dependent on the production of these PtdIns. In-
deed, overexpression of SHIP in myeloid (FD-Fms) cells re-
sults in inhibition of macrophage colony-stimulating factor (M-
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CSF) and interleukin-3-induced cell growth (31). In addition,
SHIP inhibits insulin (but not progesterone)-induced germinal
vesicle breakdown when expressed in Xenopus oocytes (10).
We therefore studied the effect of expressing SHIP and a
catalytically inactive mutant of SHIP (SHIPAIP) on insulin-
induced GLUT4 translocation and growth factor-induced actin
filament rearrangement in 3T3-L1 adipocytes and HIRc-B fi-
broblasts, as well as on bromodeoxyuridine (BrdU) incorpora-
tion. Here we show that SHIP inhibits insulin-induced GLUT4
translocation, growth factor-induced membrane ruffling, and
BrdU incorporation, whereas the catalytically inactive mutant
had no effect. These results show that PtdIns 3,4,5-P3 plays an
important role in promoting these biological effects.

MATERIALS AND METHODS

Materials. Porcine insulin was kindly provided by Eli Lilly, Co. IGF-I was
purchased from Life Technologies (Gaithersburg, Md.) and platelet-derived
growth factor (PDGF) was from GIBCO BRL (Gaithersburg, Md.). Polyclonal
anti-GLUT4 antibody (F349) was as described previously (18). Sheep immuno-
globulin G (IgG) and fluorescein isothiocyanate (FITC)-, rhodamine-, and
7-amino-4-methylcoumarin-3-acetic acid (AMCA)-conjugated anti-mouse and
anti-sheep antibodies were from Jackson Immunoresearch Laboratories, Inc.
3’-Bromo-5'-deoxyuridine (i.e., BrdU) was purchased from Amersham (Arling-
ton Heights, Ill.), and rat anti-BrdU antibody was obtained from Accurate
Scientific (Westbury, N.Y.). Anti-hemagglutinin (HA) antibody (12CA5) was
purchased from Boehringer Mannheim (Indianapolis, Ind.), and anti-green flu-
orescent protein (GFP) antibody was from Clontech (Palo Alto, Calif.). Mouse
monoclonal anti-Xpress (directed against a specific sequence of the expression
product of the LacZ vector) was from Invitrogen (San Diego, Calif.). A rabbit
polyclonal antibody against the dually phosphorylated form of mitogen-activated
protein kinase (MAPK) was purchased from Promega (Madison, Wis.). Tetra-
methylrhodamine-conjugated phalloidin was from Molecular Probes, Inc. (Eu-
gene, Oreg.); guanosine 5'-O-(3-thiotriphosphate) (GTPyS) and all other re-
agents were purchased from Sigma (St. Louis, Mo.).

Expression vectors. The DNA for SHIP was cloned into a pCGN vector which
contains a cytomegalovirus (CMV) promoter and has been described elsewhere
(10). It has been modified in order to contain an HA (influenza HA) sequence
at its NH, terminus. Catalytically inactive SHIP was generated by deleting amino
acids residues 666 to 680 (NLPSWCDRVLWKSYP) within the presumed ino-
sitol phosphatase catalytic domain (SHIPAIP), and it has been described previ-
ously (10). It was also cloned into the mammalian expression vector pCGN and
contains an HA sequence at its NH, terminus. The p110-CAAX vector was
constructed in pSG5, which contains at its carboxy terminus the sequence
CKCVLS to mediate lipid modification and membrane localization of the pro-
tein, was kindly provided by Julian Downward (Imperial Cancer Research Fund,
London, United Kingdom) (12). Green-Lantern (CMV-GFP) expression vector
was from Life Technologies. The GFP gene is cloned into a derivative of pPCVM
SPORT (T7 promoter removed). The pcDNA3.1/His/LacZ control vector con-
taining the gene for B-galactosidase was from Invitrogen. It contains a CMV
promoter and an anti-Xpress antibody epitope.

Cell culture. Rat-1 fibroblasts overexpressing wild-type human insulin recep-
tors (HIRc-B) were maintained in Dulbecco modified Eagle medium (DMEM)-
Ham F-12 (Life Technologies) supplemented with 10% fetal calf serum (FCS)
and gentamicin (Gemini Bioproducts, Calabasas, Calif.), 2 mM Glutamax (Life
Technologies), and 500 nM methotrexate (Sigma Chemical Co.).

3T3-L1 cells were maintained in DMEM-high glucose (GIBCO BRL) supple-
mented with 10% FCS and penicillin G-streptomycin (Omega Scientific) and
differentiated into adipocytes as previously described (19) and then reseeded
onto glass coverslips.

Microinjection. Expression vectors were directly dissolved in microinjection
buffer (5 mM sodium phosphate and 100 mM KCI, pH 7.4) to a final concen-
tration of 0.1 mg/ml. Nuclei of single living cells were injected with a semiauto-
mated microinjector from Eppendorf. Typically, proteins were allowed to express
for 20 to 24 h after injection. Cells were then serum starved for 2 h prior to
stimulation for GLUT4 detection, kept overnight for actin fiber staining, and
stimulated with the appropriate ligand and fixed for staining.

GTP~S was dissolved in microinjection buffer to a final concentration of 5 mM
and coinjected with sheep IgG (10 mg/ml) (to allow detection of injected cells)
into the cytoplasm of serum-starved cells. Cells were fixed 30 min after micro-
injection.

Transient transfection of HIRc-B cells. HIRc-B cells were grown on glass
coverslips until they reached a confluency of 20 to 40% and then were transiently
transfected with CMV-LacZ, SHIP, or SHIPAIP DNA by using Superfect Re-
agent (Qiagen, Valencia, Calif.) as recommended by the manufacturer. After
starvation for 24 or 36 h, cells were stimulated with the appropriate ligands and
assessed for the presence of phospho-MAPK or BrdU incorporation.

Western blotting. Control transfected cells or cells transfected with SHIP or
SHIPAIP were lysed in a lysis buffer containing 50 mM HEPES, 10 mM EDTA,
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150 mM NaCl, 1% Triton X-100, 2 mM phenylmethylsulfonyl fluoride, 10%
glycerol, 4 mM Na;VO,, 400 mM sodium fluoride, and 20 mM sodium pyro-
phosphate (pH 7.4) at 4°C. Then 50 wg of whole-cell lysates were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (7.5%
polyacrylamide) and transferred to nitrocellulose membranes in a Tris-glycine-
methanol buffer. After transfer, membranes were blocked with Tris-buffered
saline-5% nonfat milk (wt/vol) for 1 h at room temperature and incubated with
anti-HA (1:1,000) antibody. Bound antibodies were visualized by using an en-
hanced chemiluminescence detection kit (Pierce).

Immunostaining and fluorescence microscopy. (i) GLUT4 protein staining.
Cells were serum starved 2 h prior to stimulation without or with insulin at 10
(1.7 nM) or 3 (0.5 nM) ng/ml for 20 min. Immunostaining of GLUT4 was
performed essentially as described previously (19). The cells were fixed in 3.7%
formaldehyde in phosphate-buffered saline (PBS) for 10 min at room tempera-
ture. After being washed, the cells were permeabilized and blocked with 0.1%
Triton X-100 and 2% FCS in PBS for 5 to 10 minutes. Cells were then incubated
overnight at 4°C with F349 (1 wg/ml, final concentration) and anti-HA or anti-
GFP antibodies, as required, to allow detection of expressed protein, which were
diluted in PBS with 2% FCS. After being washed with PBS for 10 min, the cells
were incubated with FITC-conjugated donkey anti-rabbit (1:100), rhodamine-
conjugated anti-mouse (1:100), and 7-amino-4-methylcoumarin-3-acetic acid
(AMCA)-conjugated anti-sheep (1:100) antibody as needed to detect injected
cells.

(ii) Actin staining. 3T3-L1 adipocytes were starved overnight before stimula-
tion without insulin or with insulin at 100 ng/ml, insulin-like growth factor I
(IGF-I) at 100 ng/ml, and PDGF at 20 ng/ml for 20 min. HIRc-B cells were
starved for 36 h before stimulation with the appropriate ligands for 3 min. Cells
were washed and permeabilized as described above and then incubated first with
anti-HA or anti-GFP in PBS, as indicated, for 1 h at room temperature. After
several washings with PBS, they were then incubated with rhodamine-phalloidin
(0.125 mg/ml) to visualize the polymerized actin at the cell membrane (mem-
brane ruffles) or stress fibers, and FITC-conjugated anti-mouse antibody was
used to detect expressed protein in injected cells.

(iii) BrdU staining. After transfection, cells were starved for 36 h and then
stimulated with insulin (100 ng/ml), IGF-I (100 ng/ml), and FCS (10%) for 18 h.
BrdU (1:1,000 dilution) was added to the medium for the last 6 h to allow its
incorporation into newly synthesized DNA. Cells were fixed for 10 min in 3.7%
formaldehyde-PBS, washed with PBS, and incubated for 1 h at room tempera-
ture with rat anti-BrdU (1:250) and either mouse anti-HA (1:250) or mouse
anti-Xpress (1:2,000) antibody as needed in PBS containing 10 mM MgCl,, 20 U
of DNase I, and 0.5% Nonidet P-40. Coverslips were washed with PBS and
incubated for an additional hour with rhodamine anti-rat (1:100) and FITC-
conjugated anti-mouse antibody (1:100) and, after being washed, were mounted
on Gelvatol.

(iv) Anti-phospho-MAPK staining. After transfection, cells were starved for
24 h and then stimulated with insulin (100 ng/ml), IGF-I (100 ng/ml), and FCS
(10%) for 20 min. Cells were then washed twice with PBS, fixed for 10 min in 4%
paraformaldehyde and, after two washes with PBS, permeabilized for 10 min in
—20°C methanol. They were then incubated for 1 h at room temperature with
rabbit anti-phospho-MAPK (1:100), mouse anti-HA (1:250), or mouse anti-
Xpress (1:2,000) antibody, as needed, in cell extract obtained from unstimulated
HIRc-B cells. Coverslips were washed with PBS and incubated for 30 min with
rhodamine anti-mouse (1:100) and FITC anti-rabbit (1:100) antibody and, after
being washed, were mounted on Gelvatol.

(v) Cell quantification. Slides were analyzed on a Zeiss Axiophot immunoflu-
orescence microscope (Zeiss, New York, N.Y.). The FITC- or rhodamine pos-
itive 3T3-L1 adipocytes (positive for cytoplasmic protein expression) on each
coverslip were evaluated for the presence of plasma membrane-associated
GLUTH4. For each experiment about 30 to 50 cells were analyzed. HIRc-B cells
that were positive for cytoplasmic protein expression and that displayed parallel
actin fibers that colocalize with the nucleus were scored as positive for stress
fibers. 3T3-L1 adipocytes or HIRc-B cells that showed actin staining at the
periphery were scored as positive for membrane ruffles. HIRc-B cells positive for
cytoplasmic expression of proteins from transfected plasmids, which displayed a
dense nuclear staining with the anti-phospho-MAPK antibody, were scored as
positive. All results are given as mean * the standard error (SE). The observer
was blinded to the experimental conditions.

(vi) Imaging. Images were captured by using a charge-coupled device camera
from Photometrics (Tucson, Ariz.) and saved with Isee software from Inovision
(Durham, N.C.) to be subsequently used for making prints.

Statistics. Statistical significance was assessed by using the Student ¢ test for
paired data.

RESULTS

Effect of SHIP on insulin-induced GLUT4 translocation.
SHIP is a 5" phosphatase that converts PtdIns 3,4,5-P3 (PIP3)
to PtdIns 3,4-P2 (10). To evaluate the role of PIP3 and SHIP
in insulin-induced GLUT4 translocation, we conducted immu-
nofluorescent staining of GLUT4 localization in 3T3-L1 adi-
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FIG. 1. Effect of SHIP on insulin-induced GLUT4 translocation in 3T3-L1 adipocytes. 3T3-L1 adipocytes on coverslips were injected into the nucleus with
CMV-GFP expression vector as a control, SHIP expression vector, or a catalytically inactive mutant of SHIP (SHIPAIP) at a concentration of 0.1 mg/ml. Proteins were
allowed to express for 20 to 24 h. Cells were then starved for 2 h in serum-free medium, stimulated without or with insulin (3 or 10 ng/ml) for 20 min, and fixed.
Immunostaining was performed with rabbit polyclonal anti-GLUT4 (F349), mouse monoclonal anti-GFP, and mouse monoclonal anti-HA antibodies to allow detection
of the tagged SHIP proteins. Cells positive for GFP, SHIP, or SHIPAIP expression were counted for GLUT4 translocation. (A) Images of immunofluorescent GLUT4
staining in 3T3-L1 adipocytes. Panels 1 and 2 show typical staining in basal conditions and after insulin stimulation, respectively. Individual cells were injected into the
nucleus with SHIP cDNA. Panels 5 and 6 show injected cells, and panels 3 and 4 represent GLUT4 staining of injected cells. (B) Summary data are given as bar graphs.
Each bar represents mean = SE of four to five experiments. Black bars represent values for control experiments, striped bars represent values for SHIPAIP, and open
bars represent SHIP-expressing cells. SHIP completely inhibited insulin-induced GLUT4 translocation at submaximal insulin concentrations, and by about 60% at

maximal insulin concentrations (*, P < 0.05; #*, P < 0.01 versus control).

pocytes. The expression vectors for CMV-GFP (0.1 mg/ml) as
a control, SHIP (0.1 mg/ml), or SHIPAIP (0.1 mg/ml), a phos-
phatase-inactive mutant of SHIP, were injected into the nu-
cleus of differentiated 3T3-L1 adipocytes. Proteins were then
allowed to express for 20 to 24 h, and cells were serum starved
2 h before treatment with or without insulin. Cells were fixed
and stained for GLUT4 localization. Expression of protein was
confirmed with immunofluorescence detection by using either
an anti-GFP antibody or an anti-HA antibody for SHIP and
SHIPAIP, combined with rhodamine anti-mouse antibody as
the secondary antibody. Cells expressing SHIP and SHIPAIP
displayed similar intensities of immunofluorescent staining, in-
dicating that the expression levels of these two proteins were
comparable in our cell system (data not shown). Cells express-
ing the protein of interest were analyzed for GLUT4 translo-
cation. As seen in Fig. 1A, unstimulated cells display GLUT4
staining mostly localized around the nucleus, with some stain-
ing distributed around the cytoplasm. After insulin stimulation,
GLUTH4 staining is seen at the plasma membrane as a clear
ring, with a concomitant decrease in the cytoplasm. The cells
displaying staining predominantly at the plasma membrane
were scored as positive, and the results are given as a percent-
age of the positive cells for GLUT4 translocation, as previously
described (19, 42).

Expression of CMV-GFP had no effect on basal or insulin-
stimulated GLUT4 distribution. SHIP expression did not affect
basal GLUTH4 localization, but it completely prevented insulin-
induced GLUTH4 translocation at 3 ng of insulin per ml (P <
0.05) and inhibited translocation by 64 = 5% (mean *+ SE) at
10 ng of insulin per ml (P < 0.001) (Fig. 1B). SHIPAIP ex-
pression had no effect on basal or insulin-stimulated GLUT4
distribution (Fig. 1B).

To further investigate the mechanism by which SHIP inhib-
its insulin-induced GLUT4 translocation, we utilized an ex-
pression vector containing the catalytic subunit of PI3 kinase
with a membrane-targeting (CAAX) signal (p110-CAAX). We
have recently shown that expression of this construct in 3T3-L1
adipocytes induces GLUT4 translocation to a level equal to
50% of the maximal effect of insulin (32a). p110-CAAX with
CMV-GFP, p110-CAAX with SHIP, and p110-CAAX with
SHIPAIP were coinjected into the nucleus of 3T3-L1 adipo-
cytes. After 20 to 24 h for protein expression, cells were ana-
lyzed for GLUT4 translocation as described above. As seen
with the immunofluorescence staining in Fig. 2A, expression of
p110-CAAX induces GLUT4 translocation to the plasma
membrane in the absence of insulin. The summary data are
represented as bar graphs in Fig. 2B, and p110-CAAX induced
GLUTH4 translocation to a level that was 50% as great as that



1084 VOLLENWEIDER ET AL.

p110 CAAX

p110 CAAX
+ SHIP

Anti HA

GLUT4

MoL. CELL. BIOL.

60

Positive cells (%)

p110 p110
CAAX

+ SHIP SHIPAIP

Basal pl10

CAAX CAAX Insulin

FIG. 2. Effect of p110-CAAX and SHIP coinjection on GLUT4 translocation in 3T3-L1 adipocytes. 3T3-L1 adipocytes on coverslips were injected into the nucleus
with CMV-GFP as a control, p110-CAAX with CMV-GFP, p110-CAAX with SHIP, or p110-CAAX with SHIPAIP. All expression vectors were injected at a
concentration of 0.1 mg/ml. After 20 to 24 h to allow for protein expression, cells were stimulated without or with insulin at 10 ng/ml as indicated and then fixed for
staining. Cells positive for GFP or SHIP and SHIPAIP (HA antibody) expression were scored for GLUT4 translocation. (A) Immunofluorescent GLUT4 staining.
Individual cells were injected with p110-CAAX alone (1 and 2) or with p110-CAAX along with SHIP (3 and 4). The left panels show injected cells, and the right panels
demonstrate GLUT4 staining. (B) Summary data are given as bar graphs. Each bar represents the mean * SE for three experiments. p110-CAAX expression induced
GLUTH4 translocation, which was about half that of the insulin effect. Concomitant overexpression of SHIP inhibited the ability of p110-CAAX to induce GLUT4

translocation (*, P < 0.05 versus basal; #, P < 0.05 versus p110-CAAX), whereas SHIPAIP coexpression with p110-CAAX had no effect.

of insulin (P < 0.05 compared to basal). Coexpression of SHIP
and p110-CAAX almost completely inhibited the stimulatory
effect of p110-CAAX. Immunofluorescent staining of a typical
experiment is shown in Fig. 2A, and the summary data is given
in Fig. 2B. Coexpression of p110-CAAX and SHIPAIP induced
the same extent of GLUT4 translocation as did p110-CAAX
alone (Fig. 2B). These findings indicate that the effects of
SHIP on GLUTH4 translocation are mediated by a decrease in
PtdIns 3,4,5-P3 due to the SHIP catalytic activity and not by
the SH2 domain of SHIP (which is also contained in SHIPAIP)
or by a nonspecific effect of the protein on upstream molecules
of the signaling system.

Effect of SHIP on GTPvS induced GLUT4 translocation in
3T3-L1 adipocytes. We have previously shown that microinjec-
tion of GTPyS into 3T3-L1 adipocytes leads to GLUT4 trans-
location (20). This effect was not inhibited by wortmannin,
showing that GTPyS acts independently, or downstream, of
PI3 kinase. To determine if the effect of SHIP on insulin-
induced GLUT#4 translocation is solely dependent on modu-
lating phosphoinositides formed by PI3 kinase, we studied the
effect of SHIP on GTPyS-induced GLUT#4 translocation (Fig.
3). To accomplish this, we utilized a double-microinjection
protocol in which 3T3-L1 adipocytes, on scored glass cover-
slips, were injected into the nucleus with either the expression
vector for SHIP or CMV-GFP. Proteins were allowed to ex-
press for 20 to 24 h. After this time period, the same cells were
serum starved for 2 h and reinjected into the cytoplasm with 5
mM GTP~vS mixed with sheep IgG. After 30 min, the cells were

fixed and immunostained for GLUT4 as described above. Cells
positive for SHIP or CMV-GFP expression and cytoplasmic
sheep IgG were analyzed for GLUT4 translocation. As seen in
Fig. 3, cytoplasmic GTP+S injection alone induced GLUT4
translocation to about 80% of the maximal insulin effect, and
this was not altered by CMV-GFP expression. Importantly,
expression of SHIP inhibited insulin-induced GLUT4 translo-
cation by about 70% but had no effect on GTPyS-stimulated
GLUTH4 translocation. These results demonstrate that the ef-
fects of SHIP on GLUTH4 translocation are highly specific for
the PI3 kinase pathway and show these effects are not related
to a toxic or nonspecific effect of this protein in the cells.
Effect of SHIP on growth factor-induced actin filament re-
arrangement in 3T3-L1 adipocytes. We have previously shown
that growth factors, such as insulin, IGF-I, and PDGF, stimu-
late membrane ruffling in 3T3-L1 adipocytes and that the sig-
naling pathway mediating this biological effect is dependent on
PI3 kinase activation (33, 35). Therefore, we studied the effect
of SHIP microinjection in differentiated 3T3-L1 adipocytes on
growth factor-induced membrane ruffling. Expression vectors
for CMV-GFP, SHIP, or SHIPAIP, as a control, were injected
directly into the cell nucleus, and encoded proteins were al-
lowed to express for 20 to 24 h. After stimulation with the
appropriate ligand, cells were fixed and stained for actin rear-
rangement, and expressed proteins were detected either with
anti-GFP antibody or with anti-HA antibody. Figure 4A shows
an example of anti-HA staining and demonstrates two cells
expressing SHIP. After insulin stimulation, 3T3-L1 adipocytes
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FIG. 3. Effects of SHIP on GTPyS-induced GLUT4 translocation in 3T3-L1
adipocytes. 3T3-L1 adipocytes on scored glass coverslips were injected into the
nucleus with either the expression vector for SHIP or CMV-GFP. Proteins were
allowed to express for 20 to 24 h. After this time period, the same cells were
serum starved for 2 h and injected into the cytoplasm with 5 mM GTPyS mixed
with sheep IgG. After 30 min the cells were fixed and immunostained for GLUT4
as described above. Cells positive for SHIP or CMV-GFP expression and cyto-
plasmic sheep IgG were counted for GLUT4 translocation. Cytoplasmic GTPyS
injection alone induced GLUT#4 translocation in 31% of the cells. From the cells
expressing either CMV-GFP or SHIP and injected with GTPvS, 27 and 28%
were positive, respectively, for GLUT4 translocation. In the same experiment,
SHIP expression inhibited insulin-induced GLUT4 translocation by about 50%.

display actin staining at the periphery of the cell (membrane
ruffles, indicated by the arrowhead in Fig. 4B). Cells positive
for protein expression were analyzed for the presence of mem-
brane ruffles, and the results are given as the percent mem-
brane ruffles as previously described (33). As can be seen in
Fig. 4B, cells expressing SHIP have no membrane ruffles re-
sembling unstimulated cells. Bar graphs summarizing the re-
sults for three to four independent experiments can be seen in
Fig. 5. In the basal state, 13% of the cells injected with CMV-
GFP exhibited membrane ruffles, and this increased to 61 = 7
(mean *= SE), 62 = 10, and 58 * 8% after treatment with
insulin (100 ng/ml), IGF-I (100 ng/ml), or PDGF (20 ng/ml),
respectively. Nuclear microinjection of SHIP did not influence
the amount of basal ruffling index, but it markedly inhibited
insulin-, IGF-I-, and PDGF-induced membrane ruffling by
78 = 10, 64 = 3, and 62 * 5%, respectively (all P < 0.05
compared to control) (Fig. 5). Expression of SHIPAIP had no
effect on basal or ligand induced membrane ruffling: 58 * 5,
56 = 4, and 64 = 6% for insulin, IGF-I, and PDGF, respec-
tively (all P > 0.1 compared to control) (Fig. 5).

To further investigate the mechanism by which SHIP inhib-
its growth factor-induced membrane ruffling, we studied its
effect in the context of p110-CAAX coexpression, since we
have previously shown that microinjection of p110-CAAX into
3T3-L1 adipocytes induces membrane ruffling (32a). p110-
CAAX expression induced membrane ruffling in the absence
of ligand to about 85% the level of the insulin effect as follows:
basal, 13 + 2%, p110-CAAX 53 * 4% (P < 0.05 compared to
basal); insulin, 61 * 4% (P < 0.05 compared to basal). SHIP
coinjection with p110-CAAX significantly decreased the effect
of p110-CAAX on membrane ruffling: 26 = 3 versus 53 = 4%
(P < 0.05 compared to p110-CAAX alone), whereas coinjec-
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FIG. 4. Effects of SHIP on insulin-induced membrane ruffling in 3T3-L1
adipocytes. 3T3-L1 adipocytes on glass coverslips were injected into the nucleus
with the expression vector for SHIP, and the protein was allowed to express for
24 h. After an overnight starvation, cells were then stimulated with 100 ng of
insulin per ml for 20 min, fixed, and stained for expressed protein and actin
filament rearrangement. (A) Photograph of 3T3-L1 adipocytes stained with
anti-HA antibody demonstrating SHIP expression in the cytoplasm. (B) The
same cells were photographed with an UV filter now displaying the staining for
actin filament rearrangement. The two cells expressing SHIP have no membrane
ruffles after insulin stimulation, whereas the uninjected cells display membrane
ruffles (arrowheads).

tion of SHIPAIP with p110-CAAX had the same effect as
injection of p110-CAAX alone: 56 = 5 versus 61 = 4% (P >
0.1 compared to pl10-CAAX alone) (Fig. 6). These results
indicate that the effects of SHIP on membrane ruffling are
mediated by modulating PIP3 production by PI3 kinase.
Effect of SHIP on actin filament rearrangement in HIRc-B
cells. To further investigate the effect of SHIP on actin fila-
ment rearrangement, we used a Rat-1 fibroblast cell line that
expresses approximately 10° human insulin receptors (HIRc-
B). As visualized in Fig. 7, in the basal state, HIRc-B cells
display abundant stress fibers and an absence of membrane
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FIG. 5. Effects of SHIP on growth factor-induced membrane ruffling in
3T3-L1 adipocytes. 3T3-L1 adipocytes on coverslips were injected into the nu-
cleus with expression vectors for CMV-GFP as control, SHIPAIP, or SHIP
expression vector at a concentration of 0.1 mg/ml. Proteins were allowed to
express for 20 to 24 h. Cells were then starved in serum-free medium for 12 h and
left either untreated or treated with insulin at 100 ng/ml, IGF-I at 100 ng/ml, or
PDGF at 20 ng/ml for 15 min. Cells were then fixed and stained for actin
localization with rhodamine-phalloidin. Individual adipocytes positive for GFP,
SHIPAIP, or SHIP expression were scored for the presence of membrane ruffles.
Each bar represents the mean * SE for three to four experiments. SHIP over-
expression inhibited growth factor-induced membrane ruffling by about 60 to
80% (*, P < 0.05, SHIP versus control), whereas SHIPAIP had no effect.

ruffles (Fig. 7A); after ligand stimulation, the stress fibers
break down, and a prominent membrane ruffling response can
be easily visualized (Fig. 7B). After insulin stimulation of
SHIP-expressing cells (Fig. 7C), stress fiber breakdown still
proceeds normally, but the membrane ruffling response is
blocked. Figure 7D shows visualization of the HA-tagged SHIP
in these cells after nuclear microinjection.

These results are quantitated in Fig. 8. In HIRc-B cells
insulin stimulation leads to rapid relocalization of actin to the
cell surface (membrane ruffles) in 81 = 3% (mean * SE) of
the cells, whereas unstimulated cells display almost no mem-
brane ruffles (2 = 1%) (Fig. 8A). IGF-1 induces membrane
ruffling to a lesser extent than insulin (57 = 2%) (Fig. 8A),
whereas PDGF has no effect (data not shown). In these cells,
nuclear microinjection of SHIP dramatically inhibited insulin-
and IGF-I-induced membrane ruffling by 76 = 3 and 68 *+ 5%,
respectively (P < 0.005 for both) (Fig. 8A). No effect was
observed on the basal appearance of the cell. Expression of
SHIPAIP had no effect on basal or ligand induced membrane
ruffling in HIRc-B cells, as seen in Fig. 8A.

Serum-starved HIRc-B fibroblasts display a high content of
stress fibers, as shown previously (34). As displayed in Fig. 8B,
insulin and IGF-I stimulation leads to rapid breakdown of
stress fibers, while expression of SHIP or SHIPAIP had no
effect on inhibiting insulin- or IGF-I-mediated breakdown.

Effect of SHIP on BrdU incorporation and MAPK activation
in HIRc-B cells. In order to assess the effects of SHIP expres-
sion on ligand-induced DNA synthesis, we transiently trans-
fected HIRc-B fibroblasts with the expression vector for either
CMV-LacZ, HA-tagged SHIP, or SHIPAIP. After 48 h, ex-
pression levels of SHIP and SHIPAIP in whole-cell lysates
were similar when assessed by Western blotting with an an-
ti-HA antibody (Fig. 9). For BrdU incorporation, cells were
starved for 24 h and stimulated for 18 h without or with insulin
(100 ng/ml), IGF-I (100 ng/ml), or FCS (10%). During the last
6 h, BrdU was added to detect newly synthesized DNA. Trans-
fected cells were detected with either an anti-Xpress or an
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FIG. 6. Effects of p110 CAAX and SHIP coinjection on membrane ruffling in
3T3-L1 adipocytes. 3T3-L1 adipocytes were nuclear injected with CMV-GFP as
a control, p110-CAAX with CMV-GFP, p110 CAAX with SHIPAIP, or p110-
CAAX with SHIP. All of the expression vectors were injected at a concentration
of 0.1 mg/ml. After 20 to 24 h to allow for protein expression and 12 h of
starvation in serum-free medium, the cells were left untreated or stimulated with
insulin at 100 ng/ml, as indicated, and fixed for staining. Cells positive for GFP,
SHIPAIP, and SHIP expression were scored for the presence of membrane
ruffles. Each bar represents the mean *+ SE for three experiments. p110-CAAX
expression induced membrane ruffling in 3T3-L1 adipocytes, a finding which was
similar to the insulin effect. Concomitant expression of SHIP significantly inhib-
ited the ability of p110-CAAX to induce membrane ruffles in the absence of
insulin (*, P < 0.05 versus basal; #, P < 0.05 versus p110-CAAX). Concomintant
expression of p110-CAAX and SHIPAIP had no effect on p110-CAAX-induced
GLUTH4 translocation.

anti-HA antibody and scored for the presence of BrdU incor-
poration into the nucleus. Results are given as the percent
BrdU incorporation. SHIP expression slightly but significantly
decreased basal BrdU incorporation (26 = 1 versus 19 = 2%).
Insulin, IGF-1, and serum increased BrdU incorporation in
control transfected cells to 69 = 1, 66 = 6, and 87 * 2%,
respectively (all P < 0.05 compared to basal). As seen in Fig.
9, expression of SHIP inhibited growth factor-stimulated mi-
togenesis by 42 = 9, 57 = 2, and 38 = 10% for insulin, IGF-I,
and FCS, respectively (P < 0.05 compared to control trans-
fected cells). Expression of SHIPAIP had no effect either on
basal or growth factor-induced BrdU incorporation (Fig. 9).
Tyrosine kinase receptors lead to mitogenesis by activating
the classical pathway Grb2-Sos-Ras-Raf-MAPK. Some data
suggest also that PI3 kinase is able to activate the MAPK
pathway (24). To determine if inhibition of PI3 kinase signal-
ing expression of SHIP affected MAPK signaling, we per-
formed immunofluorescent staining on control transfected and
SHIP- and SHIPAIP-transfected cells with a specific antibody
directed against the dually phosphorylated MAPK. After li-
gand binding, MAPK is activated by phosphorylation and re-
localizes from the cytosol to the nucleus. Starved, unstimulated
HIRc-B cells display almost no staining with the anti-phospho-
MAPK antibody. After stimulation, bright staining in the nu-
clear region can be observed (Fig. 10A). Cells were transfected
transiently with expression vectors for CMV-GFP, SHIP, and
SHIPAIP, stimulated with insulin, IGF-I, or serum, and then
analyzed for nuclear phospho-MAPK staining. Insulin, IGF-I,
and serum stimulation increased the percentage of positive
cells to 55 = 1, 30 = 1, and 60 = 3%, respectively, whereas
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FIG. 7. Effects of SHIP overexpression on insulin-induced actin rearrangement in HIRc-B cells. Serum-starved HIRc-B cells on coverslips were injected in the
nucleus with either CMV-GFP expression vector or SHIP expression vector at a concentration of 0.1 mg/ml. After 20 to 24 hours to allow for protein expression, the
cells were stimulated without ligand or with insulin at 100 ng/ml for 3 min. Cells were then fixed and stained for actin filament rearrangement with rhodamine-phalloidin.
(A) Photograph of actin staining in an unstimulated serum-starved cell displaying actin stress fibers in the cell cytoplasm (arrow) and the absence of membrane ruffles
at the cell periphery. (B) After 3 min of insulin stimulation, a prominent membrane-ruffling response can be visualized (arrowhead), and concomitantly stress fibers
have broken down. (C and D) Actin staining of cells injected into the nucleus with SHIP and stimulated without insulin (C) or with insulin for 3 min (D). Unstimulated
injected cells display stress fibers as control injected cells (C) (arrowhead). After insulin stimulation, injected cells display no membrane ruffles but show stress fiber
breakdown. (E and F) HA staining of the same cells as in panels C and D, respectively, showing SHIP expression in the cell cytoplasm.

after SHIP expression these responses were decreased to 32 +
1, 17 = 1, and 40 = 3%, respectively (P < 0.05) (Fig. 10B).
SHIPAIP had no effect in ligand-induced MAPK phosphory-
lation compared to control.

DISCUSSION

Growth factor-induced PI3 kinase activation by growth fac-
tors and subsequent 3" phosphoinositide formation is required
for many biological actions and, in particular, for insulin’s
metabolic effects (19, 33). Our results show that nuclear mi-
croinjection of a plasmid encoding the 5’ inositol phosphatase
SHIP with subsequent expression of the protein in 3T3-L1
adipocytes significantly inhibits insulin-induced or p110-CAAX
(a membrane-localized form of the catalytic subunit of PI3
kinase)-induced GLUT4 translocation.

SHIP has been first described in hematopoietic cells (26, 31).
It contains an SH2 domain and, in response to growth factor
activation, SHIP is phosphorylated and has been shown to bind
to the PTB domain of Shc (30), to Grb2 (23), and to the
tyrosine phosphatase SHP2 (32), leading to translocation of
the phosphatase to the plasma membrane. SHIP is a 5’ phos-
phatase and dephosphorylates 3’ phosphoinositides at the 5’

position. In hematopoietic cells, SHIP modulates downstream
effects of growth factor action. For example, retroviral expres-
sion of SHIP in FD-Fms cells results in strong inhibition of
M-CSF-stimulated cell growth (31). Furthermore, expression
of SHIP in Xenopus oocytes inhibits germinal vesicle break-
down induced by insulin but not by progesterone (10). Al-
though Xenopus oocytes do not express endogenous SHIP, the
effects of SHIP expression on insulin action were directly cor-
related with decreased intracellular levels of PtdIns 3,4,5-P3
(10). Although SHIP has not been detected in fat cells, an
insulin-sensitive 5" phosphatase activity was found in Shc im-
munoprecipitates of insulin-sensitive cells (CHO-T) (16). With
specific antibodies it was shown that this phosphatase activity
was not due to SHIP but was possibly due to another isoform
expressed in this insulin-sensitive system. Based on their re-
sults, Guilherme et al. speculated that 5" phosphatase activity
could be important in insulin signaling (16). More recently, a
protein closely related to SHIP, SHIP2, has been identified
(37); SHIP2 is also highly expressed in skeletal muscle (25),
which is a direct target tissue for insulin-stimulated GLUT4
translocation. Based on the close similarity between SHIP and
SHIP2, we believe our results accurately indicate the potential
role of 5’ inositol phosphatase activity in insulin signaling.
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FIG. 8. Effects of SHIP on growth factor-induced membrane ruffling and
stress fiber breakdown in HIRc-B cells. Serum-starved HIRc-B cells were in-
jected into the nucleus with the expression vectors for either CMV-GFP,
SHIPAIP, or SHIP, and the proteins were allowed to express for 20 to 24 h. Cells
were then stimulated for 3 min with insulin (100 ng/ml), fixed, and stained for
actin localization with rhodamine-phalloidin. Individual cells positive for GFP,
SHIPAIP, and SHIP expression were scored for the presence of membrane
ruffles (A) or parallel actin fibers that colocalize with the nucleus (positive for
stress fibers) (B). Each bar represents the mean + SE for three to four different
experiments. SHIP inhibited insulin- and IGF-I-induced membrane ruffling by
about 80% (*, P < 0.005 versus control) but had no effect on ligand-induced
stress fiber breakdown, whereas SHIPAIP did not affect ligand-induced mem-
brane ruffling.

One of the major effects of insulin is to promote GLUT4
translocation and glucose uptake in insulin-sensitive tissues,
and it has been clearly demonstrated that PI3 kinase activation
is both necessary and sufficient for these actions (19, 33). Our
data showing that SHIP expression inhibits insulin-induced
GLUTH4 translocation further demonstrate the important role
played by PtdIns in these actions of insulin. By using a phos-
phatase-inactive mutant of SHIP (10), which had no effect on
insulin-induced GLUT4 translocation, we provide additional
evidence that the effect of SHIP is dependent on its catalytic
activity. It has been previously shown that expression of SHIP
in Xenopus oocytes, a cell system where it is not endogenously
expressed, inhibits insulin (but not progesterone)-induced ger-
minal vesicle breakdown and that this effect is directly related
to decreased levels of PtdIns 3,4,5-P3 in the cells in response to
insulin (10). Therefore, our data clearly show that PtdIns
3,4,5-P3 is a key messenger in mediating the function of PI3
kinase for these metabolic actions. We further examined the
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FIG. 9. Effects SHIP on growth factor-induced BrdU incorporation in
HIRc-B cells. (A) HIRc-B cells were grown on glass coverslips in 12-well dishes
and transiently transfected either with LacZ as a control or the expression
vectors for SHIPAIP or SHIP. Cells were starved for 24 h and then stimulated
without insulin or with insulin (100 ng/ml), IGF-I (100 ng/ml), or FCS (10%) for
18 h. BrdU was added during the last 6 h of stimulation. Cells were then fixed and
stained for protein expression and BrdU incorporation. Successfully transfected
cells were counted for BrdU incorporation into the nucleus, and results are given
as the percent BrdU incorporation. Each bar represents the mean = SE for three
separate experiments. SHIP expression slightly decreased the basal BrdU incor-
poration. Compared to the control, SHIP significantly inhibited insulin-, IGF-I-,
and serum-stimulated BrdU incorporation by 42 * 9, 57 * 2, and 38 * 10%,
respectively (*, P < 0.05 versus control). (B) HIRc-B cells were transiently
transfected with the vectors for SHIP and SHIPAIP or with no vector, and
proteins were allowed to express for 48 h. Whole-cell lysates were then separated
by SDS-PAGE, and membranes were blotted with an anti-HA antibody. SHIP
and SHIPAIP show similar expression levels.

effects of SHIP and SHIPAIP on pl110-CAAX-induced
GLUTH4 translocation. We have shown elsewhere that overex-
pression of p110-CAAX (a membrane-localized catalytic sub-
unit of PI3 kinase) leads to GLUT4 translocation in 3T3-L1
adipocytes to a level that is about 50% that of the insulin effect
(32a). Our results that concomitant expression of p110-CAAX
and SHIP, but not SHIPAIP, inhibits the p110-CAAX effect
also demonstrate that the inhibition is due to decreased PtdIns
3,4,5-P3 levels and not to nonspecific binding with molecules of
the signaling cascade upstream of PI3 kinase, such as the
insulin receptor or the IRS proteins.

How can modulation of PtdIns have an effect on insulin-
induced GLUT4 translocation? Several recent studies indicate
that one effector system for PI3 kinase signaling involves a
protein kinase cascade which includes the Ser-Thr kinase Akt
(5, 13). Akt has been implicated in several biological responses,
including GLUT4 translocation (28), glycogen synthesis, and
cell survival (9, 41). The PI3 kinase dependency of insulin-
induced Akt activation indicates that Akt lies downstream of
PI3 kinase (5, 13). Akt contains a PH domain which binds
PtdIns, a catalytic domain, and several potential Ser-Thr phos-
phorylation sites. Recent studies have indicated that PtdIns
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FIG. 10. Effect of SHIP on MAPK activation in HIRc-B cells. HIRc-B cells were grown on glass coverslips and transiently transfected with the expression vectors
for LacZ, SHIP, or SHIPAIP. Cells were starved for 24 h and then stimulated without or with insulin (100 ng/ml), IGF-I (100 ng/ml), or serum (10%) for 20 min. Cells
were then fixed and stained for protein expression with a specific antibody directed against the dually phosphorylated MAPK. (A) Unstimulated cells display almost
no staining with the anti-phospho-MAPK antibody and, after insulin stimulation, bright nuclear as well some cytoplasmatic staining can be observed. Successfully
transfected cells displaying bright nuclear staining were scored as positive, and results are given as the percent positive cells. (B) Summarized data. Each bar represents
the mean = SE for three separate experiments. SHIP expression inhibited ligand-induced MAPK phosphorylation, whereas SHIPAIP had no effect.

3,4-P2 can bind to the PH domain and directly stimulate Akt
activity (27), but additional regulatory mechanisms are re-
quired for full activation. Thus, after growth factor stimula-
tion, Akt is phosphorylated on two sites: Thr-308 and Ser-473
(1). A new kinase, described as 3-phosphoinositide-dependent
protein kinase 1 (PDK1), which phosphorylates Akt on Thr-
308 and activates the enzyme, has been purified and cloned (3,
40). This kinase is itself directly activated by both PtdIns 3,4-P2
and PtdIns 3,4,5-P3 (3). The regulation of Akt in vivo is, there-
fore, highly complex and depends on direct activation by phos-
pholipids and by PDKI1, which is itself activated by 3’ PtdIns.
These redundant mechanisms of Akt activation are consistent
with our results. Complete inhibition by SHIP of insulin-stim-
ulated GLUT#4 translocation at the submaximal insulin con-
centration shows a critical role for PtdIns 3,4,5-P3 in this met-
abolic action. Indeed, as SHIP will decrease intracellular levels
of PtdIns 3,4,5-P3, one would expect that Akt activation by
PDKI1 would be significantly decreased. At the maximal insulin
concentration, we observed a 64% inhibition of insulin-in-
duced GLUT#4 translocation by SHIP, again highlighting the
role of PtdIns 3,4,5-P3 as the key stimulating lipid messenger
for this biologic effect. Insofar as Akt may be a mediator of PI3
kinase effects on GLUT4 translocation, the modest residual
GLUT4 translocation at maximal insulin concentration in
SHIP-expressing cells may represent partial activation of Akt
by PtdIns 3,4-P2 or some other mechanism. Since SHIP will
decrease PtdIns 3,4,5-P3 levels (10) and might also increase
PtdIns 3,4-P2 levels, these results further highlight the impor-
tance of PtdIns 3,4,5-P3 as the key lipid messenger signaling to
GLUT4 translocation.

To further address the specificity of the effects of SHIP
expression on GLUT4 translocation, we examined its effects on
GTPyS-induced GLUT4 translocation. GTPyS-induced
GLUTH4 translocation is independent of PI3 kinase activation,
as it is not inhibited by wortmannin or by p85 SH2 GST fusion
protein microinjection (20). Our data show that GTPyS-in-
duced GLUT#4 translocation was not inhibited by SHIP, again
suggesting that SHIP expression inhibits insulin-induced GLUT4

translocation by inhibiting the effects of PI3 kinase upstream of
GTPyS.

Actin cytoskeleton rearrangement is another biological ef-
fect exerted by insulin and other growth factors (33, 34). After
ligand binding, one observes a rapid breakdown of stress fibers,
followed by the appearance of membrane ruffles. Our results
show that microinjection of SHIP had no effect on insulin- or
IGF-I-induced stress fiber breakdown in HIRc-B cells, even
though growth factor-stimulated membrane ruffling and mito-
genesis were inhibited in these same cells. These results indi-
cate that the action of PtdIns 3,4,5-P3 is not necessary for
stress fiber breakdown. Indeed, previous reports suggest that
stress fiber formation in different cell types is regulated by the
small GTP-binding protein Rho (17). Generation of stress
fibers by the Rho protein parallels its ability to stimulate the
formation of 4,5-phosphorylated phosphatidylinositol (4,5-
PIP2) (7). It was also suggested that 4,5-PIP2 binds directly to
the focal adhesion proteins, a-actinin and vinculin, facilitating
their localization at the cell surface (14, 15, 20). Dissociation of
4,5-PIP2 from these proteins upon stimulation with growth
factors may lead to stress fiber breakdown (14). Since we (34)
and others have shown that stress fiber breakdown is depen-
dent on PI3 kinase, we speculate that PI3 kinase stimulates
stress fiber breakdown by phosphorylating the D-3 position of
4,5-PIP2, which causes its release from focal adhesion-local-
ized proteins. Without this anchoring effect of 4,5-PIP2, a-ac-
tinin and vinculin can no longer localize to focal adhesions, and
this would lead to stress fiber breakdown. Given this possible
mechanism, dephosphorylation of PtdIns 3,4,5-P3 generated
by growth factor stimulation would not inhibit stress fiber
breakdown; therefore, our results are fully supportive of this
hypothesis.

On the other hand, several studies demonstrate that mem-
brane ruffling is dependent on PtdIns 3,4,5-P3 formation and
subsequent activation of the small GTP-binding protein Rac,
even though Rac does not bind directly to PtdIns 3,4,5-P3 (43).
Our current results support this view. Thus, SHIP markedly
inhibited insulin- and IGF-I-induced membrane ruffling in
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both HIRc-B cells and 3T3-L1 adipocytes, whereas SHIPAIP
had no effect. This again shows that this effect is dependent on
the phosphatase activity of SHIP and is therefore dependent
on decreased levels of PtdIns 3,4,5-P3. The magnitude of the
inhibition indicates that membrane ruffling is dependent on
new growth factor-induced PtdIns 3,4,5-P3 synthesis.

Taken together, our results show that growth factor-induced
actin reorganization, which includes stress fiber breakdown
and the generation of membrane ruffles, is mediated by distinct
biochemical mechanisms. Stress fiber breakdown is dependent
on the activity of PI3 kinase but not on the direct positive
effects of PIP3. Rather, we speculate that PI3 kinase phosphor-
ylates PIP 4,5-P2 bound to focal adhesion proteins, causing it
to dissociate from these protein structures; inducing stress
fiber breakdown and expression of the 5’ phosphatase SHIP
would not affect this response. On the other hand, since SHIP
inhibits growth factor-induced membrane ruffling, the PIP3
generation caused by growth factor stimulation must directly
participate in the formation of membrane ruffles. Further-
more, since our results show that the expression of SHIP can
block one biologic effect (membrane ruffling) but not another
(stress fiber breakdown) within the same cells, these results
also indicate that the effects of SHIP expression are specific
and not related to a toxic or nonspecific effect on the cells.

Mitogenic signaling by tyrosine kinase receptors is depen-
dent on p21™ activation, followed by Raf activation, and then
a downstream cascade of MAP kinases, leading to entrance of
the cell into G, phase. On the basis of numerous studies with
different approaches, PI3 kinase activity is also known to be
necessary for cell cycle progression (6, 11, 22, 24). Our results
show that the expression of SHIP inhibits growth factor-in-
duced DNA synthesis and also inhibits the activation of
MAPK, indicating that generation of the lipid messenger
PtdIns 3,4,5-P3 is an important event in growth factor-induced
MAPK activation and subsequent mitogenic signaling.

In summary, our results show that overexpression of SHIP
inhibits insulin-induced GLUT4 translocation, growth factor-
induced membrane ruffling, and DNA synthesis and that its
phosphatase activity is critical for this effect. These data show
that PtdIns 3,4,5-P3 plays a critical role in these biological
actions.
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