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Protein phosphatase 2A (PP2A) is a multimeric serine/threonine phosphatase which has multiple functions,
including inhibition of the mitogen-activated protein (MAP) kinase pathway. Simian virus 40 small t antigen
specifically inhibits PP2A function by binding to the PP2A regulatory subunit, interfering with the ability of
PP2A to associate with its cellular substrates. We have reported that the expression of small t antigen inhibits
PP2A association with Shc, leading to augmentation of insulin and epidermal growth factor-induced Shc
phosphorylation with enhanced activation of the Ras/MAP kinase pathway. However, the potential involvement
of PP2A in insulin’s metabolic signaling pathway is presently unknown. To assess this, we overexpressed small
t antigen in 3T3-L1 adipocytes by adenovirus-mediated gene transfer and found that the phosphorylation of
Akt and its downstream target, glycogen synthase kinase 3�, were enhanced both in the absence and in the
presence of insulin. Furthermore, protein kinase C � (PKC �) activity was also augmented in small-t-antigen-
expressing 3T3-L1 adipocytes. Consistent with this result, both basal and insulin-stimulated glucose uptake
were enhanced in these cells. In support of this result, when inhibitory anti-PP2A antibody was microinjected
into 3T3-L1 adipocytes, we found a twofold increase in GLUT4 translocation in the absence of insulin. The
small-t-antigen-induced increase in Akt and PKC � activities was not inhibited by wortmannin, while the
ability of small t antigen to enhance glucose transport was inhibited by dominant negative Akt (DN-Akt)
expression and Akt small interfering RNA (siRNA) but not by DN-PKC � expression or PKC � siRNA. We
conclude that PP2A is a negative regulator of insulin’s metabolic signaling pathway by promoting dephos-
phorylation and inactivation of Akt and PKC � and that most of the effects of PP2A to inhibit glucose transport
are mediated through Akt.

Protein phosphorylation plays a key role in many cellular
processes, including insulin signal transduction (24), and the
phosphorylation state of a target protein is regulated by op-
posing kinase and phosphatase activities (24). Thus, the bal-
ance of enzyme activity between kinases and phosphatases is
critical for the mediation of insulin’s effects and, in turn, for the
pathogenesis of insulin-resistant states.

Tyrosine phosphorylation is essential for insulin action, and
several lines of evidence have demonstrated that protein ty-
rosine phosphatases can play a role in insulin-resistant states
(3, 4). For example, protein tyrosine phosphatase 1B (PTP1B)
directly interacts with the activated insulin receptor and exhib-
its high specific activity for IRS-1 (22, 49). It has been reported
previously that hyperglycemia can impair insulin-stimulated
tyrosine phosphorylation of the insulin receptor and IRS-1, at
least in part because of the increased expression and activity of
PTP1B (37, 41), and that overexpression of PTP1B inhibits

insulin-stimulated glucose metabolism in 3T3-L1 adipocytes
and L6 myocytes (12, 18, 51).

Serine/threonine phosphorylation events are also important
to the metabolic actions of insulin. Serine/threonine phosphor-
ylation of either the receptor itself or IRS proteins reduces
downstream signaling and can be a cause of insulin resistance
(20, 40, 44–46). Furthermore, Akt and protein kinase C �
(PKC �), both of which are important mediators of insulin-
stimulated glucose uptake, are serine/threonine kinases, and
their activity states are regulated by serine/threonine phos-
phorylation (14, 23, 29). However, the phosphatases that cat-
alyze corresponding dephosphorylation events have not been
identified.

Protein phosphatase 2A (PP2A) is a ubiquitously expressed
cytoplasmic serine/threonine phosphatase that plays an impor-
tant role in the regulation of a diverse set of cellular proteins,
including metabolic enzymes, hormone receptors, kinase cas-
cades, and cell growth (39, 53). Interestingly, PP2A is the
target for the simian virus 40 (SV40) small t antigen (42, 48),
which associates with the regulatory A subunit of PP2A, inhib-
iting the association of PP2A with its cellular substrates (38,
63).
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Numerous observations suggest that PP2A plays an impor-
tant role in downregulation of the Ras/mitogen-activated pro-
tein (MAP) kinase pathway (39, 53), and the ability of small t
antigen to inhibit PP2A activity underlies its mitogenic role
during transformation by SV40 (52). For example, it has been
previously reported that PP2A associates with Shc and that this
association is inhibited by small t antigen, leading to enhanced
insulin-, insulin-like growth factor 1-, and epidermal growth
factor (EGF)-stimulated Shc phosphorylation with increased
Ras/MAP kinase activity (60). It has been suggested that PP2A
is also involved in the metabolic actions of insulin. Okadaic
acid, an inhibitor of PP2A, can activate glucose transport and
GLUT4 translocation (57). Insulin inhibits PP2A activity (56),
and the insulin effect on PP2A is abolished in adipocytes from
diabetic rats (10). Tumor necrosis factor alpha-induced insulin
resistance is accompanied by an elevation of PP2A activity
levels in rat skeletal muscle cells (11), and PP2A levels are
increased in skeletal muscle samples from insulin-resistant pa-
tients with type 2 diabetes (35). Although these results raise
the possibility that PP2A can negatively influence insulin ac-
tion, this outcome has not been directly demonstrated, and the
precise role of PP2A in the metabolic actions of insulin is
unresolved.

The present data show that PP2A may directly dephosphor-
ylate and inactivate Akt and PKC �, leading to the attenuation
of glucose transport stimulation in 3T3-L1 adipocytes. These
results identify a new role for PP2A as a negative regulator of
insulin’s metabolic signal transduction pathway.

MATERIALS AND METHODS

Materials. Human insulin was kindly provided by Eli Lilly (Indianapolis, Ind.).
Anti-small t antigen antibody was from BD PharMingen (San Diego, Calif.).
Phospho-specific MAP kinase antibody, phospho-specific Akt antibody, phos-
pho-specific glycogen synthase kinase 3� (GSK-3�) antibody, phospho-specific
PKC �/� antibody, and anti-Akt antibody were from New England Biolabs
(Beverly, Mass.). Anti-PP2A antibody, IRS-1 antibody, anti-p85 antibody, anti-
PDK-1 antibody, and purified PP2A protein were from Upstate Biotechnology
Inc. (Lake Placid, N.Y.). Anti-PP2A A-subunit antibody, anti-GSK-3� antibody,
anti-ERK-2 antibody, anti-PKC � and -PKC � antibody, horseradish peroxidase-
linked anti-rabbit, anti-mouse, and anti-goat antibodies, and protein A/G-aga-
rose were from Santa Cruz Biotechnology (Santa Cruz, Calif.). Anti-ERK-1
antibody, anti-phosphotyrosine antibody (PY20), and sodium azide-free PP2A
antibody were from Transduction Laboratories (Lexington, Ky.). Anti-GLUT4
antibody (1F8) was from Biogenesis Inc. (Brentwood, N.H.). Sheep immuno-
globulin G (IgG) and fluorescein isothiocyanate- and tetramethyl rhodamine
isothiocyanate-conjugated anti-rabbit, -mouse, -goat, and -sheep IgG antibodies
were from Jackson ImmunoResearch Laboratories, Inc. (West Grove, Pa.). All
radioisotopes were from ICN (Costa Mesa, Calif.). Dulbecco’s modified Eagle’s
medium, minimal Eagle’s medium-�, and fetal calf serum were obtained from
Life Technologies (Grand Island, N.Y.). XAR-5 film was obtained from East-
man-Kodak (Rochester, N.Y.). All other reagents and chemicals were purchased
from Sigma (St. Louis, Mo.).

Cell culture. 3T3-L1 cells were cultured and differentiated as previously de-
scribed (17). Prior to experiment, the adipocytes were trypsinized and reseeded
in the appropriate culture dishes. The Ad-E1A-transformed human embryonic
kidney cell line 293 cells were cultured as described previously (17).

Preparation of recombinant adenovirus and cell treatment. The adenovirus
encoding small t antigen was generated by using an Adeno-X expression system
according to the manufacturer’s instructions (CLONTECH). The adenovirus
encoding the dominant negative (DN) form of Akt (Akt-MAA [K179M, T308A,
S473A]) was generated as described previously (28). The adenovirus encoding
the DN form of PKC � (DN-PKC �) was a gift from Wataru Ogawa (Kobe
University, Kobe, Japan) (33). 3T3-L1 adipocytes were infected with adenovi-
ruses at the indicated multiplicity of infection (MOI) for 16 h. Transduced cells
were incubated for 48 h at 37°C in an atmosphere of 10% CO2 in Dulbecco’s

modified Eagle’s high-glucose medium with 2% heat-inactivated serum, followed
by starvation for 18 h.

Preparation of whole-cell lysates and immunoprecipitation. Cells were lysed
in solubilizing buffer (20 mM Tris, pH 7.5, 1 mM EDTA, 140 mM NaCl, 1%
Nonidet P-40, 1 mM sodium vanadate, 50 mM sodium fluoride, 50 U of apro-
tinin/ml, 1 mM phenylmethylsulfonyl fluoride [PMSF]) for 30 min at 4°C. The
cell lysates were centrifuged to remove insoluble materials. For immunoprecipi-
tation, cell lysates were incubated with primary antibody for 6 h at 4°C and with
protein A/G-agarose for an additional 2 h. The immunoprecipitates were
washed, resuspended in Laemmli sample buffer containing 100 mM dithiothre-
itol, and heated for 5 min at 100°C.

Immunoblotting. Whole-cell lysates and antibody immunoprecipitates were
resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and elec-
trophoretically transferred to polyvinylidene difluoride membranes (Immo-
bilon-P; Millipore, Bedford, Mass.). Membranes were blocked and probed with
specified antibodies. Blots were then incubated with horseradish peroxidase-
linked second antibody followed by chemiluminescence detection, according to
the manufacturer’s instructions (Pierce).

PP2A activity. Phosphatase activity was measured with para-nitrophenyl phos-
phate as the substrate, as described previously (60). Infected cells were lysed in
lysis buffer (50 mM HEPES [pH 7.5], 150 mM NaCl, 1 mM EGTA, 10% glycerol,
1.5 mM magnesium chloride, 1% Triton X-100, 1 �g of leupeptin/ml, 50 U of
aprotinin/ml, 1 mM PMSF). Clarified supernatants were incubated with anti-
PP2A antibody and protein G agarose for 2 h at 4°C. The washed immunopre-
cipitates were resuspended in assay buffer (50 mM Tris [pH 7.0], 0.1 mM calcium
chloride) containing 2.5 mM nickel chloride and 900 �g of para-nitrophenyl
phosphate/ml and incubated for 30 min at 30°C. The amount of para-nitrophenol
produced was determined by measuring the absorbance at 405 nm.

PKC � assay. PKC � enzyme activity was determined as described previously
(57). Cells were starved for 24 h, stimulated with insulin for 30 min at 37°C, and
lysed in buffer A (50 mM Tris [pH 7.5], 150 mM NaCl, 1% Nonidet P-40, 1 mM
EGTA, 10 mM 2-glycerol phosphate, 0.1% 2-mercaptoethanol, 1 mM sodium
vanadate, 20 mM sodium fluoride, 5 mM sodium pyrophosphate, 0.1 mM PMSF,
10 �g of leupeptin/ml, 20 �g of aprotinin/ml, 10 �M microcystin LR). Clarified
supernatants were immunoprecipitated with anti-PKC � antibody or rabbit IgG
and protein A/G-agarose for 4 h at 4°C. Samples were washed twice with buffer
A and twice with kinase assay buffer (50 mM Tris [pH 7.5], 5 mM magnesium
chloride, 1 mM EGTA, 100 �M sodium vanadate, 100 �M sodium pyrophos-
phate, 1 mM sodium fluoride, 100 �M PMSF). Suspensions were then incubated
with 2 to 4 �Ci of [�-32P]ATP, 50 �M ATP, 4 �g of phosphatidylserine, and 40
�M [159Ser]PKC (amino acids 153 to 164)-NH2 for 10 min at 30°C with gentle
agitation. Reactions were stopped by addition of 10 �l of 5% acetic acid. Ali-
quots of the reaction mixtures were spotted on p81 phosphocellulose paper,
washed in 5% acetic acid, and quantitated by liquid scintillation counting.

In vitro dephosphorylation assay. Cells were stimulated with insulin for 5 min
(for Akt) or 30 min (for PKC �/�), and the cell lysates were immunoprecipitated
with anti-Akt antibody or anti-PKC �/� antibody and protein A/G-agarose. The
immunoprecipitates were incubated with 0.1 to 1 U of purified PP2A protein in
buffer (20 mM MOPS [morpholinepropanesulfonic acid], pH 7.5, 60 mM 2-mer-
captoethanol, 100 mM NaCl, 0.1 mg of serum albumin/ml) for 30 min at 30°C (1
U is defined as 1 nmol of Pi released from phosphorylase a per min). The
immunocomplexes were washed and analyzed by Western blotting with phospho-
specific Akt antibody or assayed for PKC � and PKC � activity as described
above.

PDK-1 assay. PDK-1 activity was determined by using exogenous substrates
according to the manufacturer’s specifications (Upstate Biotechnology Inc.) as
described previously (31). Briefly, cells were starved for 24 h, stimulated with
insulin for 10 min at 37°C, and lysed in lysis buffer (50 mM Tris [pH 7.5], 1 mM
EDTA, 1 mM EGTA, 150 mM NaCl, 1% Triton X-100, 5 mM sodium pyro-
phosphate, 10 mM 2-glycerolphosphate, 1 mM sodium vanadate, 0.1% 2-mer-
captoethanol, 1 �g of leupeptin/ml, 50 U of aprotinin/ml, 1 mM PMSF, 1 �M
microcystin LR). Clarified supernatants were immunoprecipitated with anti-
PDK-1 antibody or normal sheep IgG and protein A/G-agarose for 2 h at 4°C.
Samples were washed three times with lysis buffer and twice with kinase dilution
buffer (50 mM Tris [pH 7.5], 0.1 mM EGTA, 0.1 mM EDTA, 0.1% 2-mercap-
toethanol, 2.5 �M protein kinase inhibitor, 1 �M microcystin LR, 10 mM mag-
nesium acetate, 100 �M ATP). The washed precipitates were incubated with
inactive fusion proteins, SGK1 (500 ng), 100 �M ATP, and 10 �M magnesium
acetate for 30 min at 30°C with gentle agitation and then incubated with 66 �M
Akt/SGK substrate peptide and 10 �Ci of [�-32P]ATP for 10 min at 30°C with
gentle agitation. Samples were transferred onto p81 phosphocellulose squares,
washed five times in 0.75% phosphoric acid, washed once with acetone, and
quantitated by liquid scintillation counting.
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2-Deoxyglucose uptake. A glucose uptake assay was performed as described
previously (25). After 48 h of adenovirus infections, serum- and glucose-deprived
3T3-L1 adipocytes were incubated in minimal Eagle’s medium-� in the absence
(basal) or presence of insulin for 30 min at 37°C. Glucose uptake was determined
in triplicate at each point after the addition of 10 �l of substrate (0.1 �Ci of
2-[3H]deoxyglucose or L-[3H]glucose; final concentration, 0.01 mmol/liter) to
provide a concentration at which cell membrane transport was rate limiting. The
value for L-glucose was subtracted to correct each sample for the contributions
of diffusion and trapping.

Microinjection, immunostaining, and immunofluorescence microscopy. Mi-
croinjection of the various reagents was carried out with a semiautomatic Ep-
pendorf microinjection system. Antibodies for microinjection were washed, con-
centrated to 5 mg/ml in microinjection buffer containing 5 mM sodium
phosphate (pH 7.2) and 100 mM KCl, and injected into the cytoplasm, as
previously described (25). The duplexes of each small interfering RNA (siRNA),
targeting PP2A catalytic-subunit mRNA (target sequence: 5�-GAATCCAACG
TTCAAGAGG-3�), PKC � (target sequence: 5�-TCCTTCAAGTCATGAGAG
T-3�), Akt2 (27), and negative control (scrambled sequence), were purchased
from Dharmacon Research Inc. (Lafayette, Colo.). The target sequence against
PP2A was chosen by the web-based search program, and the lack of homology to
any other gene was confirmed by a BLAST search (National Center for Biotech-
nology Information, National Institutes of Health). The protein level of PP2A or
PKC � after siRNA transfection (Lipofectamine 2000; Invitrogen) in 3T3-L1
fibroblasts was decreased by 38 or 45%, respectively (data not shown). The
efficiency of siRNAs against Akt2 was described previously (27). Each siRNA
was dissolved at 5 �M in microinjection buffer, including fluorescein-conjugated
dextran (Molecular Probes, Eugene, Oreg.) to identify the injected cells. Cells
were incubated in complete medium for 48 h after microinjection and then serum
starved for 4 h, followed by stimulation with insulin for 20 min. Immunostaining
of GLUT4 was performed essentially as described previously (25). The cells were
fixed in 3.7% formaldehyde in phosphate-buffered saline (PBS) for 10 min at
room temperature. Following washing, the cells were permeabilized and blocked
with 0.1% Triton X-100 and 2% fetal calf serum in PBS for 10 min. The cells
were then incubated with anti-GLUT4 antibody in PBS with 2% fetal calf serum
overnight at 4°C. After washing, GLUT4 and injected IgG were detected by
incubation with tetramethyl rhodamine isothiocyanate-conjugated donkey anti-
mouse IgG antibody and fluorescein isothiocyanate-conjugated donkey anti-

FIG. 1. Expression of small t antigen inhibits endogenous PP2A
activity and enhances insulin-stimulated MAP kinase phosphorylation
in 3T3-L1 adipocytes. (A) 3T3-L1 adipocytes infected with small-t-
antigen-encoding adenovirus (ST) at the indicated MOIs, as described
in Materials and Methods, were lysed, and whole-cell lysates were
analyzed by Western blotting with anti-small t antigen antibody (top
panel). The same lysates were immunoprecipitated (IP) with anti-
PP2A antibody, followed by immunoblotting (IB) with anti-small t
antigen antibody (middle panel) or anti-PP2A antibody (bottom
panel). Control studies showed that the antibody (directed against the
PP2A C subunit) precipitates intact PP2A. (B) 3T3-L1 adipocytes
infected with small-t-antigen-encoding adenovirus at the indicated
MOIs were lysed and assayed for PP2A activity. Data are presented as
the percentage of phosphatase activity compared to that of uninfected
cells and show the mean 	 the standard error (SE) of results from four
independent experiments. (C) 3T3-L1 adipocytes were infected with
small-t-antigen-encoding adenovirus at an MOI of 40 and stimulated
with insulin for 5 min, and whole-cell lysates were analyzed by Western
blotting with phospho-specific MAP kinase antibody (upper panel) or
anti-ERK-2 antibody (lower panel). C, control.

FIG. 2. Expression of small t antigen does not affect tyrosine phos-
phorylation of IRS-1 or its association with PI 3-kinase. (A) 3T3-L1
adipocytes infected with either control virus (C) or small-t-antigen-
encoding adenovirus (S) were starved and stimulated with insulin (100
ng/ml) for the indicated periods of time. Whole-cell lysates were an-
alyzed by Western blotting with anti-IRS-1 antibody. (B) 3T3-L1 adi-
pocytes infected with either control virus or small-t-antigen-encoding
adenovirus (ST) were starved and stimulated with insulin for 3 min.
Whole-cell lysates were prepared and immunoprecipitated (IP) with
anti-IRS-1 antibody, followed by immunoblotting (IB) with anti-phos-
photyrosine antibody (upper panel) or anti-p85 antibody (lower
panel).
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sheep antibody, respectively, followed by observation under an immunofluores-
cence microscope. Individual cells were scored as positive or negative for surface
GLUT4, and approximately 300 cells per coverslip were counted by an observer
blind to the experimental conditions.

RESULTS

Expression of small t antigen in 3T3-L1 adipocytes and its
effect on MAP kinase phosphorylation. Stable lines of HIRc B
cells expressing small t antigen were previously established,
and it was found that endogenous PP2A activity was inhibited
by 60% (60). PP2A associates with Shc, and this association
was inhibited by small t antigen, leading to augmented insulin
and EGF-induced Shc phosphorylation (60) and subsequent
downstream signaling to the Ras/MAP kinase pathway (60).
These results demonstrated that PP2A is a negative regulator
of insulin’s mitogenic signaling pathway.

To assess whether PP2A may also be involved in the meta-
bolic actions of insulin, we constructed an adenovirus vector
that encodes small t antigen and expressed this construct in
3T3-L1 adipocytes. Small t protein expression was observed in
a viral dose-dependent manner (Fig. 1A, top panel), with a
subsequent increment in the amount of PP2A associated with
small t protein (Fig. 1A, middle panel) and inhibition of en-
dogenous PP2A activity (Fig. 1B). To assess the effect of small
t antigen expression on insulin-stimulated MAP kinase activity,
lysates from small-t-antigen-expressing cells were analyzed by
Western blotting with phospho-specific MAP kinase antibody.
Consistent with previous results for HIRc B cells (60), insulin-
stimulated MAP kinase phosphorylation was enhanced in
3T3-L1 adipocytes by small t antigen expression without af-
fecting MAP kinase protein levels (Fig. 1C).
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Small t antigen does not affect IRS-1 tyrosine phosphoryla-
tion or association with PI 3-kinase. Phosphorylation of serine/
threonine residues in IRS-1 can lead to positive or negative
modulation of insulin signal transduction (20, 40, 44–46).
IRS-1 contains over 30 serine/threonine phosphorylation sites,
and certain serine/threonine kinases have been reported to
phosphorylate specific serine/threonine residues of IRS-1,
leading to an IRS-1 mobility shift, decreased IRS-1 tyrosine
phosphorylation, and impaired IRS-1 association with phos-
phatidylinositol (PI) 3-kinase (20, 40, 44–46). Whereas several

serine/threonine kinases that phosphorylate IRS-1 have been
studied, phosphatases that act on these sites have not been
identified. To assess this action, we analyzed the electro-
phoretic mobility shift of IRS-1 by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis by Western blotting with
anti-IRS-1 antibody, since this has been reported to be indic-
ative of serine/threonine phosphorylation (44, 45). As previ-
ously reported (40), insulin stimulation increased the apparent
molecular mass of IRS-1 in a time-dependent manner, and this
effect was not altered in 3T3-L1 adipocytes expressing small t
antigen (Fig. 2A). Insulin also stimulates IRS-1 tyrosine phos-
phorylation and association with the p85 subunit of PI 3-ki-
nase, and, as shown in Fig. 2B, small t antigen expression had
no effect on these processes. Consistent with this, we also
observed no change in insulin-stimulated IRS-1-associated PI
3-kinase activity (data not shown). These results are consistent
with the view that PP2A is not involved in the dephosphory-
lation of serine/threonine residues that affect the tyrosine
phosphorylation, p85 subunit association, or mobility shift of
IRS-1.

Insulin-stimulated Akt and GSK-3� phosphorylation is
enhanced in small-t-antigen-expressing cells. It has been re-
ported that Akt associates with and is dephosphorylated by
PP2A (6, 39), and it was previously reported that Akt coim-
munoprecipitates with PP2A and that this coimmunoprecipi-
tation was decreased by small t antigen expression in HIRc B
fibroblasts (60). To assess the effect of small t antigen expres-
sion on Akt in 3T3-L1 adipocytes, we measured Akt phosphor-
ylation in response to insulin. As shown in Fig. 3A and C, both
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FIG. 5. PKC � phosphorylation and activity are enhanced in small-
t-antigen-expressing 3T3-L1 adipocytes. (A) 3T3-L1 adipocytes were
infected with either control virus or small-t-antigen-encoding adeno-
virus (ST), starved, and stimulated with insulin for 30 min. Whole-cell
lysates were prepared and analyzed by Western blotting with phospho-
specific PKC �/� antibody (upper panel) or anti-PKC �/� antibody
(lower panel). (B) Data are shown as the percentage of PKC � phos-
phorylation levels compared to that seen in maximally stimulated con-
trol cells and represent the mean 	 SE of results from four indepen-
dent experiments. (C) Cells were starved and stimulated with insulin
for 30 min. Whole-cell lysates were immunoprecipitated with anti-PKC
�/� antibody and assayed for PKC � activity as described in Materials
and Methods. Data are presented as the increase (n-fold) in PKC �
activity compared to unstimulated control cells and represent the mean
	 SE of results from three independent experiments.

FIG. 6. Wortmannin does not inhibit small-t-antigen-induced Akt
or PKC � phosphorylation. 3T3-L1 adipocytes infected with either
control virus or small-t-antigen-encoding adenovirus (ST) were
starved, pretreated with 100 nM wortmannin for 30 min, and then
stimulated with insulin (100 ng/ml) for 5 min (for Akt) or 30 min (for
PKC �). Whole-cell lysates were prepared and analyzed by Western
blotting with phospho-specific Akt (serine 473) antibody (top panel),
phospho-specific Akt (threonine 308) antibody (second panel from
top), or phospho-specific PKC �/� antibody (fourth panel from top).
The same lysates were subjected to immunoblotting (IB) with anti-Akt
antibody (third panel from top) or anti-PKC �/� antibody (bottom
panel).
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basal and insulin-stimulated Akt phosphorylation were enhanced
in small-t-antigen-expressing cells compared to cells infected
with control virus. To further investigate the Akt pathway, we
measured GSK-3� phosphorylation, which is a downstream
target of Akt (14, 15, 23). Again, both basal and insulin-stim-
ulated GSK-3� phosphorylation were enhanced in small-t-
antigen-expressing cells (Fig. 3B and D).

PDK-1 kinase activity is normal in small-t-antigen-express-
ing cells. Akt is activated in a PI 3-kinase-dependent manner
by PDK-1 (14, 17), and to assess whether PP2A acts upstream

of Akt, we measured PDK-1 activity. As previously reported
(43), insulin treatment caused only a small increase in PDK-1
activity, and this effect of insulin was not changed by small t
antigen expression (Fig. 4). These results indicate that the
ability of small t antigen to augment the Akt pathway is at the
level of Akt itself.

PKC � phosphorylation and activity are enhanced in small-
t-antigen-expressing cells. In addition to Akt, PKC � is an-
other serine/threonine kinase, and its activity is regulated by
PDK-1-mediated phosphorylation of threonine 410 and 403
(PKC � and PKC �, respectively) (13, 16, 17, 34). PKC � can
also play an important role in insulin-stimulated GLUT4 trans-
location and glucose transport (8, 25, 29, 33, 58). Thus, we
measured insulin-stimulated PKC � phosphorylation in 3T3-L1
adipocytes by Western blotting with phospho-specific PKC �/�
antibody. As shown in Fig. 5A and B, PKC � was weakly
phosphorylated in the basal state, and this phosphorylation
increased after insulin stimulation. Both basal and insulin-
stimulated PKC � phosphorylation were enhanced in small-t-
antigen-expressing cells, whereas protein expression was unal-
tered. To assess the functional importance of PKC �
phosphorylation, we measured actual PKC � activity in 3T3-L1
adipocytes. As shown in Fig. 5C, both basal and insulin-stim-
ulated PKC � activity were enhanced in small-t-antigen-ex-
pressing cells, consistent with the phosphorylation data. Since
Fig. 4 shows that PDK-1 is unaffected in small-t-antigen-ex-
pressing cells, these results indicate that PP2A acts directly on
PKC �. In support of this idea, as shown in Fig. 6, pretreatment
with wortmannin did not inhibit Akt or PKC � phosphorylation
induced by small t antigen expression, whereas the effect of
insulin was completely inhibited.

PP2A dephosphorylates and inactivates Akt and PKC � in
vitro. To further verify this idea, we determined whether PP2A
could directly dephosphorylate Akt and PKC � in vitro. As
shown in Fig. 7A, recombinant PP2A dephosphorylated both
serine 473 and threonine 308 of Akt. Furthermore, when re-
combinant PP2A protein was preincubated with anti-PP2A
antibody for 2 h at 4°C, Akt dephosphorylation was abolished
(Fig. 7B), confirming that PP2A activity was responsible for the
Akt dephosphorylation. Similarly, recombinant PP2A also in-
activated PKC �.

Glucose transport and GLUT4 translocation are enhanced
in small-t-antigen-expressing cells. We next examined the ef-
fects of small t antigen expression on insulin-stimulated glu-
cose transport in 3T3-L1 adipocytes. As shown in Fig. 8A,
glucose transport was increased in the basal state and at all
insulin concentrations in small-t-antigen-expressing cells, while
GLUT4 protein levels were unchanged (Fig. 8C). Further-
more, expression of small t antigen led to enhanced insulin
sensitivity for glucose transport stimulation, as demonstrated
by the leftward shift in the dose-response curve in small-t-
antigen-expressing cells. Thus, the 50% effective dose (ED50)
was threefold greater in control cells than in small-t-antigen-
expressing cells (the ED50 was 1.55 	 0.23 ng/ml in control
cells compared to ED50s of 0.8 	 0.20 ng/ml and 0.44 	 0.11
ng/ml at MOIs of small-t-antigen-encoding virus of 5 and 20,
respectively) (Fig. 8B).

To further understand the effect of PP2A on glucose trans-
port, we measured insulin-stimulated GLUT4 translocation by
immunofluorescence staining of GLUT4 in anti-PP2A anti-

FIG. 7. PP2A dephosphorylates and inactivates Akt and PKC � in
vitro. (A) Cells were stimulated with insulin for 5 min. Whole-cell
lysates were immunoprecipitated (IP) with anti-Akt antibody, and the
immunoprecipitates were incubated with recombinant PP2A or buffer,
followed by Western blotting with phospho-specific Akt (serine 473)
antibody (top panel), phospho-specific Akt (threonine 308) antibody
(middle panel) or anti-Akt antibody (bottom panel). (B) Anti-Akt
immunoprecipitates from cells stimulated with insulin were incubated
with recombinant PP2A that was preincubated with or without anti-
PP2A antibody. The resultant immunoprecipitates were analyzed as
described for panel A. (C) Cells were stimulated with insulin for 30
min. Whole-cell lysates were immunoprecipitated with anti-PKC �/�
antibody, incubated with recombinant PP2A, and assayed for PKC �
activity as described in Materials and Methods. Data are presented as
the increase (n-fold) in PKC � activity compared to unstimulated
control cells and represent the mean 	 SE of results from three
independent experiments.
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body-microinjected cells. In the basal state, cells display
GLUT4 staining mostly in a perinuclear localization, with
some staining distributed in the cytoplasm. After insulin stim-
ulation, GLUT4 staining is seen at the plasma membrane as a
circumferential ring, with a concomitant decrease in intracel-
lular distribution (25). As shown in Fig. 8D and E, single-cell
microinjection of anti-PP2A antibody led to an increase in
GLUT4 translocation in both the basal and the insulin-stimu-
lated states. For these experiments, control studies showed
that the anti-PP2A antibody directly inhibited the in vitro
phosphatase activity of recombinant PP2A (Fig. 7B and data
not shown), further supporting its neutralizing effects in the
microinjection experiments.

Small-t-antigen-induced glucose transport is PI 3-kinase
independent. To further analyze the mechanisms of small t
antigen action, we examined the effect of wortmannin on glu-
cose transport and GLUT4 translocation. Consistent with the
data shown in Fig. 6, small-t-antigen-induced glucose transport

was not inhibited by wortmannin, whereas the insulin effect
was completely blocked (Fig. 9A). Similarly, GLUT4 translo-
cation induced by microinjection of anti-PP2A antibody was
not affected by wortmannin, while insulin’s effect was fully
inhibited (Fig. 9B). These results suggest that PP2A acts down-
stream of PI 3-kinase, directly on Akt and/or PKC �.

Small-t-antigen-induced glucose transport and GLUT4
translocation are dependent on Akt rather than PKC �. To
address the question of whether these effects of small t antigen
are mediated through Akt, PKC �, or both, we coexpressed
DN forms of Akt (DN-Akt) or PKC � (DN-PKC �) in 3T3-L1
adipocytes. As displayed in Fig. 10A, we found that DN-Akt
and DN-PKC � can inhibit insulin-stimulated glucose transport
to the same extent (Fig. 10A, columns 7 to 9). However, DN-
Akt, but not DN-PKC �, inhibited small-t-antigen-induced glu-
cose transport (Fig. 10A, columns 4 to 6 and 10 to 12).

To extend these findings, we utilized the previously reported
approach of siRNA microinjection (61). Accordingly, we mea-

FIG. 8. Glucose uptake is enhanced in small-t-antigen-expressing 3T3-L1 adipocytes. (A) 3T3-L1 adipocytes were infected with either control
virus or small-t-antigen-encoding adenovirus (ST) at the indicated MOI and stimulated with insulin for 30 min. Glucose (2-DOG) uptake was
measured as described in Materials and Methods. Data are presented as the increase (n-fold) in glucose uptake compared to that of unstimulated
control cells and represent the mean 	 SE of results from three independent experiments. (B) Data are presented as the percentage of the maximal
response. (C) The expression of GLUT4 protein was unchanged by virus infection. 3T3-L1 adipocytes were infected with either control virus or
small-t-antigen-encoding adenovirus (ST) at the indicated MOI. Whole-cell lysates were prepared and analyzed by Western blotting using
anti-GLUT4 antibody. (D) 3T3-L1 adipocytes on coverslips were microinjected with anti-PP2A antibody or with sheep IgG as a control. Cells were
starved and stimulated with insulin for 20 min. GLUT4 staining was performed as described in Materials and Methods. Data are presented as the
percentage of cells positive for GLUT4 translocation, calculated by counting at least 100 cells, and represent the mean 	 SE of results from three
independent experiments. (E) Representative images of cells depicting GLUT4 staining from the experiment described for panel D. Open triangles
indicate the GLUT4 ring, the thin line at cell edges, scored as positive. Lower panels show the injected cells, and the open arrows in the upper
panels point to these injected cells.
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sured GLUT4 translocation after microinjection of siRNA and
found that siRNA against Akt and PKC � inhibited insulin-
stimulated translocation by 52 and 68%, respectively (Fig. 10B,
columns 7 to 9). Injection of PP2A siRNA enhanced GLUT4
translocation ca. twofold, consistent with the results of small t
antigen expression (Fig. 8A) and anti-PP2A antibody injection
(Fig. 8D), and Fig. 10C shows that the PP2A siRNA largely
depleted PP2A mRNA. In keeping with the glucose transport
data in Fig. 10A, Akt siRNA inhibited small-t-antigen-induced
GLUT4 translocation by 58%, whereas PKC � siRNA had no
effect (Fig. 10B, columns 4 to 6). Furthermore, although mi-

croinjection of anti-PKC � antibody inhibited insulin-stimu-
lated GLUT4 translocation (25), it did not affect small-t-anti-
gen-induced translocation (data not shown). Taken together,
these results show that the abilities of small t antigen to aug-
ment GLUT4 translocation and glucose transport are primar-
ily mediated by direct actions of PP2A to dephosphorylate and
inhibit Akt.

DISCUSSION

One of the major metabolic actions of insulin involves stim-
ulation of GLUT4 translocation and glucose transport. The PI
3-kinase dependency of this stimulation has been clearly dem-
onstrated in a variety of insulin-responsive tissues and cell lines
(29, 50). The molecular events subsequent to PI 3-kinase,
which cause glucose transport stimulation, have also been ex-
tensively studied. Akt and PKC � are serine/threonine kinases
activated downstream of PI 3-kinase, and both have been sug-
gested to be mediators of glucose transport stimulation (14, 23,
29). PDK-1 is a PI 3-kinase-dependent serine/threonine kinase
which is upstream of Akt and PKC �, and the ability of PDK-1
to phosphorylate and activate Akt and PKC � has been exten-
sively studied (13, 14, 16, 17). Although phosphorylation
clearly activates these kinases, the process of dephosphoryla-
tion and deactivation is less well understood.

PP2A is a multimeric ubiquitously expressed serine/threo-
nine phosphatase consisting of scaffolding A, regulatory B, and
catalytic C subunits. SV40-derived small t antigen inhibits
PP2A activity by interfering with the regulatory B subunit
recognition of PP2A target substrates, and it was previously
shown that small t antigen expression augments insulin’s mi-
togenic effects (60).

In the present study, we demonstrate that the inhibition of
PP2A, either by expression of small t antigen or by microin-
jection of anti-PP2A antibody or PP2A siRNA, caused in-
creased GLUT4 translocation and glucose transport in 3T3-L1
adipocytes. These changes in glucose transport were accompa-
nied by the elevation of Akt and PKC � phosphorylation and
activity levels, and these effects (small-t-antigen-induced Akt
and PKC � activation, glucose transport, and GLUT4 translo-
cation) were not inhibited by wortmannin. Furthermore, in
vitro, recombinant PP2A was able to dephosphorylate and
inactivate Akt and PKC �, and this effect was inhibited by
preincubating the recombinant PP2A with anti-PP2A anti-
body. Thus, these results indicate that the augmentation of
glucose transport by inhibition of PP2A is due to direct actions
of PP2A downstream of PI 3-kinase, most likely at the level of
Akt and PKC �.

The precise roles of Akt and PKC � in glucose transport are
incompletely understood. With respect to Akt, a number of
previous studies report both positive and negative evidence for
its role in glucose transport (7, 27, 28, 30, 32, 59, 62). The
expression of two different types of constitutively active forms
of Akt augments glucose transport both in the basal state and
after insulin stimulation (32, 59) in 3T3-L1 adipocytes and L6
myotubes, and the expression of a constitutively active form of
PKC � showed similar results in L6 myotubes (8), 3T3-L1
adipocytes (33), and rat adipocytes (58). Furthermore, the
expression of DN forms of Akt (28, 30, 32, 59, 62) and PKC �
(8, 9, 25, 29, 33, 58) partially inhibited glucose uptake in
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FIG. 9. The stimulatory effects of PP2A inhibition on glucose up-
take and GLUT4 translocation are not inhibited by wortmannin.
(A) 3T3-L1 adipocytes infected with either control virus or small-t-
antigen-encoding adenovirus (ST) were starved, pretreated with 100
nM wortmannin for 30 min, and then stimulated with insulin (100
ng/ml) for 30 min. Glucose (2-DOG) uptake was measured as de-
scribed in Materials and Methods. Data are presented as the increase
(n-fold) in glucose uptake compared to unstimulated control cells and
represent the mean 	 SE of results from three independent experi-
ments. (B) 3T3-L1 adipocytes on coverslips were microinjected with
anti-PP2A antibody (Ab) or with sheep IgG as a control. Cells were
starved, pretreated with 100 nM wortmannin for 30 min, and then
stimulated with insulin for 20 min. Fixed cells were stained with rabbit
anti-GLUT4 antibody, as described in Materials and Methods. The
percentage of cells positive for GLUT4 translocation was calculated as
described in Materials and Methods. The data shown are the mean 	
SE of results from four independent experiments.
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3T3-L1 adipocytes and L6 myotubes. Interestingly, the DN
constructs completely inhibited endogenous enzymatic activi-
ties, even though glucose transport was only partially blocked
(28, 30, 33, 62). Thus, it is quite possible that both Akt and
PKC � contribute to insulin-stimulated glucose transport and
that both are necessary for full activation of this process. Fur-
thermore, the relative importance of these molecules may be
cell context dependent.

Both Akt and PKC � activities are elevated in the basal and
insulin-stimulated states in small-t-antigen-expressing cells,
and this result parallels the glucose transport results. Each of
these kinases may contribute to insulin-stimulated glucose
transport, because both DN-Akt and DN-PKC �, as well as Akt
and PCK � siRNA, partially inhibited the effect of insulin on
GLUT4 translocation and glucose transport. However, whereas
the inhibition of Akt and PKC � decreased insulin-stimulated
glucose uptake to the same extents, when PP2A was sup-
pressed by small t antigen or PP2A siRNA, only Akt inhibition
reversed the effects of PP2A suppression on glucose transport.
These results indicate that PP2A exerts its inhibitory effects on
glucose transport at the level of Akt and not PKC �. While Akt
activation is an important component of glucose transport
stimulation, these studies do not rule out a role for PKC � in
this process. Indeed, DN-PKC � and PKC � siRNA both in-
hibited insulin-stimulated GLUT4 translocation and glucose
transport, and it is possible that the magnitude of PKC �
activation induced by PP2A inhibition was insufficient to gen-
erate a glucose transport stimulatory signal.

While the Akt activation mechanism has been extensively
investigated, the inactivation mechanisms are less well under-
stood. We found that the inhibition of PP2A led to an eleva-
tion of the Akt phosphorylation level without affecting PI 3-ki-
nase or PDK-1 activity, and these results suggest that PP2A
may directly modulate Akt function. In support of this idea, it
has been reported that Akt can associate with PP2A and is
dephosphorylated by PP2A (6, 47). PP2A was eluted in the
same fraction as Akt by ion-exchange chromatography (47),
and the coexpression of Akt with the catalytic subunit of PP2A
inhibits Akt activity (26). In fact, it was previously reported
that Akt was coimmunoprecipitated with PP2A and that this
coimmunoprecipitation was decreased by small t antigen ex-
pression, a finding consistent with the idea that small t antigen
displaces the PP2A regulatory B subunit, inhibiting the ability
of PP2A to associate with its cellular targets (60). Thus, we
conclude that PP2A is a physiologically relevant Akt phospha-
tase.

Interestingly, GSK-3 is one of the cellular targets of Akt (14,
15, 23), and Akt phosphorylates GSK-3� and GSK-3� at spe-
cific serine residues (serine 21 and serine 8, respectively), lead-
ing to enzyme inactivation (15, 19). Our studies showed that

FIG. 10. The stimulatory effects of PP2A inhibition on glucose
(2-DOG) uptake and GLUT4 translocation are dependent on Akt but
not on PKC �. (A) 3T3-L1 adipocytes infected with either control virus
or adenovirus encoding DN-Akt, DN-PKC �, or small t antigen (at
MOIs of 50, 80, and 40, respectively) were stimulated with insulin (100
ng/ml) for 30 min. Glucose uptake was measured as described in
Materials and Methods. Data are presented as the increase (n-fold) in
glucose uptake compared to unstimulated control cells and represent
the mean 	 SE of results from three independent experiments.
(B) 3T3-L1 adipocytes on coverslips were microinjected with each
siRNA mixture, which targets Akt2 and negative control (NC), PKC �
and NC, PP2A and NC, Akt2 and PP2A, PKC � and PP2A, or NC
alone. The final concentration of siRNA mixtures is adjusted to 5 �M
with or without control siRNA. Cells were starved and stimulated with
insulin for 20 min. GLUT4 staining was performed as described in
Materials and Methods. Data shown are the mean 	 SE of results
from three or four independent experiments. (C) The efficiency of
siRNA against PP2A during the microinjection experiments was con-
firmed by reverse transcription (RT)-PCR. Approximately 200 mature
3T3-L1 adipocytes in 3 �l of complete medium were spotted on col-

lagen-coated coverslips and incubated for 15 min in a humidified
chamber, and the chamber was then filled with complete medium. The
next day, all of the cells were microinjected with PP2A or negative
control (Random) siRNA. Forty-eight hours after microinjection, cells
were scraped, and total RNA was purified with an RNeasy minikit
(QIAGEN). The RT-PCR was performed with a PP2A-specific or
GRK2 (Control) primer set by using a one-step RT-PCR kit
(QIAGEN). A representative image from two independent experi-
ments is shown. S, size marker.
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small t antigen expression resulted in enhanced GSK-3� phos-
phorylation, consistent with the idea that PP2A can function as
an Akt phosphatase.

Although PKC � activity is enhanced in small-t-antigen-
expressing cells, the present studies do not definitively identify
a mechanism for this effect. PKC � is directly activated by
PDK-1-mediated phosphorylation at threonine 410 (13, 16).
The expression of small t antigen did not affect PDK-1 activity
in our study, suggesting that the effects of PP2A on PKC � may
be direct. On the other hand, we did not observe coimmuno-
precipitation of PKC � with PP2A (data not shown). However,
these negative results are inconclusive, since coimmunopre-
cipitation cannot detect all interactions of cellular proteins.
Thus, it remains possible that PP2A directly dephosphorylates
and inactivates PKC �. Interestingly, it has been reported that
expression of small t antigen led to increased PKC � activity in
CV-1 cells and that small-t-antigen-induced MEK activation
and cell growth were inhibited by the coexpression of a DN
form of PKC � (55). However, all of these small t antigen
effects were PI 3-kinase dependent in CV-1 cells (55), and
these disparate results suggest that small t antigen can modu-
late PKC �/� activity by different mechanisms in a cell context-
specific manner. Similarly, several different mechanisms
whereby PP2A negatively regulates the Ras/MAP kinase path-
way have been reported (39). In EGF-treated adipocytes or
PC12 cells, PP2A may directly dephosphorylate MAP kinase
(5). On the other hand, in small-t-antigen-transfected CV-1
cells, the activation of MEK and MAP kinase by inhibition of
PP2A was dependent on PI 3-kinase and PKC � (55). Whereas
small t antigen did not affect Raf-1 activity in CV-1 cells (54),
it has been reported that PP2A can associate with Raf-1 and
that it positively regulates its activity in COS7 cells (1). Fur-
thermore, it has been demonstrated that PP2A associates with
Shc and inhibits its tyrosine phosphorylation in HIRc B cells
(60). These different results may be explained by unique PP2A
subunits. There are multiple targeting B subunits for PP2A,
and different forms of this trimeric protein may be responsible
for its diverse actions, since each B subunit has unique sub-
strate specificity and displays tissue- and cell type-specific dis-
tribution (39, 53). Thus, it is possible that PP2A can act at
multiple points, not only in the Ras/MAP kinase pathway, but
also on the PI 3-kinase pathway, depending on cell context.

Another important issue concerning the involvement of
serine/threonine phosphatases in insulin’s metabolic actions
involves phosphorylation of IRS proteins. In the basal state,
IRS-1 is highly phosphorylated on serine and threonine resi-
dues and becomes more heavily phosphorylated after insulin
stimulation. Reports have shown that serine/threonine phos-
phorylation of IRS-1 can serve as either a positive or a negative
modulator of insulin signal transduction (20, 40, 44–46). Sev-
eral serine/threonine kinases responsible for phosphorylation
of IRS-1 have been reported, including Akt (45), PKC � (36,
46), JNK (2), IKK� (21), and GSK-3 (20). Treatment of cells
with okadaic acid increases IRS-1 serine/threonine phosphor-
ylation and attenuates insulin action (40). Thus, phosphatases
must be involved in the regulation of serine/threonine phos-
phorylation of IRS-1, but a specific phosphatase has not been
identified. In this study, we did not observe any change in
IRS-1 function in small-t-antigen-expressing cells, which sug-
gests that PP2A does not modulate serine/threonine residues

that affect IRS-1 tyrosine phosphorylation or PI 3-kinase as-
sociation.

In summary, our results show that the inhibition of PP2A by
small t antigen expression stimulates GLUT4 translocation and
glucose transport, most likely by causing increased Akt phos-
phorylation and activation. These effects of small t antigen are
PI 3-kinase independent, suggesting that PP2A acts directly on
Akt. These results indicate that the serine/threonine phospha-
tase PP2A is a physiologic negative regulator of insulin’s met-
abolic signaling pathway, which exerts its effects by dephos-
phorylating and inactivating Akt. As such, this result raises the
possibility that abnormalities in PP2A function may be a cause
of insulin resistance.
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