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Phosphatidylinositol 3-kinase (PI3K) activation is necessary for many insulin-induced metabolic and mi-
togenic responses. However, it is unclear whether PI3K activation is sufficient for any of these effects. To
address this question we increased PI3K activity in differentiated 3T3-L1 adipocytes by adenovirus-mediated
expression of both the inter-SH2 region of the regulatory p85 subunit of PI3K (iSH2) and the catalytic p110a
subunit (p110). Coexpression resulted in PI3K activity that exceeded insulin-stimulated activity by two- to
fivefold in cytosol, total membranes, and the low density microsome (LDM) fraction, the site of greatest insulin
stimulation. While insulin increased glucose transport 15-fold, coexpression of iSH2-p110 increased transport
5.2- 6 0.7-fold with a parallel increase in GLUT4 translocation to the plasma membrane. Constitutive
activation of PI3K had no effect on maximally insulin-stimulated glucose transport. Neither basal nor insulin-
stimulated activity of glycogen synthase or mitogen-activated protein kinase was altered by iSH2-p110 coex-
pression. DNA synthesis was increased twofold by insulin in control 3T3-L1 adipocytes transduced with
b-galactosidase-encoding recombinant adenovirus, while iSH2-p110 coexpression increased DNA synthesis
fivefold. These data indicate that (i) increased PI3K activity is sufficient to activate some but not all metabolic
responses to insulin, (ii) activation of PI3K to levels exceeding the effect of insulin in adipocyte LDM results
in only a partial stimulation of glucose transport, and (iii) increased PI3K activity in the absence of growth
factor or oncoprotein stimulation is a potent stimulus of DNA synthesis.

Insulin is pivotal in the regulation of glucose homeostasis.
One of the primary actions of insulin is the stimulation of
glucose transport into insulin-sensitive tissues by eliciting
translocation of the major insulin-responsive glucose trans-
porter, GLUT4, from an intracellular pool to the plasma mem-
brane. Resistance to this stimulatory effect of insulin is a major
pathologic feature of both type I and type II diabetes (5, 43).
In most insulin-resistant states the expression of GLUT4 in
skeletal muscle, the major site of insulin-stimulated glucose
disposal, is not reduced (16), suggesting a defect in the signal-
ling cascade or the cellular elements linking the insulin recep-
tor to GLUT4 translocation, fusion with the plasma mem-
brane, and/or activation (15). Although the number of
molecules known to be involved in insulin signalling is increas-
ing rapidly (2), the exact signalling pathways responsible for
glucose transporter translocation remain to be defined. Ulti-
mately these pathways could be attractive targets for novel
therapeutic strategies to reduce or prevent insulin resistance.
Insulin stimulation of phosphatidylinositol 3-kinase (PI3K)

was first observed by Ruderman et al. (31). Subsequently, sev-
eral studies using either the PI3K inhibitors wortmannin and
LY 294002 (3, 27) or dominant negative approaches (22) dem-
onstrated that stimulation of PI3K activity is necessary for
insulin-stimulated glucose transport. However, recent studies
aiming to determine whether PI3K activity is sufficient to stim-
ulate glucose transport have yielded contradictory results. For
example, growth factors and cytokines such as platelet-derived
growth factor (PDGF) and interleukin 4 stimulate PI3K in

3T3-L1 adipocytes or L6 myoblasts but have minimal or no
effect on glucose transport (14, 40). Stimulation of PI3K activ-
ity with thiophosphotyrosine peptides results in a small (1.5-
fold) increase in basal glucose transport and does not affect
maximally insulin-stimulated glucose transport in 3T3-L1 adi-
pocytes (12). In contrast, overexpression of the bovine catalytic
p110a subunit (p110) of PI3K in these cells elevates both basal
and insulin-stimulated glucose transport dramatically (18). The
differences in these results might be explained by differences in
the exact subcellular localization of PI3K activity generated by
the different techniques utilized. Evidence to support this hy-
pothesis comes from studies showing that insulin, unlike other
growth factors, stimulates PI3K activity not only in the plasma
membrane (PM) fraction but also in the low density microso-
mal (LDM) compartment (19, 26, 42) and possibly even in the
GLUT4-containing subfraction of the LDM of adipocytes (11).
This appears to be unique and might be a key to the specificity
of the effect of insulin on glucose transport.
While the majority of previous studies focused on the rela-

tionship between PI3K activity and glucose transport, PI3K
activity has been demonstrated to be necessary for other met-
abolic as well as mitogenic responses to insulin. Some studies
have shown that inhibition of PI3K activity blocks the effects of
insulin on activation of pp70 S6 kinase and DNA synthesis (3),
glycogen synthase activity and glycogen synthesis (33), and
mitogen-activated protein (MAP) kinase activity (39), al-
though other studies challenge some of these findings (3, 10).
Little is known as to whether increased PI3K activity is suffi-
cient for stimulation of these actions of insulin (40). Recent
studies have demonstrated that coexpression of the inter-SH2
region of the p85 regulatory subunit of PI3K (iSH2) with the
catalytic p110 subunit, either expressed as separate molecules
or as a fusion protein, leads to high specific activity of PI3K
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that is sufficient to stimulate signalling pathways in COS-7 cells
independent of growth factor stimulation (13, 21). The expres-
sion of activated PI3K molecules therefore is a powerful tool to
evaluate whether PI3K activation is sufficient to stimulate spe-
cific cellular responses.
3T3-L1 adipocytes are a useful cell model to study insulin

action, but gene transfer into these cells by conventional meth-
ods is inefficient. To achieve sufficient levels of expression,
either stable transfections or retroviral gene transfer is used in
fibroblasts before adipocyte differentiation, but both proce-
dures can alter adipocyte differentiation and growth factor
responsiveness, either by the selection process itself or by
chronic expression of the transfected gene. We (8) and others
(18) have recently demonstrated that recombinant adenovirus-
mediated gene delivery allows rapid and highly efficient gene
transduction in terminally differentiated 3T3-L1 adipocytes.
Thus, to further clarify the role of PI3K in insulin signalling, we
used adenoviral gene delivery to acutely coexpress p110 and
iSH2 in 3T3-L1 adipocytes. We achieved levels of PI3K activity
that exceed the insulin-stimulated levels of PI3K activity in the
cytosol, total membranes and the LDM compartment. This
resulted in increased glucose transport, GLUT4 translocation
to the PM, and stimulation of DNA synthesis but did not affect
glycogen synthase activity or MAP kinase activation. Thus,
activation of PI3K even when achieved in the LDM compart-
ment can mimic some but not all of the metabolic and mito-
genic effects of insulin.

MATERIALS AND METHODS

Cell culture and transfections. 3T3-L1 cells (ATCC, Rockville, Md.) were
grown in Dulbecco’s modified Eagle medium (DMEM) with 10% calf serum, 50
U of penicillin per ml, and 50 mg of streptomycin (all from Life Technologies,
Gaithersburg, Md.) per ml at 378C, 5% CO2. Two days after confluence, differ-
entiation was induced with 0.5 mM 3-isobutyl-1-methyl-xanthine, 0.25 mM dexa-
methasone (both from Sigma, St. Louis, Mo.), and 1 mg of insulin (porcine,
crystalline, gift of R. Chance; Eli Lilly, Indianapolis, Ind.) per ml for 3 days.
During and following differentiation DMEM was supplemented with 10% fetal
calf serum (Atlanta Biologicals, Norcross, Ga.) instead of calf serum. Cells were
used for experiments at 10 to 20 days after induction of differentiation (8 to 11
days for thymidine incorporation, see below) and only if more than 90% of the
cells showed fat droplets. Yields of both protein and DNA (measured as previ-
ously described [23]) varied less than 10% for wells of cells used in any one
experiment.
293 cells and COS-7 cells were grown in DMEM with 10% fetal calf serum, 50

U of penicillin per ml, and 50 mg of streptomycin per ml at 378C, 5% CO2. COS-7
cells were transfected at 90% confluency in serum-free medium by using 2.5 mg
of DNA and 12.5 ml of Lipofectamine reagent (Life Technologies) per 35-mm-
diameter dish. 293 cells were cotransfected at 80% confluency by using the
Transfection MBS kit (Stratagene, La Jolla, Calif.), with 0.7 mg of pACCMV.
pLpA containing the DNA inserts described below and 1 mg of pJM-17 (1) per
35-mm-diameter dish.
Plasmids. The plasmid CMV-iSH2 containing the myc tag sequence fused to

the carboxy-terminal sequence of the iSH2 region (amino acids 428 to 678) of the
human p85a subunit of PI3K (29) was provided by T. F. Franke, National Cancer
Institute, Frederick, Md. The coding region was removed from this plasmid as a
SalI-BamHI fragment, blunt ended, and cloned into the plasmid pBI-5 (provided
by H. Bujard, ZMBH, Heidelberg, Germany) by using NotI linker. A NheI-
HindIII fragment from the resulting plasmid pBI-5-iSH2 was cloned into pAC-
CMV.pLpA (1) (provided by C. Newgard, University of Texas Southwestern
Medical Center, Dallas, Tex.) resulting in the plasmid pACCMV.pLpA-iSH2.
The plasmid pCG-110* encoding a constitutively active PI3K was provided by

A. Klippel and L. T. Williams, University of California, San Francisco, Calif.
(13). The myc-tagged mouse p110 subunit of PI3K was amplified out of this
plasmid by PCR (Pfu DNA polymerase [Stratagene], 20 cycles) by using the
primers 59 TAG GTA CCA CCA TGC CTC CAC GAC CAT CTT CG 39 and
59 ACT CTA GAT CAG TTC AGG TCC TCC TCG G 39, with the former
introducing a Kozak sequence and a KpnI site and the latter introducing an XbaI
site. This fragment was cloned into pACCMV.pLpA resulting in the plasmid
pACCMV.pLpA-110.
Generation of recombinant adenovirus and transduction of 3T3-L1 adipo-

cytes. Recombinant adenovirus was generated as previously described (1).
Briefly, the plasmids pACCMV.pLpA-iSH2 and pACCMV.pLpA-110 were each
cotransfected with the plasmid pJM-17 into 293 cells as described above. Cell
lysis indicating a recombination event occurred 1 to 2 weeks following cotrans-

fection. Several clones of recombinant virus were checked for the successful
integration of the iSH2 or p110 coding regions by Western blotting with lysate of
transduced 293 cells. One clone for each of the constructs was amplified further
in 293 cells. Purification by cesium chloride centrifugation resulted in high titer
stocks of recombinant virus, typically 13 1010 to 23 1010 PFU/ml as determined
by limiting dilution. The recombinant adenovirus encoding b-galactosidase was
provided by C. Newgard and amplified as described above.
Transduction of differentiated 3T3-L1 adipocytes was performed overnight

with constant agitation on a rocking platform in DMEM with 10% fetal calf
serum. Recombinant adenoviruses encoding iSH2 and p110 were each used at a
concentration of 109 PFU/ml, resulting in a total concentration of 2 3 109

PFU/ml in cotransduction experiments. b-Galactosidase-encoding recombinant
adenovirus was used at a concentration of 2 3 109 PFU/ml. Experiments were
performed following an additional 24-h incubation in fresh medium.
Cell fractionation. To generate a total membrane fraction and a cytosolic

fraction, COS-7 or 3T3-L1 cells were incubated in DMEM with 0.1% calf serum
for 18 h, stimulated or not with 100 nM insulin for the indicated time, homog-
enized by 20 strokes in a Potter homogenizer in PI3K lysis buffer (see below), and
centrifuged at 180,000 3 g for 75 min. Subcellular fractionation was performed
by differential centrifugation as previously described (42). Following serum star-
vation as described above, 3T3-L1 adipocytes were or were not stimulated with
100 nM insulin for the indicated time, washed once with phosphate-buffered
saline (PBS), scraped into ice-cold HES buffer (10 mM N-2-hydroxyethylpipera-
zine-N9-2-ethanesulfonic acid [HEPES], 5 mM EDTA, 250 mM sucrose [pH 7.4],
containing 1 mM sodium orthovanadate, 2 mg of aprotinin per ml, and 2 mg of
leupeptin per ml), homogenized by 20 strokes in a Potter homogenizer, and
centrifuged at 19,0003 g for 20 min. The pellet of this first spin was resuspended
in HES and centrifuged again under the same conditions. The pellet of this
second spin was resuspended in HES, layered on a 1.12 M sucrose cushion, and
centrifuged at 100,000 3 g for 30 min. The resulting interphase was collected,
washed in HES, and recovered by spinning at 50,000 3 g for 30 min to yield the
PM fraction.
The supernatant of the first spin was centrifuged at 41,000 3 g for 20 min

(pellet, high density microsome [HDM] fraction) and then at 180,000 3 g for 75
min (pellet, LDM fraction; supernatant, cytosol). PM, HDM, and LDM fractions
were resuspended in equal volumes of PI3K lysis buffer. To assess the fraction-
ation procedure cytochrome c reductase activity and ras immunoreactivity were
determined in aliquots of the fractions obtained from four different sets of cells
(Table 1). Cytochrome c reductase activity, measured as previously described (4),
was highest in the HDM fraction, followed by the PM and LDM fractions,
respectively, and then the homogenate. This indicated a sevenfold enrichment of
this marker in the HDM fraction compared with homogenate and virtually no
enrichment in the LDM fraction. Ras immunoreactivity was determined by
Western blotting with a monoclonal pan-ras antibody which detects H-, K-, and
N-ras (Santa Cruz Biotechnology, Santa Cruz, Calif.). Densitometry units per
microgram of membrane protein showed the highest values for the PM fraction,
followed by the HDM fraction, homogenate, and the LDM fraction. Taken
together, these data indicate some cross contamination of the PM and HDM
fractions but little contamination of the LDM fraction with the HDM or PM
markers. GLUT4 immunoreactivity quantitated in fractions from cells in the
basal state and expressed as densitometry units per microgram of protein was
5.4- 6 0.3-fold higher (mean 6 standard error of the mean, [SEM], n 5 3) in the
LDM compared with the PM fraction (see Fig. 4, lanes 1 and 5) and 17-fold
enriched in the LDM fraction compared with the homogenate. Since membranes
from different experiments were run on different gels, the exact densitometry
units cannot be used to express mean values for GLUT4, but the fold increase for
each experiment can be compared. The decrease in GLUT4 in the LDM fraction

TABLE 1. Characterization of membrane fractionationa

Fraction

Immunoreactivity
Cytochrome c
reductase

(mmol/mg/min)

Protein yield
(mg/10-cm-diam-
eter dish)

Ras (densi-
tometry
units/mg)

GLUT4
(fold over
PM)

PM 35.6 6 3.8 1 2.27 6 0.11 103 6 3
LDM 2.7 6 0.2 5.4 6 0.3 0.92 6 0.10 197 6 13
HDM 14.2 6 1.8 5.41 6 0.59 72 6 6
Homogenate 5.3 6 0.5 0.76 6 0.05 4,410 6 236

a Four sets of differentiated 3T3-L1 adipocytes in the basal state were sub-
jected to subcellular fractionation by differential centrifugation as described in
Materials and Methods. To characterize the fractions, ras and GLUT4 immu-
noreactivity and cytochrome c reductase activity were determined in PM, LDM,
and HDM fractions and in homogenate. For ras immunoblotting, fractions from
all four experiments were run on the same gel, and immunoreactivity was quan-
titated by densitometry and expressed in units per microgram of protein loaded.
All values are expressed as means6 SEM. n5 4 for ras, cytochrome c reductase,
and protein yield; n 5 3 for GLUT4.
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and its increase in the PM fraction in response to insulin (see Fig. 4) is consistent
with no major cross contamination of the LDM and PM fractions. Both protein
recoveries (micrograms per 100-mm-diameter well) for each fraction and distri-
bution of the markers were not altered by transduction with recombinant ad-
enoviruses.
Glucose transport. Glucose transport activity was determined as previously

described (7). Following incubation in serum-free DMEM for 3 h, 3T3-L1 adi-
pocytes were washed twice with PBS and incubated for 30 min with or without
100 nM insulin in glucose-free MEM. 2-[3H]deoxy-D-glucose (NEN, Boston,
Mass.), 0.33 mCi per 35-mm-diameter well, was added to a final concentration of
100 mM for an additional 10 min. Transport was stopped by putting the cells on
ice and adding 1:1 (vol/vol) ice-cold phloretin solution (82 mg/liter in PBS). Cells
were washed three times with cold PBS, dried, and lysed in 1 N NaOH. Aliquots
of this lysate were used for liquid scintillation counting and determination of
DNA content as previously described (23). Wortmannin (stock, 10 mM in di-
methyl sulfoxide, Sigma) was used at a final concentration of 1 mM for 30 min
and was added after cells were stimulated for 15 min with insulin.
PI3K assay. Total PI3K activity in membrane and cytosolic fractions was

assayed as previously described for cytosol (25) by the borate thin-layer chro-
matography method described by Walsh et al. (37), which allows separation of
phosphatidylinositol 3-phosphate and phosphatidylinositol 4-phosphate. Follow-
ing overnight incubation in DMEM with 0.1% calf serum, cells were or were not
stimulated with 100 nM insulin and homogenized directly in PI3K lysis buffer (20
mM Tris-Cl, 140 mM NaCl, and 10% glycerol [pH 7.4], containing 1 mM sodium
orthovanadate, 2 mg each of aprotinin and leupeptin per ml, and 0.5 mM dithio-
threitol). Cytosol and total membranes were prepared as described in “Cell
fractionation” above. For determination of PI3K activity in PM and LDM frac-
tions cells were homogenized and fractionated in HES buffer as described above,
and the fractions were resuspended in PI3K lysis buffer.
Aliquots of fractions in a total volume of 25 ml of PI3K lysis buffer were

allowed to warm to room temperature for 5 min and were then mixed with 25 ml
of a lipid-ATP mix containing 500 mg of phosphatidylinositol per ml, 80 mM
ATP, 0.8 mCi of [g-32P]ATP (3,000 Ci/mmol, NEN) per ml, 20 mM HEPES (pH
7.5), 50 mM NaCl, 12.5 mM MgCl2, and 0.015% Nonidet P-40. To inhibit some
of the PI4K activity in membrane fractions, adenosine was added to a final
concentration of 200 mM (20). The reaction was stopped after 5 min by addition
of 80 ml of 1 N HCl, and the phospholipids were extracted with 160 ml of
chloroform-methanol (1:1, vol/vol). Phosphatidylinositol-monophosphate in 40
ml of organic phase was separated by borate thin-layer chromatography on
aluminum-backed Silica Gel 60 plates (EM Separations, Inc., Gibbstown, N.J.;
pretreated with a solution containing 25 mM trans-1,2-diaminocyclohexane-
N,N,N9,N9-tetraacetic acid [CDTA, Sigma], 66% [vol/vol] ethanol, and 0.06 N
NaOH and then dried for 1 h and baked at 1108C for 10 min) in developing
solution containing 37.5% (vol/vol) methanol, 30% (vol/vol) chloroform, 22.5%
(vol/vol) pyridine (Sigma), 1.33% (vol/vol) formic acid, 1 M boric acid, and 8.5
mM butylated hydroxytoluene (Sigma) and detected by autoradiography. Quan-
titation of phosphatidylinositol 3-phosphate was performed with a Phosphor-
Imager. Under the conditions described above activity was linear with time and
proportional to protein concentration.
DNA synthesis. DNA synthesis was determined as previously described (38).

Differentiated 3T3-L1 adipocytes were incubated in serum-free DMEM with 1%
bovine serum albumin (BSA) with or without 100 nM insulin for 17 h. After this
time the medium was replaced by DMEM-0.1% BSA containing [3H]thymidine
(0.25 mCi per 16-mm-diameter well). After an additional 1-h incubation cells
were washed three times with cold PBS and lysed in sodium dodecyl sulfate
(SDS) (1 mg/ml). Lysates were precipitated with trichloroacetic acid, filtered
through glass fiber filters (Whatman, GF/C), and washed with 10% (wt/vol)
trichloroacetic acid. After a final rinse with ethanol, filters were dried and tritium
incorporation into the filtered material was determined by liquid scintillation
counting. Experiments for DNA synthesis were performed in adipocytes 8 to 11
days after induction of differentiation, as DNA synthesis in response to either
insulin stimulation or iSH2-p110 coexpression decreased beyond this time point.
Glycogen synthase activity. Glycogen synthase activity was determined as

previously described (35). Briefly, following incubation in serum- and glucose-
free DMEM for 3 h, cells were or were not stimulated with 100 nM insulin for
30 min and homogenized in 100 mM NaF–10 mM EDTA (pH 7.0) with a Potter
homogenizer. After the homogenates were centrifuged at 7,000 3 g for 15 min,
the ability of the supernatant to stimulate incorporation of [3H]UDP-glucose
into glycogen was determined in the presence and absence of glucose 6-phos-
phate, and the activity ratios (activity without glucose 6-phosphate/activity with
glucose 6-phosphate) were calculated. Wortmannin was used as described in
“Glucose transport” above.
Western blotting. Polyacrylamide gel electrophoresis (PAGE) and Western

blotting were performed as previously described (24, 36) by using 1.5-mm thick
minigels (Novex, San Diego, Calif.), nitrocellulose membranes (pore size, 0.45
mm; Schleicher & Schuell, Keene, N.H.), and the Mini Trans-blot Transfer cell
(Bio-Rad, Hercules, Calif.) with Towbin buffer–20% (vol/vol) methanol. Follow-
ing incubation in Tris-buffered saline (TBS)–0.05% (vol/vol) Tween 20–5% (wt/
vol) low-fat dry milk for 2 h, the membranes were incubated with the primary
antibody overnight (monoclonal anti-c-myc [Ab-1] from Oncogene Science,
Uniondale, N.Y., 10 mg/ml; polyclonal anti-p85 raised against a glutathione
S-transferase fusion protein with amino acids 321 to 470 of the human p85a

subunit of PI3K, provided by L. C. Cantley, Division of Signal Transduction,
Beth Israel Hospital, Boston, Mass., 1:3,000 dilution; polyclonal anti-GLUT4
provided by H. Haspel, Henry Ford Health Center, Detroit, Mich., 1:400 dilu-
tion; polyclonal anti-dually phosphorylated MAP kinase from Promega, Madi-
son, Wis., 1:10,000 dilution; polyclonal anti-MAP kinase provided by J. Blenis,
Harvard Medical School, Boston, Mass., 1:5,000 dilution). Membranes were
washed in TBS–0.05% Tween 20 (anti-c-myc, anti-MAP kinase, and anti-p85) or
TBS–0.5% Tween 20 (anti-GLUT4) for 15 min, incubated with horseradish
peroxidase-coupled secondary antibody (1:2,000 dilution in TBS–0.05% Tween
20; Amersham, Arlington Heights, Ill.) for 1 h and washed for 25 min in TBS–
0.05% Tween 20; bands were visualized by using the enhanced chemilumines-
cence system (Amersham). Blots and autoradiograms were scanned by using an
Agfa Studioscan II with transparency module, Agfa FotoLook software to adjust
brightness and contrast, and a Linotronic 200P printer.
Statistical analysis. Statistical analysis was performed by using the Student’s

two-tailed t test for unpaired comparisons utilizing Statview software.

RESULTS

Expression of iSH2, p110, and p110* in COS-7 cells. The
plasmids pACCMV.pLpA-iSH2, pACCMV.pLpA-110, and
pCG-110* were transiently transfected into COS-7 cells, and
expression was examined by Western blotting and PI3K assay
in a cytosolic fraction and a membrane fraction prepared 2
days after transfection. Figure 1A shows the results of an
anti-myc Western blot. Specific bands appeared at 35 kDa for
the myc-tagged iSH2 region and at 115 kDa for the myc-tagged
p110. Bands at 40 kDa and 85 kDa are nonspecific. Expression
levels of p110 increased in cytosol when this protein was co-
expressed with the iSH2 region (Fig. 1A, compare lanes 3c and
4c), a finding that was also observed in 3T3-L1 adipocytes
(data not shown). This might be explained by increased stabil-
ity of the iSH2-p110 heterodimer compared with p110 alone.
PI3K assays performed on these fractions showed that iSH2

(Fig. 1B, lanes 2) or p110 (lanes 4) expressed alone did not
increase (iSH2) or increased minimally (p110 in the membrane
fraction) total PI3K activity. In contrast, coexpression of both
proteins (lanes 3) increased activity in both the cytosolic and
membrane fractions to an extent comparable to the activity
associated with a recently described (13) constitutively active
PI3K (Fig. 1B, lanes 5). However, following immunoprecipita-
tion with an anti-myc antibody, some PI3K activity was asso-
ciated with the iSH2 region even when expressed alone (data
not shown). These results of total PI3K activity in COS-7 cells
correspond well with previous findings of myc-immunoprecipi-
tated activity under comparable conditions (20, 21). In addi-
tion our results show that some of the PI3K activity resulting
from either coexpression of iSH2 and p110 or expression of
p110* is localized in the membrane fraction.
Coexpression of iSH2 and p110 increases PI3K activity

above insulin-stimulated levels in 3T3-L1 adipocytes. Based
on the results obtained in COS-7 cells, recombinant adenovi-
ruses encoding iSH2 and p110 were prepared. Figure 2A shows
the effect of iSH2 and p110 expression in differentiated 3T3-L1
adipocytes. The cells were transduced overnight with 109 PFU
of recombinant adenovirus per ml encoding either iSH2 or
p110, a combination of both viruses (total concentration, 2 3
109 PFU/ml), or 2 3 109 PFU of recombinant virus per ml
encoding b-galactosidase as a control. Exposure to up to 2 3
109 PFU of recombinant virus per ml overnight did not change
the morphological appearance of the cells. With 109 PFU of
recombinant virus per ml, transduction efficiency was.90% as
assessed by galactosidase staining. Cotransduction with the two
viruses encoding b-galactosidase and iSH2 (each at 109 PFU/
ml) simultaneously did not reduce either the percentage of
cells transduced as assessed by staining for galactosidase or the
level of expression as assessed by Western blotting for iSH2
compared with cells transduced with one of the viruses alone
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(data not shown). Thus, cotransduction with two viruses did
not reduce transduction efficiency.
As shown in Fig. 2A the b-galactosidase-encoding virus did

not alter basal or insulin-stimulated (15 min, 100 nM) PI3K
activity in cytosol or membranes, and it was therefore used as
a control in all subsequent experiments. Insulin treatment re-
sulted in a two- to threefold stimulation of total PI3K activity
in both cytosol and total membranes from untransduced cells
and b-galactosidase-expressing cells (Fig. 2A and C). Figure
2C shows mean values plus SEM [n 5 3] for cells transduced
with b-galactosidase-encoding or iSH2-p110-encoding adeno-
viruses. Coexpression of iSH2 and p110 resulted in PI3K ac-
tivity that was about twofold higher than insulin-stimulated
activity in cytosol and three- to fourfold higher than that in
total membranes. p110 expressed alone elevated total PI3K
activity about twofold in the membrane fraction but not in
cytosol, while the iSH2 region expressed alone had no effect.
The left panel of Fig. 2C shows quantitation from three sepa-

rate experiments, with PI3K activity expressed as a fold of
basal activity in the cytosolic fraction.
To further elucidate the exact intracellular localization of

the membrane-associated activity, PI3K was measured in sub-
cellular fractions of differentiated 3T3-L1 adipocytes. Figure
2B and C show that in control cells transduced with b-galac-
tosidase-encoding adenovirus, insulin stimulated PI3K activity
in the LDM fraction by 3.7- 6 0.4-fold (mean 6 SEM, n 5 3)
with a much smaller effect in the PM fraction, which is consis-
tent with other recent reports showing that the majority of
insulin-stimulated PI3K activity is in the LDM compartment
(19, 26). Similarly in cells coexpressing iSH2 and p110, stimu-
lation of PI3K activity was primarily in the LDM fraction. The
level of PI3K activity generated in the LDM fraction by this
coexpression was;60% higher than that resulting from insulin
stimulation in the b-galactosidase-expressing control cells, and
it tended to increase further with insulin treatment. Quantita-
tion of three separate experiments is shown in the right panel
of Fig. 2C. Results are expressed as the fold stimulation above
basal PI3K activity in the PM fraction.
Figure 2D shows Western blots of aliquots of the identical

fractions used for PI3K activity determination (Fig. 2A and B),
probed for p110 with a monoclonal anti-myc antibody (top) or
for iSH2 and p85 with a polyclonal p85 antiserum (bottom).
The lanes are loaded with protein amounts that correspond to
equal numbers of cells to parallel Fig. 2A and B. As the
immunizing peptide used to generate the p85 antiserum over-
laps partially with the inter-SH2 region of the p85 regulatory
subunit of PI3K, both full-length endogenous p85 and the iSH2
region were detected by this antiserum. Immunoreactivity for
endogenous p85 was high in cytosol and the LDM fraction and
lower in the PM fraction. Expression of the iSH2 construct was
highest in cytosol, lower in the LDM fraction, and lowest in the
PM fraction. The increase of p85 immunoreactivity in cytosol
from cells coexpressing iSH2 and p110 was also observed in
cells overexpressing p110 alone but not in cells expressing only
iSH2 (data not shown). p110 was most abundant in cytosol, and
surprisingly, p110 was nearly absent from the PM fraction,
despite the presence of both endogenous p85 and transduced
iSH2.
iSH2 expression and iSH2-p110 coexpression increase glu-

cose uptake. The effect of coexpression of iSH2 and p110 on
2-deoxyglucose uptake in 3T3-L1 adipocytes is shown in Fig. 3.
Figure 3A shows that b-galactosidase-encoding adenovirus did
not affect basal or insulin-stimulated glucose uptake. Coex-
pression of iSH2 and p110 led to a four- to ninefold increase of
basal glucose transport, while not significantly changing the
level of insulin-stimulated glucose transport. Combined results
of several experiments showed a 5.2- 6 0.7-fold (n 5 7) in-
crease of basal glucose transport caused by coexpression of
iSH2 and p110, compared with a 15- 6 1.3-fold (n 5 5) in-
crease induced by insulin stimulation.
Figure 3B shows that, surprisingly, expression of iSH2 alone

led to a slight increase (2.0-6 0.3-fold) (n5 3) in basal glucose
transport. Furthermore, the increases in glucose transport in-
duced by expression of iSH2 alone, by coexpression of iSH2
and p110, and by stimulation with insulin were sensitive to
wortmannin, although the inhibition in cells coexpressing iSH2
and p110 was not complete. Expression of p110 alone did not
alter basal or insulin-stimulated glucose transport (data not
shown). To determine whether higher expression of iSH2-p110
would result in greater stimulation of glucose transport, we
exposed adipocytes to a three- to fourfold higher concentration
of virus. This resulted in detachment of cells and a decrease in
insulin-stimulated glucose transport, most likely indicating tox-
icity of this higher adenovirus concentration. However, it is

FIG. 1. Expression of iSH2, p110, and p110* and the resulting increases in
PI3K activity in COS-7 cells. Cells were transfected with plasmids encoding
myc-tagged iSH2 (lanes 2), iSH2 and p110 (lanes 3), p110 (lanes 4), p110* (lanes
5), or empty plasmid (lanes 1) and total membranes (m) and cytosol (c) were
prepared as described in Materials and Methods. (A) Equal amounts of protein
(15 mg) were analyzed for expression by Western blotting using a monoclonal
anti-myc antibody. Immunoreactivity corresponding to iSH2 and p110 is indi-
cated by arrows on the right side; molecular mass markers in kilodaltons are
indicated at the left. (B) Total PI3K activity in 15-mg aliquots was determined by
32P incorporation into phosphatidylinositol and separation of phospholipids by
thin-layer chromatography. Positions of the origin, phosphatidylinositol 3-phos-
phate (PI3P) and phosphatidylinositol 4-phosphate (PI4P) are indicated on the
left side of the autoradiogram. The results shown are representative of three
independent experiments on cells from separate transfections.
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important to note that the standard concentration of iSH2-
and p110-encoding adenovirus used in our experiments (109

PFU/ml each) results in stimulation of PI3K activity in the
LDM fraction to a level ;60% greater than that elicited by
insulin (Fig. 2C). Nevertheless, this does not result in maximal
stimulation of glucose transport. The probability that iSH2-
p110 coexpression is activating the same pathways as insulin is
supported by the fact that maximally insulin-stimulated glucose
uptake was not altered by iSH2-p110 coexpression. Thus, the
effects of iSH2-p110 coexpression and insulin stimulation were
not additive.
Coexpression of iSH2 and p110 induces GLUT4 transloca-

tion to the plasma membrane. Figure 4 shows a representative
Western blot of GLUT4 in subcellular fractions of control cells

expressing b-galactosidase and cells coexpressing iSH2-p110.
Quantitation of Western blots from three different fraction-
ations showed a 4.2- 6 0.1-fold increase of GLUT4 immuno-
reactivity in the PM fraction with insulin stimulation and a
corresponding decrease of GLUT4 in the LDM fraction. iSH2
and p110 coexpression resulted in a 3.0- 6 0.2-fold increase in
GLUT4 in the PM fraction, which was also accompanied by a
decrease of GLUT4 in the LDM fraction. With insulin treat-
ment of cells overexpressing iSH2-p110 there was a 4.0- 6
0.4-fold increase in GLUT4 in the PM fraction. Both insulin
stimulation and iSH2-p110 coexpression also caused translo-
cation of GLUT1 to the PM fraction (data not shown). The
overall expression of either GLUT4 or GLUT1 was not altered
in cells expressing b-galactosidase or iSH2-p110 compared

FIG. 2. PI3K activity in 3T3-L1 adipocytes transduced with recombinant adenovirus encoding b-galactosidase (b-gal), iSH2, and/or p110. Differentiated 3T3-L1
adipocytes were transduced (Transd, transduction) overnight with recombinant adenovirus encoding the indicated proteins as described in Materials and Methods.
After an additional 24 h, which included 14 h of serum starvation, cells were or were not stimulated with 100 nM insulin for 15 min, and cellular fractionation was
performed yielding either a total membrane and a cytosolic fraction (A), a PM fraction and a LDM fraction (B), or PM, LDM, and cytosolic fractions (D). PI3K activity
was determined in cytosol (5 mg) and total membranes (10 mg) (A) and in PM (18 mg) and LDM (30 mg) fractions (B) representing equal numbers of cells by 32P
incorporation into phosphatidylinositol and separation of phospholipids by thin-layer chromatography. Positions of the origin, phosphatidylinositol 3-phosphate (PI3P)
and phosphatidylinositol 4-phosphate (PI4P) are indicated on the left side of the autoradiogram. (C) Quantitation of PI3K activity in three experiments. PI3K activity
in cytosol and total membranes expressed as fold stimulation over basal activity in cytosol is shown in the left panel. PI3K activity in subcellular fractions expressed
as fold stimulation over basal activity in the PM fraction is shown in the right panel. For each experiment, activity in the different fractions was expressed per equal
number of cells. Bars represent means plus SEM. White and light grey bars represent cells transduced with adenovirus encoding b-galactosidase. Dark grey and black
bars represent cells transduced with adenovirus encoding iSH2-p110. (D) Immunoblot of p110, p85, and iSH2 in subcellular fractions. PM (6 mg), LDM (10 mg), and
cytosolic (12 mg) fractions were resolved by SDS-PAGE, electrophoretically transferred to nitrocellulose membranes, and probed first with polyclonal p85 antiserum
(bottom) followed by monoclonal myc-antibody (top). Immunoreactive bands detected by enhanced chemiluminescence for the endogenous p85 and the transduced
myc-tagged p110 and iSH2 are indicated on the right side, molecular mass markers in kilodaltons are indicated at the left. This blot is representative of three
independent experiments.
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with nontransduced control cells as assessed by Western blot-
ting of total membrane fractions (data not shown). Thus, the
changes in glucose uptake described above can be explained by
glucose transporter translocation.
Glycogen synthase activity is not altered by iSH2-p110 co-

expression. Figure 5 shows glycogen synthase activity in differ-
entiated 3T3-L1 adipocytes. Glucose 6-phosphate independent
activity is expressed as a percentage of total glycogen synthase
activity. In both nontransduced (not shown) and b-galactosi-
dase-transduced cells, insulin stimulated glycogen synthase ac-
tivity ;threefold. Transduction with b-galactosidase-encoding
adenovirus had no effect on basal or insulin-stimulated glyco-
gen synthase activity. Wortmannin abolished this insulin effect
completely, but coexpression of iSH2 and p110 did not in-

crease basal activity. The apparent small decrease in insulin-
stimulated activity in cells coexpressing iSH2 and p110 com-
pared with b-galactosidase-expressing cells did not reach
statistical significance. These data suggest that activation of
PI3K is necessary but not sufficient for activation of glycogen
synthase.
iSH2 expression and iSH2-p110 coexpression stimulate

DNA synthesis. DNA synthesis was measured as [3H]thymi-
dine incorporation in differentiated 3T3-L1 adipocytes. As

FIG. 3. 2-Deoxyglucose uptake in differentiated 3T3-L1 adipocytes express-
ing b-galactosidase (b-gal), iSH2, and/or p110. (A) Cells were or were not trans-
duced overnight with recombinant adenovirus encoding the indicated proteins.
After an additional 24 h, which included 3 h of serum-free incubation, cells were
or were not stimulated with 100 nM insulin for 30 min. 2-Deoxyglucose uptake
was determined over a 10-min period as described in Materials and Methods.
iSH2-p110 coexpression increased basal glucose transport significantly (P, 0.01)
compared with nontransduced or b-galactosidase-expressing cells. (B) Following
transduction and serum-free incubation as described above, cells were incubated
in the absence (first six bars) or presence (last two bars) of 100 nM insulin for 15
min. Either 1 mM wortmannin (Wortm.) (black bars) or vehicle dimethyl sulfox-
ide (grey bars) was added for an additional 30 min before 2-deoxyglucose uptake
was determined. The results shown are representative of 5 to 7 (panel A) or 2 to
3 (panel B) independent experiments, each performed in triplicate. Data are
presented as means 1 SEM; P values indicate the level of statistical significance.

FIG. 4. Translocation of GLUT4 to the plasma membrane induced by insulin
or iSH2-p110 coexpression. Differentiated 3T3-L1 adipocytes were transduced
overnight with recombinant adenoviruses encoding either b-galactosidase (b-gal)
or iSH2 and p110 (Transd., transduction). Following an additional 24-h incuba-
tion including an overnight serum-starvation, cells were or were not stimulated
with 100 nM insulin and subcellular fractions were prepared as described in
Materials and Methods. PM (5 mg) and LDM (4 mg) fractions were resolved by
SDS-PAGE, electrophoretically transferred to nitrocellulose membranes, and
probed with a polyclonal GLUT4-antiserum. Molecular mass markers in kilo-
daltons are indicated on the left. This Western blot represents results from three
independent experiments.

FIG. 5. Glycogen synthase activity is not altered by iSH2-p110 coexpression.
Differentiated 3T3-L1 adipocytes were transduced overnight with recombinant
adenovirus encoding either b-galactosidase (b-gal) or iSH2 and p110. After an
additional 24-h incubation including a 3-h incubation in serum- and glucose-free
DMEM, cells were or were not stimulated with 100 nM insulin for 30 min and
lysed. Following centrifugation at 7000 3 g for 15 min, the ability of the super-
natant to stimulate incorporation of UDP-glucose into glycogen was determined
in the presence and absence of glucose 6-phosphate as described in Materials
and Methods. For the last two bars, 1 mM wortmannin was added for 30 min
starting 15 min after initiation of insulin stimulation. Results are expressed as
means plus SEM of activity ratios for three independent experiments, each
performed in duplicate. The percent activity was determined as activity without
glucose 6-phosphate/activity with glucose 6-phosphate 3 100.
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shown in Fig. 6, insulin stimulated DNA synthesis by ;0.3
pmol/h per 16-mm-diameter well in both nontransduced cells
and cells expressing b-galactosidase. However, b-galactosidase
transduction increased basal DNA synthesis compared with
that of nontransduced cells. Transduction with p110-encoding
adenovirus did not further increase basal DNA synthesis, while
expression of iSH2 led to a 2.5-fold increase, and coexpression
of iSH2 and p110 resulted in a sixfold increase of DNA syn-
thesis compared with that in b-galactosidase-transduced cells.
Insulin had no further stimulatory effect in iSH2-p110-coex-
pressing cells. These results indicate that elevated PI3K activity
is a more potent stimulus of DNA synthesis than insulin stim-
ulation in 3T3-L1 adipocytes.
Increased PI3K activity is not sufficient to stimulate MAP

kinase. Activation of MAP kinase was assessed by Western
blotting by using an antibody against a dually phosphorylated
peptide that corresponds to the active form of MAP kinase. As
can be seen in Fig. 7 (left panel), insulin increased MAP kinase
activation in cytosol from both b-galactosidase-expressing con-
trol adipocytes and cells coexpressing iSH2 and p110, while
activation of MAP kinase in cytosol from nonstimulated cells
was comparably low. Expression of MAP kinase as assessed by
Western blotting with a polyclonal MAP kinase antiserum that
recognizes both nonphosphorylated and phosphorylated forms
was not altered by transduction with b-galactosidase or iSH2-
p110 (Fig. 7, right panel). These data suggest that the increase
in PI3K activity caused by coexpression of iSH2 and p110 is not
sufficient to activate MAP kinase.

DISCUSSION

This study demonstrates that constitutive activation of PI3K
is sufficient to stimulate some but not all of the effects of insulin
that have been shown to be dependent on PI3K activation. In
particular, we show that elevation of PI3K activity above insu-
lin-stimulated values in cytosol, membranes, and the LDM
compartment by adenovirus-mediated expression of iSH2 and
p110 results in stimulation of DNA synthesis exceeding insulin-
stimulated values but elicits only one-third of the effect of

insulin on glucose transport and no effect on the activation of
glycogen synthase or MAP kinase.
Previous studies which aimed to elucidate whether PI3K

activation is sufficient to stimulate glucose transport used two
different approaches: (i) PI3K was activated by PDGF or in-
terleukin-4 in insulin-sensitive cells (14, 40) or (ii) PI3K was
activated independent of growth factor or cytokine stimulation
either by thiophosphotyrosine peptides or by adenovirus-me-
diated gene transfer of the p110 subunit (12, 18). Investigations
using the first approach came to the conclusion that PI3K
activity is not sufficient to stimulate glucose transport substan-
tially, but more recent findings indicate that the subcellular
localization of growth factor (e.g., PDGF)-activated PI3K ac-
tivity does not match the localization of insulin-stimulated ac-
tivity (26). In addition, as pointed out by Herbst et al. (12),
certain growth factors or cytokines might also activate signal-
ling pathways that inhibit stimulation of glucose transport.
Using thiophosphotyrosine peptides to stimulate PI3K ac-

tivity, Herbst et al. concluded that increased PI3K activity can
stimulate glucose transport to up to 20% of maximally insulin-
stimulated levels with no additive effect in the presence of
maximally stimulating insulin concentrations (12). These find-
ings differ only quantitatively and not qualitatively from our
results. The discrepancy between the magnitudes of the effect
of PI3K activation on glucose transport might well be ex-
plained by the level of PI3K activity achieved or by the sub-
cellular localization of the activity. While we achieved PI3K
activity above insulin-stimulated levels in cytosol, membranes,
and specifically in the LDM fraction, Herbst et al. induced
cytosolic levels that match insulin-stimulated activity and pro-
vided no data on membrane-associated activity. Using a lower
concentration of adenoviruses encoding iSH2 and p110, we too
found smaller increases in basal glucose transport (data not
shown), but this finding is difficult to interpret as the percent-
age of cells transduced decreased below 90%.
A study published during preparation of the manuscript (18)

shows results that are more difficult to explain. Overexpressing
only the bovine catalytic p110a subunit of PI3K, fused to a
14-amino-acid tag derived from the C terminus of GLUT2, by

FIG. 6. Stimulation of DNA synthesis by iSH2 expression and iSH2-p110
coexpression. Differentiated 3T3-L1 adipocytes (day 9 of differentiation) were
transduced overnight with recombinant adenoviruses encoding the indicated
proteins. Following an additional incubation for 8 h in DMEM with 10% fetal
calf serum, cells were incubated with or without 100 nM insulin in serum-free
medium for 17 h. Thymidine incorporation was determined over a 1-h period as
described in Materials and Methods. The results show means and SEM of
triplicate values from one of three separate experiments.

FIG. 7. MAP kinase is not activated by iSH2-p110 coexpression. Differenti-
ated 3T3-L1 adipocytes were transduced overnight with recombinant adenovi-
ruses encoding either b-galactosidase (b-gal) or iSH2 and p110 (Transd., trans-
duction). Following an additional 24-h incubation including overnight serum-
starvation, cells were or were not stimulated with 100 nM insulin for 10 min, and
cytosolic fractions were prepared as described in Materials and Methods. A total
of 10 mg of protein was resolved by SDS-PAGE, electrophoretically transferred
to nitrocellulose membranes, and probed with polyclonal antiserum against du-
ally phosphorylated MAP kinase or total MAP kinase as shown. Molecular mass
markers in kilodaltons are indicated on the left. The Western blots are repre-
sentative of three independent experiments.
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using adenovirus-mediated gene transfer in 3T3-L1 adipocytes,
Katagiri et al. (18) showed activation of glucose transport that
exceeded insulin-stimulated transport in control cells. Further-
more, insulin-stimulated glucose transport increased twofold
in p110-transduced cells compared with control cells. Unfor-
tunately it is not demonstrated whether these effects are re-
versible with wortmannin treatment. As we show in COS-7
cells and 3T3-L1 adipocytes in this study, and as other groups
have demonstrated in COS-7 cells (20, 21), p110 exhibits rel-
atively low specific activity. We do not see any effect of mouse
p110a overexpression on glucose transport or on DNA synthe-
sis, which appears to be more sensitive to PI3K activation (Fig.
6). Another recent study reports no substantial effects of high
level overexpression of p110 on pp70 S6 kinase, Akt/Rac, or
Jun N-terminal kinase activation, while a constitutively active
PI3K with high specific activity stimulates all of these signalling
molecules (21). In the same study, Klippel et al. demonstrate
that membrane localization of a PI3K with low specific activity
is sufficient to stimulate downstream signalling. It might there-
fore be speculated that the bovine p110a used by Katagiri et al.
(18), either by itself or due to the attached GLUT2 tag, local-
izes in the membrane of the mouse cell line 3T3-L1, thus
increasing its efficiency to stimulate downstream signalling.
Despite these differences, a common finding in all of these

studies is critically important: regardless of the manner in
which PI3K is activated or the level to which glucose transport
is increased by PI3K activation, insulin further stimulates glu-
cose transport. It is possible that other signalling pathways
need to be stimulated in parallel in order to achieve maximal
stimulation of glucose transport. However, it is also possible
that PI3K activity is sufficient to stimulate maximal glucose
transport only when localized in sufficient amounts to a specific
subcellular compartment. Insulin, but not other growth factors,
stimulates PI3K activity in the LDM compartment (26). How-
ever, we demonstrate that even when coexpression of iSH2 and
p110 generates PI3K activity in the LDM compartment that is
higher than that induced by insulin, the effect on glucose trans-
port is smaller than that of insulin. A possible explanation is
that in a specific subfraction of the LDM compartment, insulin
induces PI3K activity to a greater extent than iSH2-p110 co-
expression. Future studies therefore will need to define the
location of insulin-stimulated PI3K activity more precisely, and
initial steps in this direction have been carried out (11). It is of
interest that with iSH2-p110 coexpression the increase of
GLUT4 translocation is proportionally greater than the in-
crease in glucose transport. One possible explanation is that
not all the GLUT4 which is detected by immunoblotting in the
PM fraction from cells coexpressing iSH2-p110 is fully fused in
a functionally active state (15). Possibly, insulin stimulation
results in activation of additional signals which facilitate
GLUT4 vesicle fusion and/or GLUT4 activation. However, it is
also possible that this quantitative difference is due to differ-
ences in the sensitivities of the assays used.
Stimulation of DNA synthesis and glycogen synthase activity

by insulin depend on PI3K, as demonstrated in experiments
with the inhibitors wortmannin and LY 294003 (3, 33). One
study which attempts to elucidate whether PI3K is sufficient to
stimulate glycogen synthesis demonstrates that PDGF-induced
activation of PI3K leads to only a minor increase in glycogen
synthesis (40). However, this does not take into account the
fact that PDGF and insulin stimulate PI3K in different com-
partments. We demonstrate that stimulation of glycogen syn-
thase activity by insulin is not only blocked by preincubation
with wortmannin, as described previously (33), but also is com-
pletely reversed with a 30-min wortmannin incubation follow-
ing preincubation with insulin. Despite this dependency on

PI3K activity, glycogen synthase activity is not stimulated by
elevated PI3K activity. It might be argued that increased PI3K
activity could initially lead to activation of glycogen synthase
but that the continuous presence of activated PI3K leads to a
desensitization. We find this unlikely, since insulin stimulation
of glycogen synthase in cells coexpressing iSH2 and p110 is not
impaired (Fig. 5).
In contrast to glycogen synthase activity, DNA synthesis is

increased by coexpression of iSH2 and p110 to levels above
those induced by insulin. Thus, increased PI3K activity, in the
absence of growth factor or oncoprotein stimulation, is a po-
tent stimulus of DNA synthesis. Several growth factors and
oncogene products are known to regulate polyphosphoinosi-
tide metabolism (28), and the potential impact of PI3K activity
on cell transformation (17, 32) is underscored by the fact that
PI3K inhibitors are being tested as antiproliferative agents
(28). Since other growth factors stimulate PI3K and 10% calf
serum stimulates four- to fivefold more DNA synthesis in
3T3-L1 fibroblasts than 1 mM insulin (3), the high level of
DNA synthesis in iSH2-p110-expressing cells compared with
insulin stimulation might not be surprising. It is, however,
surprising that expression of iSH2 alone, in addition to its small
effect on glucose transport, increases DNA synthesis substan-
tially while not elevating total PI3K activity. As some PI3K
activity is associated with immunoprecipitated iSH2, we spec-
ulate that the effects of iSH2 are caused by a redistribution of
PI3K activity rather than by an increase in activity.
The hierarchy in the interaction between the signalling cas-

cade involving PI3K and the p21ras-Raf-MAP kinase cascade
has attracted intense debate. While the physical interaction of
the effector domain of p21ras with p110 has been demonstrated
(30, 34), data suggest PI3K may be either upstream or down-
stream of p21ras (9, 13, 30, 41). This controversial finding might
be explained by tissue-specific differences in interactions of
signalling molecules (6). In 3T3-L1 adipocytes, the PI3K in-
hibitor LY294002 blocks activation of p21ras and decreases
MAP kinase activation by insulin (6). However, we do not see
MAP kinase activation by increased PI3K activity alone, sug-
gesting that other signalling events need to be stimulated in
parallel. Similarly, activated PI3K was found not to affect MAP
kinase activation in COS-7 cells (21). Indeed, the activation of
PI3K might have a more permissive role for p21ras activation
by functional interaction with the GTPase-activating protein in
3T3-L1 adipocytes (6).
Several new questions arise from our findings. The exact

intracellular localization of PI3K activity necessary for stimu-
lating specific metabolic responses and DNA synthesis is still
unclear, and it will be especially exciting to determine whether
targeting of PI3K activity to specific compartments can selec-
tively elicit DNA synthesis or metabolic effects. Also undeter-
mined are which of the phospholipid products of PI3K are
necessary and which downstream signals require activation to
elicit specific responses. For insulin actions such as stimulation
of glycogen synthase for which activation of PI3K activity is not
sufficient, the additional molecules which need to be coacti-
vated remain to be determined. Adenovirus-mediated gene
transduction is a powerful tool to address these questions in
fully differentiated insulin target cells. The current demonstra-
tion of differential effects of constitutively active PI3K on DNA
synthesis and specific metabolic pathways will lead to deeper
insights into the specificity of growth factor signalling.
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