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Activation of protein kinase B (PKB) by growth factors and hormones has been demonstrated to proceed via
phosphatidylinositol 3-kinase (PI3-kinase). In this report, we show that PKB can also be activated by PKA
(cyclic AMP [cAMP]-dependent protein kinase) through a PI3-kinase-independent pathway. Although this
activation required phosphorylation of PKB, PKB is not likely to be a physiological substrate of PKA since a
mutation in the sole PKA consensus phosphorylation site of PKB did not abolish PKA-induced activation of
PKB. In addition, mechanistically, this activation was different from that of growth factors since it did not
require phosphorylation of the S473 residue, which is essential for full PKB activation induced by insulin.
These data were supported by the fact that mutation of residue S473 of PKB to alanine did not prevent it from
being activated by forskolin. Moreover, phosphopeptide maps of overexpressed PKB from COS cells showed
differences between insulin- and forskolin-stimulated cells that pointed to distinct activation mechanisms of
PKB depending on whether insulin or cAMP was used. We looked at events downstream of PKB and found that
PKA activation of PKB led to the phosphorylation and inhibition of glycogen synthase kinase-3 (GSK-3)
activity, a known in vivo substrate of PKB. Overexpression of a dominant negative PKB led to the loss of
inhibition of GSK-3 in both insulin- and forskolin-treated cells, demonstrating that PKB was responsible for
this inhibition in both cases. Finally, we show by confocal microscopy that forskolin, similar to insulin, was able
to induce translocation of PKB to the plasma membrane. This process was inhibited by high concentrations of
wortmannin (300 nM), suggesting that forskolin-induced PKB movement may require phospholipids, which
are probably not generated by class I or class III PI3-kinase. However, high concentrations of wortmannin did
not abolish PKB activation, which demonstrates that translocation per se is not important for PKA-induced
PKB activation.

Protein kinase Ba (PKBa) (also called Akt and RACa [re-
lated to A and C protein kinase]) is a 60-kDa serine/threonine
kinase which was cloned by virtue of its homology to PKA and
PKC and is the cellular homologue of the product of the v-akt
oncogene (7, 14, 33, 51). Two other isoforms of PKB, termed
PKBb and PKBg, have been identified and are overexpressed
in ovarian, pancreatic, and breast cancer cells (12, 13). Struc-
turally, PKB contains a pleckstrin homology (PH) domain
amino terminal to the catalytic domain, which is thought to
mediate protein-lipid (26) and/or protein-protein interactions
(20). The kinase is activated rapidly in response to stimulation
of tyrosine kinase receptors such as those for platelet-derived
growth factor (PDGF), insulin, basic fibroblast growth factor,
and epidermal growth factor (11, 25, 35). Growth factor recep-
tor stimulation of PKB has been shown to be dependent on
phosphatidylinositol 39-kinase (PI3-kinase) activity for the fol-
lowing reasons: (i) it is sensitive to pharmacological inhibitors
of PI3-kinase (35), (ii) PDGF mutant receptors which cannot
interact with PI3-kinase fail to activate PKB (25), and (iii)
constitutively active forms of PI3-kinase are able to stimulate
PKB (11).

A model has been proposed to explain activation of PKB in
response to insulin and growth factors (2). First, stimulation of
cells is thought to lead to an increase in the levels of phospha-

tidylinositol-3,4,5-triphosphate (PtdIns-3,4,5-P3) and PtdIns-
3,4-P2 via PI3-kinase. Although it was initially reported that
phospholipids could directly activate PKB by interacting with
its PH domain (26), more recently it has been shown that this
interaction most likely fulfills this and/or additional functions.
The first such function may be to localize PKB to the plasma
membrane. Indeed, translocation of PKB has been shown to
occur in response to interleukin 2 (1), peroxyvanadate (59),
insulin-like growth factor I (IGF-1) (5), and insulin (27). In
addition, the binding of phospholipids to the PH domain of
PKB might be necessary for alteration of the conformation of
PKB and for its phosphorylation by activating kinases. One
such PKB kinase which phosphorylates PKB on threonine 308
has recently been discovered (4). This 63-kDa monomeric en-
zyme was named 3-phosphoinositide-dependent protein kinase-1,
since it requires PtdIns-3,4,5-P3 or PtdIns-3,4-P2 in order to
phosphorylate PKB (3, 52). Another PKB kinase, recently iden-
tified as an integrin-linked kinase (21), phosphorylates PKB on
serine 473, the second residue crucial for PKB activity.

To date, three different in vivo substrates of PKB have been
identified. The first one to be discovered was glycogen synthase
kinase-3 (GSK-3), which is thought to contribute to the phos-
phorylation of glycogen synthase, thereby leading to its inacti-
vation (18). Second, the heart isoform of 6-phosphofructo 2-ki-
nase is activated by PKB via the phosphorylation of two of its
serine residues, an event that may underlie the stimulation of
cardiac muscle glycolysis by insulin (22). Finally, the most
recently described substrate of PKB is the Bcl family member
BAD, which is implicated in apoptosis (19). Phosphorylation of
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BAD by PKB would allow for its dissociation from BclXL
(where XL stands for extra long), thereby preventing cells from
undergoing apoptosis. This dissociation of BAD from Bcl may
account for the ability of PKB to protect cells from apoptosis.
Transfection experiments have shown that PKB mimics other
effects of insulin, such as stimulating translocation of glucose
transporter 4 to the plasma membrane (15) and consequently
enhancing glucose uptake in 3T3-L1 adipocytes (36, 54).

PI3-kinase-independent pathways for activation of PKB
have also been described. Indeed, it has been demonstrated
that PKB can be activated independently of PI3-kinase in re-
sponse to heat shock (37), b-adrenergic receptor agonists such
as isoproterenol (41), and cyclic AMP (cAMP) (48). Elevation
of cAMP has various consequences on cellular processes de-
pending on the cell type and biological responses (29). As far
as metabolism is concerned, the signals generated from eleva-
tion of intracellular cAMP and insulin are antagonistic; there-
fore, it would be surprising if insulin and cAMP have the same
effects on PKB activity. However, concerning cell growth, the
effects of cAMP are quite varied and can be similar to those
generated by insulin. In many cells, cAMP leads to inhibition
of cell growth and promotion of differentiation and hence acts
antagonistically toward growth factors (10, 17, 28, 32, 49, 60).
In other cells, though, cAMP can protect cells from apoptosis,
an effect that may be mediated by PKB (44).

In this report, we clarify the mechanism of activation of PKB
by cAMP-elevating agents. We show that the constitutively
active catalytic subunit of PKA is able to induce activation of
PKB when it is expressed in 293 cells. Furthermore, forskolin-
induced PKB stimulation is reduced in the presence of a highly
specific PKA cell-permeable inhibitor, implicating PKA di-
rectly in this process. This stimulatory action is not due to
direct phosphorylation of PKB by PKA; further, it does require
the presence of residue T308 of PKB and S473 is not necessary.
Using COS cells we demonstrate that, in the absence of ec-
topically overexpressed proteins, endogenous PKB can be ac-
tivated by cAMP-elevating drugs. The potentially physiological
relevance of this mechanism is shown in these cells by cAMP-
induced inhibition of GSK-3, a direct substrate of PKB. We
found that, as for insulin, cAMP-elevating agents are able to
induce translocation of PKB to the plasma membrane and that
this effect is completely abolished by pretreatment with a high
concentration (300 nM) of wortmannin. However, this trans-
location does not appear to be crucial for PKA-induced PKB
stimulation since pretreatment with high concentrations of
wortmannin does not abolish PKB activation.

MATERIALS AND METHODS

Antibodies. The anti-Akt1 antibody N-19 is an affinity-purified goat polyclonal
antibody raised against a peptide corresponding to amino acids 3 to 21 located
at the amino terminus of human Akt1. The anti-GSK-3b is a mouse monoclonal
immunoglobulin G2a antibody raised against a protein corresponding to amino
acids 1 to 420 from full-length Xenopus GSK-3b. The anti-PKAa catalytic sub-
unit antibody C-20 is an affinity-purified rabbit polyclonal antibody raised against
a peptide corresponding to amino acids 331 to 350 located at the carboxy
terminus of the a catalytic subunit of human PKA. All these reagents were
obtained from Santa Cruz Biotechnology (Santa Cruz, Calif.). Monoclonal anti-
hemagglutinin (HA) 12CA5 antibodies were generated against a peptide (YPY
DVPDYA) corresponding to the sequence of influenza virus HA and were
provided by BAbCO (Richmond, Calif.). Monoclonal anti-green fluorescent
protein (GFP) antibodies were obtained from Clontech (Palo Alto, Calif.). The
phosphorus-specific Akt (Ser473) antibody is a polyclonal antibody raised against
a peptide corresponding to residues 466 to 479 (RPHFPQFS*YSASGT [asterisk
indicates phosphorylation of serine]) of mouse Akt (New England Biolabs,
Beverly, Mass.).

Materials. Culture media and Geneticin were from Life Technologies, Inc.
(Gaithersburg, Md.). Reagents for sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) were purchased from Bio-Rad (Richmond, Calif.).
Enzymes for molecular biology were from New England Biolabs. Unless stated
otherwise, all chemicals were from Sigma (St. Louis, Mo.). Dimethyl sulfoxide

was used as a carrier for forskolin at a final concentration of 0.04% (vol/vol). P81
phosphocellulose paper was purchased from Whatman (Maidstone, United
Kingdom). Insulin was a kind gift from Novo-Nordisk (Copenhagen, Denmark).
The glycogen synthase peptide-2 (GS peptide-2) (YRRAAVPPSPSLSRHSS
PHQpSEDEEE [p indicates phosphorylation of serine]) was from Euromedex
(Souffelweyersheim, France). The peptide LRRASLG (Kemptide) was pur-
chased from Sigma Chemical. The Crosstide peptide was provided by Neosystem
(Strasbourg, France). [g-32P]ATP and [32P]orthophosphate were purchased from
ICN (Orsay, France). The PKA inhibitor H-89 dihydrochloride (Calbiochem, La
Jolla, Calif.) was from France Biochem (Meudon, France). The QuickChange
site-directed mutagenesis kit was from Stratagene (La Jolla, Calif.). All oligo-
nucleotides were from Eurogentec (Seraing, Belgium). The T7 Sequencing kit
was from Pharmacia (Uppsala, Sweden), and plasmid purification kits were from
Qiagen (Chatsworth, Calif.).

DNA constructs and expression vectors. HA-tagged PKB in the mammalian
expression vector pECE was from Brian Hemmings (Basel, Switzerland) and has
been described previously (6). Site-directed mutagenesis was performed with a
QuickChange mutagenesis kit from Stratagene. The GFP-PKB fusion protein
was created by cloning PKB into EcoRI and BamHI sites within the pEGFP-C2
vector (Clontech).

Cell culture. 293 EBNA cells are human embryonic kidney cells that consti-
tutively express the EBNA-1 protein from Epstein-Barr virus (Invitrogen, San
Diego, Calif.). These cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 5% (vol/vol) fetal calf serum and 500 mg of Ge-
neticin per ml. Exponentially growing cells were trypsinized, seeded at 1.25 3 105

cells/well in six-well tissue culture dishes (3.5-cm diameter), and incubated for 3
days in 2 ml of growth medium. One microgram of supercoiled DNA (PKB, PKB
with the PH domain deleted [DPH-PKB], or PKA) was mixed with 100 ml of 0.25
M CaCl2 and 100 ml of 23 BES (buffered saline containing 50 mM N,N-bis-2-
hydroxyethyl-2-aminoethanesulfonic acid [pH 6.95], 280 mM NaCl, and 1.5 mM
Na2HPO4). The mixture was incubated for 30 min at room temperature before
being added dropwise to the cells. After incubation for 15 to 18 h at 35°C under
3% (vol/vol) CO2, the cells were removed to an incubator at 37°C with 5%
(vol/vol) CO2 for 8 h before being starved in DMEM containing 0.2% (wt/vol)
bovine serum albumin (BSA) for 14 h.

COS-7 monkey kidney cells were cultured in DMEM supplemented with 10%
(vol/vol) fetal calf serum and 500 mg of Geneticin per ml. They were plated in
100-mm-diameter dishes at 106 cells/dish and incubated for 3 days in 10 ml of
growth medium. They were transfected by the DEAE-dextran method. After two
rapid washes in phosphate-buffered saline (PBS), DMEM containing 10%
Nuserum (Beckton Dickinson Laboratories) and the plasmid DNA (4 mg/dish)
was first added dropwise to the cells. A solution of 1 mg of DEAE-dextran per
ml of DMEM–10% Nuserum was next added dropwise for 30 min at 37°C. A
solution of 1 mM chloroquine in DMEM–10% Nuserum was finally added, and
cells were incubated at 37°C under 5% CO2 for about 4 h. Cells were next
incubated for 2 min in PBS containing 10% dimethyl sulfoxide before being
incubated in DMEM–10% fetal calf serum for 48 h at 37°C under 5% CO2.
Following starvation, the cells were stimulated with the effectors indicated in the
figures. Protocols of transfection for confocal-microscopy experiments of HeLa-
cells were essentially identical to those used with 293 EBNA cells with the
following exceptions. Cells were trypsinized and directly plated onto sterile glass
coverslips at 50,000 cells/well in 12-well tissue culture dishes. The next day, cells
were transfected with 1 mg of DNA/well by the calcium phosphate method. Two
days after transfection, cells were analyzed by confocal microscopy.

Immunoprecipitation and in vitro PKB assay. After stimulation with the
reagents indicated above, 293 cell extracts were prepared by lysing the cells in a
buffer containing 50 mM HEPES (pH 7.6), 150 mM NaCl, 10 mM EDTA, 10
mM Na4P2O7, 2 mM sodium orthovanadate, 100 mM NaF, 0.5 mM phenylmeth-
ylsulfonyl fluoride, 100 IU of aprotinin per ml, 20 mM leupeptin, and 1% (vol/
vol) Triton X-100 for 15 min at 4°C. The lysates were clarified by centrifugation
at 15,000 3 g for 15 min at 4°C, and PKB was immunoprecipitated with an
anti-HA (12CA5) antibody coupled to protein G-Sepharose. COS cell lysates
were prepared the same way, and PKB was immunoprecipitated with the anti-
Akt1 (N-19) antibody. After washing of the immunocomplexes, kinase activity
was assayed, with Crosstide (18) as a substrate in a reaction mixture containing
50 mM Tris, 10 mM MgCl2, 1 mM dithiothreitol, 5 mM ATP, 30 mM Crosstide,
and 3.3 mCi of [g-32P]ATP per assay. The phosphorylation reaction was allowed
to proceed for 30 min at 30°C and then was stopped by spotting 40 ml onto
Whatman P81 filter papers and immersing them in 1% (vol/vol) orthophosphoric
acid. The papers were washed several times, rinsed in ethanol, and air dried, and
the radioactivity was determined by Cerenkov counting. Background values
obtained from a mixture lacking cell lysate were subtracted from all values.
Where indicated in the figures, calf intestinal phosphatase (CIP; 20 U) was added
to the immunoprecipitates and the mixture was incubated for 30 min at room
temperature. Immunocomplexes were extensively washed prior to the kinase
assay.

Immunoprecipitation and in vitro GSK-3 activity. COS-7 cells were lysed, and
GSK-3 was immunoprecipitated with an anti-GSK-3b antibody. GSK-3 was as-
sayed with GS peptide-2 as a substrate as described by Sutherland et al. (53).
Immunocomplexes were washed and resuspended in a solution containing 25
mM b-glycerophosphate, 40 mM HEPES (pH 7.2), and 10 mM MgCl2. Kinase
reactions were initiated by the addition of 50 mM ATP, 5 mCi of [g-32P]ATP, and
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20 mM GS peptide-2 (Upstate Biotechnology Inc., Euromedex, Souffelweyer-
sheim, France). After 30 min at 30°C, the radiolabeled peptide was recovered
and quantified as described above. Background values obtained from a mixture
lacking cell lysate were subtracted from all values.

In vitro PKA activity. cAMP-dependent protein kinase was assayed by in vitro
phosphorylation of Kemptide (46). 293 cells were lysed, and two 40-ml aliquots
of each cell suspension were transferred to microcentrifuge tubes and mixed with
40 ml of 23 phosphorylation reaction mixture, yielding a final volume of 80 ml
and containing 10 mM HEPES (pH 7.2), 68.5 mM NaCl, 2.7 mM KCl, 0.15 mM
dibasic KPO4, 0.5 mg of glucose per ml, 25 mM b-glycerophosphate (pH 7.2),
10 mM MgCl2, 0.1 mM ATP, 1 mM EGTA (pH 7), 1.85 mM CaCl2, 50 mg of
digitonin per ml, 100 mM peptide substrate (Kemptide), and 25 mCi of [g-32P]
ATP per mmol. Samples were incubated for 10 min at 37°C before the reactions
were terminated by addition of 25% (wt/vol) trichloroacetic acid to a final
concentration of 5%. The radiolabeled peptide product was recovered and quan-
tified as described above.

In vitro phosphorylation of GSK-3. Following stimulation by insulin and for-
skolin, COS cells were lysed and PKB was immunoprecipitated. In parallel,
GSK-3 was immunoprecipitated from unstimulated cells. Immunocomplexes
were washed as previously described and pooled in the presence of a mixture
containing 50 mM Tris, 10 mM MgCl2, 1 mM dithiothreitol, 5 mM ATP, 20 mM
GS peptide-2, and 3.3 mCi of [g-32P]ATP per assay. The phosphorylation reac-
tion was allowed to proceed for 30 min at 30°C and then stopped by addition of
Laemmli buffer. Samples were subjected to SDS-PAGE under reducing condi-
tions. Proteins were visualized by Coomassie blue staining, and autoradiography
was performed.

Immunoblot analysis. Samples were resolved by SDS–10% PAGE and trans-
ferred to Immobilon membranes (polyvinylidene difluoride; Millipore Corp.,
Bedford, Mass.). Membranes were blocked for 30 min in a blocking buffer
containing 5% (wt/vol) BSA in TBS (10 mM Tris-HCl, 140 mM NaCl [pH 7.4])
and then incubated for an hour with the appropriate antibody diluted 1,000-fold
in the same buffer. The membranes were washed extensively in TBS containing
1% (vol/vol) Nonidet P-40 (NP-40). Detection was performed with horseradish
peroxidase-conjugated anti-rabbit, anti-mouse, or anti-goat antibody and en-
hanced-chemiluminescence reagents (Pierce) according to the manufacturer’s
instructions.

Tryptic phosphopeptide mapping of 32P-labeled PKB. COS cells were plated
in 100-mm-diameter dishes at 106 cells/dish and transfected with PKB-HA as
described above. Following 12 h of starvation, the cells were washed with 5 ml of
phosphate-free DMEM containing 0.2% (wt/vol) BSA and 1 mM L-gluta-
mine and incubated overnight in this medium containing 1 mCi of [32P]ortho-
phosphate per ml. The cells were lysed after stimulation by either insulin or
forskolin, and PKB was immunoprecipitated with the anti-HA antibody. Immu-
noprecipitated material was resolved on an SDS–10% polyacrylamide gel and
transferred to a nitrocellulose membrane. PKB was visualized after exposure of
the membrane to film, and regions of the membrane corresponding to PKB were
excised and incubated in 50 mM NH4HCO3 (pH 7.6) containing 10 mg of trypsin
for 2 h at 37°C. An additional 10 mg of trypsin was added, and the incubation was
continued for 2 h. The NH4HCO3 was removed by repeated lyophilization (three
times) of the peptides resuspended in H2O. Lyophilized samples were resus-
pended in a small volume of water containing NH3 (1:1,000 dilution of 1 N so-
lution), spotted onto a cellulose thin-layer plate, and subjected to electrophoresis
at 900 V for 3 h. Plates were dried and subjected to ascending chromatography
for 10 h in a buffer containing pyridine-acetic acid-isobutanol-H2O (40:12:60:48).
Radiolabeled phosphopeptides were visualized by autoradiography.

Fluorescent staining and confocal microscopy. HeLa cells transfected with
GFP-PKB and grown on coverslips were placed on ice and washed three times
with ice-cold PBS prior to fixation with 4% paraformaldehyde for 30 min at room
temperature. Coverslips were mounted onto slides with Mowiol (Calbiochem)
and viewed with a Leica upright confocal microscope equipped with a Leica 633
lens objective (numerical aperture, 1.0). The molecules were excited with the 600
line of an argon-krypton laser and imaged with a 530-nm (GFP) bandpass filter.
Images were acquired with a scanning-mode format of 512 by 512 pixels.

PI3-kinase activity assays. 293 cells were washed twice with a buffer containing
50 mM HEPES (pH 7.5), 150 mM NaCl, 100 mM EDTA, 10 mM Na4P2O7, and
2 mM sodium vanadate (NaVO4) and lysed in the same buffer containing 1%
(vol/vol) NP-40, 20 mM leupeptin, 100 U of aprotinin per ml, and 1 mM phe-
nylmethylsulfonyl fluoride. Cell lysates were incubated with polyclonal antibodies
to p85a preadsorbed to protein G-Sepharose beads for 3 h at 4°C. Pellets were
then washed twice in PBS (pH 7.4) containing 1% (vol/vol) NP-40 and 0.2 mM
NaVO4, twice in 100 mM Tris-HCl (pH 7.4) supplemented with 500 mM LiCl
and 0.2 mM NaVO4, and twice in 10 mM Tris-HCl (pH 7.4) containing 100 mM
NaCl, 1 mM EDTA, and 0.2 mM NaVO4. Pellets were further resuspended
in 40 mM HEPES (pH 7.4) containing 20 mM MgCl2, and the kinase reaction
was initiated by addition of phosphatidylinositol (0.2 mg/ml) and 75 mM of
[g-32P]ATP (7,000 Ci/mol) and performed for 20 min at room temperature. The
reaction was stopped by addition of 4 M HCl, and the phosphoinositides were
extracted with a methanol-chloroform (vol/vol) mix. Finally, phospholipids were
analyzed by thin-layer chromatography.

RESULTS

PKA activates PKB in intact cells in a PI3-kinase-indepen-
dent manner. We have previously demonstrated that PKB and
its PH domain-truncated form (DPH-PKB) can be activated by
cAMP-elevating agents such as forskolin, chlorophenylthio
(CPT)-cAMP, prostaglandin E1, and 8-bromo-cAMP (Fig. 1A).
Although the major effect of cAMP elevation in the cell is to
activate PKA, this nucleotide appears to have some PKA-
independent actions as it is thought to act directly on ion
channels (30, 40). Therefore, to establish that PKB activation
in response to drugs augmenting intracellular cAMP was me-
diated by PKA, we tested the effect of cotransfection of the
catalytic subunit of PKA on the activity of PKB overexpressed
in 293 cells. As can be seen in Fig. 1B, coexpression of a
catalytically active PKA led to a significant increase (2.3-fold)
in PKB kinase activity. This effect is of a magnitude similar to
that seen with cAMP-elevating agents such as forskolin (2.8-
fold stimulation) (Fig. 1A), suggesting that PKA may be re-
sponsible for the PKB activation observed in response to these
drugs. To further establish that PKA is involved in PKB acti-
vation, we used a cell-permeable and selective inhibitor of
PKA, H-89 (dihydrochloride; Ki 5 48 nM) (38). Incubation of
H-89 (5 mM) together with forskolin or CPT-cAMP resulted in
a 80 to 90% reduction in PKB activation compared to results
with cells treated only with cAMP-elevating agents (Fig. 1C).
We also found that cotransfection of PKA with the cDNA
coding for PKI results in inhibition of PKA-induced activation
of PKB (data not shown). Note that 5 mM H-89 inhibited by
95% the PKA activity in a cell-free assay (data not shown).
Together, these data confirm that PKA itself is responsible for
PKB activation by forskolin.

We next wanted to determine if this PKA-mediated activa-
tion of PKB was independent of PI3-kinase as was previously
demonstrated for drugs affecting cAMP levels (48). Therefore,
the effect of wortmannin (an inhibitor of PI3-kinase) on PKA-
induced PKB activation was examined. As expected, PKB ac-
tivation by insulin was completely inhibited by pretreatment of
the cells with wortmannin (Fig. 1D). However, pretreatment
with wortmannin (100 nM) had no effect on PKB activity in
PKA-transfected cells, since a 2.2-fold increase in the kinase
activity was seen both with and without wortmannin. As shown
in Fig. 1D, these differences were not due to variations in the
level of protein expression.

Taken together, our results show that overexpression of the
catalytic subunit of PKA increases PKB activity in 293 cells,
suggesting that this effect is likely to be due to PKA activity
itself. In addition, this effect appears to be independent of
PI3-kinase.

PKA-induced activation of PKB in 293 cells depends on
PKB phosphorylation and is indirect. PKB activation in re-
sponse to growth factors correlates with phosphorylation of the
kinase on threonine 308 and serine 473. We therefore wanted
to determine if the activation of PKB via PKA was also medi-
ated by a change in the level of PKB phosphorylation. To do
this, prior to the kinase reaction, PKB immunoprecipitates
from transfected 293 cells were treated with CIP to dephos-
phorylate the wild-type and mutated PKB forms. To monitor
that the phosphatase was indeed having an effect on PKB
phosphorylation and not inhibiting the subsequent kinase re-
action, immunoprecipitates of a constitutively active form of
PKB (CA-PKB) were also treated with CIP. This construct
contains acidic residues at position 308 and 473 of PKB and
thus mimicks the effect of phosphorylation. The activity of this
mutant should be resistant to phosphatase treatment. There-
fore, if there is an effect of CIP on the activity of wild-type
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PKB, but not on CA-PKB, this would suggest that the phos-
phatase affects the phosphorylation state of PKB. As shown in
Fig. 2, both insulin- and PKA-stimulated kinase activities of
PKB were prevented by treating the immunoprecipitates with
CIP. Exposure to the phosphatase had no effect on CA-PKB,
confirming that CIP modifies the level of PKB phosphoryla-
tion.

Next we were interested in determining whether activation
of PKB by PKA was direct. We have previously shown that a
recombinant glutathione S-transferase–PKB fusion protein is
not efficiently phosphorylated in vitro by the catalytic subunit

of PKA (48). However, since glutathione S-transferase–PKB
was phosphorylated to a minor extent in vitro, we wanted to
further explore the possibility that it was a direct substrate in
vivo. As PKB possesses only a single PKA consensus phosphor-
ylation site (KKLS422), we mutated S422 to alanine and ana-
lyzed the activity of this construct in 293 cells cotransfected or
not cotransfected with the catalytic subunit of PKA. As can be
seen in Fig. 3A, there was no effect of the S422 mutation on
either insulin or PKA activation of PKB, since the levels of
stimulation were identical for the wild-type and S422A forms
of PKB. Figure 3B shows results with a control indicating that

FIG. 1. Effect of cAMP-elevating agents, the PKA catalytic subunit, and wortmannin on PKB activity in 293 cells. (A) Effect of cAMP-elevating agents on
DPH-PKB. Serum-starved 293 EBNA cells overexpressing DPH-PKB were incubated for 15 min with 1 mM insulin (I), 10 mM forskolin (F), 1 mM CPT-cAMP (CPT),
2.5 mM prostaglandin E1 (PGE1), or 1 mM 8-bromo-cAMP (8-Br). After the incubation, cells were lysed and DPH-PKB was immunoprecipitated and its kinase activity
was determined with Crosstide as described in Materials and Methods. DPH-PKB activity is expressed as counts per minute of 32P incorporated into Crosstide, and
numbers above the bars indicate how many times above the basal level of stimulation PKB was stimulated. (B) Effect of the transfected PKA catalytic subunit. 293
EBNA cells were transfected with PKB and were either stimulated by insulin or cotransfected with the catalytic subunit of PKA. PKB was immunoprecipitated, and
its activity was determined as described previously. (C) Effect of H-89 incubation on PKB activity. 293 EBNA cells were transfected with PKB and incubated or not
incubated with H-89 (5 mM) and/or forskolin (10 mM; F), CPT-cAMP (1 mM; CPT), and insulin (1 mM; I). PKB was immunoprecipitated, and its activity was
determined as described in Materials and Methods. (D) Effect of preincubation with wortmannin on PKA-induced activation of PKB. 293 EBNA cells were transfected
with PKB in the presence or absence of PKA without preincubation or prior to preincubation for 30 min with 100 nM wortmannin (W). Subsequently, the cells were
not treated or were treated with 1 mM insulin (I) for 5 min. The cells were lysed, PKB was immunoprecipitated, and kinase assays were performed as described in
Materials and Methods. Results are expressed as counts per minute of 32P incorporated into Crosstide. The levels of the expressed enzymes measured by
immunoblotting are shown below the graph. The results shown in panels A to D are means 6 standard errors of results from a representative of two separate
experiments performed in triplicate. Values significantly different from basal values (P , 0.05, Student’s t test) are denoted by p. NS, not stimulated.

4992 FILIPPA ET AL. MOL. CELL. BIOL.



the PKA catalytic subunit transfected in 293 cells was active
and that this activity was, as expected, abolished by the specific
PKA inhibitor PKI. In conclusion, these data do not support
the idea that PKB is a direct substrate of PKA.

PKB S473 is not required for PKA-induced PKB activation.
As phosphorylation of both T308 and S473 is necessary for the
full activation of PKB by growth factors, we wanted to deter-
mine if these two residues were also important for PKB acti-
vation by PKA. Since this PKA action is independent of PI3-
kinase, theoretically, this PKB activation process requires
phosphorylation of other residues. To test this hypothesis, ei-
ther T308, S473, or both residues together were mutated to
alanine and these constructs were used to study the PKA effect.
Cotransfection of the catalytically active PKA failed to stimu-
late the kinase activity of either the construct with the double
mutation (T308A, S473A) or that with the single mutation
(T308A) (Fig. 4). In contrast, a significant activation of the
S473A mutant construct (twofold stimulation) was seen in re-
sponse to PKA. However, the magnitude of this stimulation
was not equivalent to that observed for the wild-type construct
(2.5-fold stimulation). Taken together, these results demon-
strate the following: (i) phosphorylation of T308 may be in-
volved in PKB activation by PKA and (ii) phosphorylation of
S473 does not appear to be necessary for PKB activation by
PKA. Western blot analysis of PKB confirmed that the differ-
ences seen were not due to variation in the level of protein
expression (Fig. 4, lower panel).

As all the above-described experiments were done with an
overexpression system, we wanted to determine whether
cAMP-elevating agents could lead to the activation of endog-
enous PKB. COS cells were found to be appropriate cells with
which to perform these experiments as they express adequate
amounts of PKB to efficiently detect subsequent kinase activity
(Fig. 5A). To determine whether endogenous PKB is phos-
phorylated on S473 after stimulation by insulin or forskolin, we
took advantage of an antibody which specifically recognizes

phospho-S473. As can be seen in Fig. 5B, although PKB was
significantly phosphorylated on S473 in response to insulin,
phosphorylation of this residue was not seen in response to
forskolin at any time point during the incubation. This result
supports observations made for 293 cells with the S473A mu-
tant PKB and indicates that phosphorylation of S473 is not
important for the activation of PKB by PKA.

To confirm that residue S473 is not required for PKA-in-
duced PKB activation and to determine which other residues
may be involved, we analyzed PKB phosphorylation using
phosphopeptide mapping of metabolically labeled COS cells
transfected with PKB-HA. The 32P-labeled COS cells were
treated with insulin for 5 min or forskolin or buffer for 30 min.
Under these conditions, both insulin and forskolin stimulation
resulted in an increase in PKB phosphorylation compared to
the level in the nonstimulated cells (data not shown). Figure 6
represents the phosphopeptide maps of PKB-HA after stimu-
lation by either insulin or forskolin. Compared to PKB ob-
tained from nonstimulated cells, PKB obtained from insulin-
stimulated cells was more intensely labeled at at least four
phosphopeptides (i.e., spots 2, 3, 5, and 6) and showed two new
phosphopeptides (i.e., spots 9 and 10), which very likely cor-
respond to T308- and S473-containing peptides. While most
phosphopeptides were found to be common, PKB from fors-
kolin-treated cells showed at least two different phosphopep-
tides compared to PKB obtained from cells exposed to insulin,
as indicated in Fig. 6. This indicates that the mechanism of
PKB activation by forskolin is not identical to that used by
insulin. Together, these results support the idea that PKA-

FIG. 2. Effect of phosphatase treatment on PKA-induced PKB activation in
293 cells. PKB and CA-PKB corresponding to mutations of both T308 and S473
to aspartate were expressed in 293 cells in the presence or absence of the
catalytic subunit of PKA. Cell lysates were prepared and subjected to immuno-
precipitation with an antibody to PKB. Immunoprecipitates were treated with
CIP (20 U) for 30 min prior to the kinase assay. The results are the mean
values 6 standard errors of results from two experiments, each of which was
performed in triplicate.

FIG. 3. Effect of the PKB S422A mutation on PKB’s activation by PKA. (A)
The PKA phosphorylation consensus site was mutated by changing S422 to
alanine (S422A). Then wild-type (WT) or mutant PKB was used to transfect 293
cells and the resulting kinase activity was determined as described in Materials
and Methods. Results are expressed as a percentages of the value for the control
and are the mean values 6 standard errors of three experiments, each of which
was performed in triplicate. (B) A PKA kinase assay was performed with Kemp-
tide as a substrate in the presence or absence of PKI as described in Materials
and Methods. Statistical significance, according to Student’s t test, is indicated as
follows: p indicates a P of ,0.01 and pp indicates a P of ,0.005 versus the value
for the appropriate control.
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induced activation of PKB is independent of S473 and very
likely involves additional regulatory phosphorylated residues.

Endogenous GSK-3 is inhibited by cAMP-elevating agents
in COS cells. Next, we wanted to determine if cAMP-induced
PKB activation has an effect on downstream events, such as
inhibition of GSK-3. Experiments were performed with COS
cells, as they were found to express measurable GSK-3 (Fig.
7A). First we compared time courses of PKB (Fig. 7B and C)
and GSK-3 activities (Fig. 7D and E). The results showed that,
in contrast with PKB activation by insulin, which is rapid and
reaches a maximum (4.8-fold) within 20 min, PKB activation by
forskolin was slow and resulted in a 2-fold increase in activity
only after 60 min. With insulin stimulation, a significant de-
crease in GSK-3 activity was seen when PKB was highly active

(between 5 and 20 min), with a progressive return to basal
activity after 30 min. When cells were stimulated by forskolin,
a decrease in GSK-3 activity corresponding to the highest PKB
activity was also seen and basal levels were obtained when PKB
activity declined. As for the results obtained for insulin, expo-
sure to forskolin led to PKB stimulation and GSK-3 inhibition,
illustrating that forskolin affects events downstream of PKB.
To confirm that the GSK-3 inhibition was due to PKB, we
transfected COS cells together with a dominant negative form
of PKB mutated in three residues (T308A, S473A, and
K179A). PKB with this triple mutation has been shown by
others to function as a dominant negative PKB in neuroblas-
toma cells (61), and we found it to act in a similar fashion in
our 293 or COS cells (data not shown). When this mutant PKB
was overexpressed in COS cells, inhibition of GSK-3 in re-
sponse to the presence of either insulin or forskolin was no
longer seen, implicating PKB directly in this GSK-3 inhibition
induced by either insulin or forskolin.

In response to insulin and forskolin, increased GSK-3 phos-
phorylation correlates with a decrease in enzymatic activity.
To determine whether the decrease in GSK-3 activity seen in
response to the addition of insulin or forskolin was linked to its
phosphorylation state, the ability of GSK-3 to serve as a sub-
strate for insulin- or cAMP-activated PKB in vitro was exam-
ined. To do this, PKB was immunoprecipitated from either
insulin- or forskolin-stimulated cells and GSK-3 was immuno-
purified from unstimulated cells. PKB and GSK-3 immuno-
precipitates were then mixed together in the presence of
[g-32P]ATP. As can be seen in Fig. 8, GSK-3 was only weakly
phosphorylated in its basal state. In response to insulin, the
enzyme became rapidly phosphorylated (within 5 or 10 min)
and thereafter decreased to basal levels within 30 min. The
increase in phosphorylation correlated with the decrease in
activity seen in Fig. 7D in response to insulin. The phosphor-
ylation of GSK-3 by PKB in response to forskolin, as was seen
for insulin, showed a pronounced increase in the level of
GSK-3 phosphorylation with a parallel decrease in its activity.
This result points to the existence of a direct link between the
inhibition of GSK-3 activity in cells and its phosphorylation by
PKB. This correlation was found regardless of whether PKB
was activated by insulin or by forskolin.

GFP-PKB translocation to the cell membrane in response to
forskolin can be abolished by a high concentration (300 nM) of
wortmannin. To further clarify the mechanism of PKB activa-
tion by cAMP-elevating agents, the effect of forskolin (or CPT-
cAMP) on PKB localization was determined by confocal mi-
croscopy with GFP-tagged PKB. This construct was shown to
be fully active when it was transfected in 293 or HeLa cells
(data not shown). For these studies HeLa cells were used
instead of 293 cells, since we found that 293 cells are difficult
cells on which to perform immunohistochemistry. While pre-
liminary data indicated that the distribution of PKB in 293 cells
was similar to that seen in HeLa cells, these data were not
conclusive. GFP-PKB plasmid was transfected into HeLa cells,
and its subcellular localization was examined by confocal mi-
croscopy. In Fig. 9A1 to A3, which reflect results with non-
stimulated cells, GFP-PKB is diffusely located throughout the
cell. Translocation of GFP-PKB to the plasma membrane is
clearly seen in response to insulin as illustrated by green flu-
orescence at the cell membrane (Fig. 9B1 to 9B3, where green
fluorescence corresponds to white). Pretreatment with wort-
mannin (100 nM) prevented GFP-PKB from translocating to
the plasma membrane (Fig. 9C1 to C3). Similar to the response
to insulin, treatment with forskolin allowed translocation of
PKB to the plasma membrane (Fig. 9D1 to D3 and 10A1 to
A3). In contrast to that induced with insulin, the forskolin-

FIG. 4. Effect of T308A and S473A on PKB activation by PKA in 293 cells.
Single or double mutations of T308 and S472 to alanine were produced in PKB,
and the constructs obtained were transfected in 293 cells. Immunoprecipitation
was performed following stimulation with forskolin (10 mM), and the PKB
activity was determined as described in Materials and Methods. A Western blot
with antibody to PKB illustrates expression of PKB below the graph. Values
shown are expressed as percentages of the maximal values and are the mean
values 6 standard errors of results from three separate experiments performed
in triplicate. Values significantly different from basal values are denoted by p and
pp (p 5 P , 0.05 and pp 5 P , 0.005, Student’s t test).

FIG. 5. Effect of forskolin on PKB S473 phosphorylation. (A) Western blot
showing endogenous expression of PKB in COS cells either after immunopre-
cipitation with anti-PKB (IP) or directly in the lysate (L). (B) COS cells were
stimulated for the indicated times with insulin or forskolin prior to lysis. Cell
extracts were subjected to SDS-PAGE (10% polyacrylamide) followed by West-
ern blot analysis with antibody to PKB or to phospho-S473 PKB. Results shown
are representative of at least two experiments.
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induced translocation of PKB was not inhibited by pretreat-
ment with 100 nM wortmannin (Fig. 10B1 to B3). However, at
a higher concentration (300 nM) of wortmannin complete in-
hibition of PKB translocation could be observed (Fig. 10C1 to
C3). Control experiments performed with cells transfected
with an empty GFP vector showed no localization in the cell
membrane in response to insulin or forskolin (data not shown).
In Fig. 11 we show that cAMP did not activate PI3-kinase
associated with the p85 regulatory subunit, indicating the in-
volvement of a different kinase sensitive to the high concen-
tration of wortmannin.

DISCUSSION

In this work we investigated the mechanism of PKB activa-
tion induced by PKA, which appears to occur by a PI3-kinase-
independent pathway. This is not the first demonstration that
PKB can be activated independently of PI3-kinase. Indeed,

Konishi et al. have shown that cellular stress, such as heat
shock and hyperosmolarity, is able to stimulate PKB activity
(37). Furthermore, Moule et al. have demonstrated that PKB
can be activated by isoproterenol via b-adrenergic receptors,
resulting in GSK-3 inhibition, although this could not be mim-
icked by elevation of cAMP (41), with the CPT-cAMP analog,
in this cell type. Finally, we have previously shown that agents
that can increase intracellular levels of cAMP can activate PKB
in transfected 293 cells (48). In the present paper we have
extended these findings and demonstrate that the kinase re-
sponsible for this activation is PKA. This is not surprising,
since virtually all the effects of cAMP are mediated by PKA.
However, in our experiments PKB activation did not appear to
be due to direct phosphorylation of PKB by PKA. Data sup-
porting this view are that mutation of S422, which is part of the
sole consensus PKA phosphorylation site on PKB, does not
abolish activation of PKB by PKA.

FIG. 6. Phosphopeptide maps of endogenous PKB obtained from COS cells. Results of a two-dimensional peptide map analysis of 32P-labeled PKB-HA isolated
from metabolically labeled COS cells are shown. COS cells were grown in medium containing 1 mCi of [32P]orthophosphate per ml for 4 h. Untreated, insulin (1
mM)-treated, or forskolin (10 mM)-treated cells were lysed, and equal amounts of lysate protein were immunoprecipitated with antibodies to HA. The immunopre-
cipitates were resolved by SDS-PAGE. The 32P-labeled band corresponding to PKB was excised from the gel, eluted, and digested with trypsin (20 mg). Peptides were
separated on cellulose thin-layer plates by electrophoresis from left to right (anode on the right), followed by thin-layer chromatography from bottom to top.
Autoradiograms of the thin-layer plates are shown.
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We next examined the mechanism of PKB stimulation in
response to PKA. First we showed that this activation, as with
growth factor receptor-mediated stimulation of PKB, is depen-
dent upon PKB phosphorylation. This dependence was dem-

onstrated by (i) treatment of immunopurified PKB with phos-
phoserine phosphatase, which abolished both insulin and PKA
activation of PKB, and (ii) using a nonphosphorylatable mu-
tant PKB which was resistant to activation by PKA. This led us
to conclude that PKA-mediated activation of PKB requires
PKB phosphorylation. This may be due to PKA activation of
one or more PKBs and/or inactivation of a phosphatase(s)
responsible for dephosphorylation and consequent inactivation
of PKB regulatory sites. The next step was to determine if the
two residues required for PKB activation by growth factors,
threonine 308 and serine 473, were also important for PKA
activation of PKB. In order to do this we used a panel of
mutant PKBs in which positions 308 and 473 contained either
alanine residues, preventing phosphorylation, or glutamic acid
residues, mimicking phosphorylation. When T308 was mutated
to alanine, either singly or in conjunction with S473A, the
resulting PKB was resistant to activation by either insulin or
PKA. Importantly, the S473A mutant PKB was still activated
in response to forskolin. This result indicates that T308 is

FIG. 7. Time courses of the effects of forskolin and insulin on PKB and GSK-3 activity in COS cells (A) Western blot showing endogenous expression of GSK-3
in COS cells either after immunoprecipitation with anti-GSK3 (IP) or directly in the lysate (L). (B to E) Time courses of PKB and GSK-3 activities. COS cells were
treated or not treated for the times indicated with insulin (1 mM) or forskolin (10 mM) prior to extraction. Cell lysates were immunoprecipitated with antibodies either
to PKB or to GSK-3; thereafter, activities in the immune complexes were determined. The results are expressed as percentages of the control value at time zero and
are mean values 6 standard errors of results from two experiments. Œ and ‚ represent the GSK-3 activities in the presence of overexpressed dominant negative PKB.

FIG. 8. In vitro phosphorylation of GSK-3. COS cells were treated with
either insulin (1 mM) or forskolin (10 mM) for the indicated times, and PKB was
immunoprecipitated. At the same time, GSK-3 was immunoprecipitated from
nonstimulated cells. PKB and GSK-3 immunoprecipitates were mixed in the
presence of [g-32P]ATP, and the samples were subjected to SDS-PAGE under
reducing conditions followed by autoradiography.
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indispensable for PKB stimulation by PKA but that S473 is not.
However, other residues different from those involved in
growth factor-mediated activation of PKB may contribute to
PKA-induced stimulation. Compatible with this view is the
recent report by Yano et al. (61) which demonstrates that the
Ca21- and calmodulin-dependent protein kinase kinase acti-
vates PKB by direct phosphorylation of T308 independently of
PI3-kinase.

To more thoroughly examine the mechanism of PKB stim-
ulation by PKA, we looked at activation of endogenous PKB in
response to forskolin in COS cells. These cells have high levels
of endogenous PKB, and therefore the need to transfect is
circumvented. For these experiments, an antibody which rec-
ognizes PKB phosphorylated on S473 was used. We found that
this antibody did not recognize PKB activated by forskolin but
that it did bind to insulin-stimulated PKB, consistent with the
idea that S473 is not phosphorylated in response to activation
by PKA. A comparable situation has been reported by Bella-
cosa et al., who showed that S473 phosphorylation is not re-
quired for PKB activation by PDGF (8). Finally, a phos-
phopeptide map analysis was performed with COS cells. The
phosphopeptide maps obtained with PKB from forskolin-

treated cells were at least partly different from those obtained
from insulin-treated cells. This also supports the hypothesis
that forskolin activation of PKB is mechanistically distinct
from the pathway utilized by growth factors.

In addition to phosphorylation, regulation of PKB activity is
dependent on subcellular localization. There is now evidence
that PKBa is located in the cytosol of unstimulated cells but
that it rapidly translocates to the plasma membrane following
stimulation with IGF-1 (5), interleukin-2 (1), peroxovanadate
(59), and, as was more recently shown, insulin (47). This trans-
location is prevented by inhibitors of PI3-kinase such as wort-
mannin (5) or by deletion of the PH domain of PKB (47). In
this study, we find that forskolin stimulation also leads to PKB
translocation to the plasma membrane. At first sight this result
appears inconsistent with data showing that activation of PKB
by PKA is PI3-kinase independent and hence phospholipid
independent. However, PKA-induced PKB translocation is
abolished after pretreatment of the cells with high concentra-
tions (300 nM) of wortmannin, implying that translocation to
the cell surface may require the generation of phospholipids.
Furthermore, forskolin-induced PKB stimulation is main-
tained after a 300 nM wortmannin pretreatment (data not

FIG. 9. Localization of GFP-PKB in response to insulin or forskolin in transfected HeLa cells. HeLa cells were transfected with GFP-PKB as described in Materials
and Methods. Forty-eight hours later, HeLa cells were preincubated (C1 to C3) or not preincubated (B1 to B3) for 20 min with wortmannin (100 nM) prior to
stimulation for 10 min with insulin (1 mM) (B1 to B3) or for 30 min with forskolin (10 mM) (D1 to D3). Cells were washed and fixed with paraformaldehyde (4%).
Slides were mounted and analyzed by confocal microscopy. Images represent the center section of the X-Y plane. (A1 to A3) Nonstimulated cells.
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shown), demonstrating that the translocation process is not
necessary for PKB activation by PKA. No translocation to the
plasma membrane was seen with a mutant PKB with the PH
domain deleted, suggesting a role for phospholipids in this
translocation process (data not shown). Endogenous PI3-ki-
nase is not activated by cAMP analogs in 293, HeLa, or COS
cells, and PKB is still stimulated by forskolin when it is co-
transfected with a dominant negative PI3-kinase in 293 cells
(data not shown). Some class 2 PI3-kinases are relatively re-
sistant to this inhibitor at concentrations greater than 100 nM
(23, 57), and PI4-kinases have also been reported not to be
inhibited by wortmannin, at concentrations up to 1 mM (55). It
will thus be of interest to reveal which PI kinase, if implicated
in this process, is responsible for this cAMP-induced translo-
cation.

Next, we wanted to determine if PKB activation by PKA
could have an impact upon events downstream of PKB. To
date, only a few substrates have been discovered for PKB.
There is evidence that some of the metabolic effects of insulin

on glycogen synthesis are mediated by PKB, which can phos-
phorylate and inactivate GSK-3 in vitro and in vivo (56). The
activities of both isoforms of GSK-3 have been shown to de-
crease by about 40% when rat L6 myotubes or rat skeletal
muscle in situ is stimulated with insulin (18). GSK-3 may play
a role in controlling glycogen metabolism since glycogen syn-
thase is phosphorylated by GSK-3 and hence becomes inactive.
However, it is unclear whether this is the major pathway reg-
ulating glycogen synthesis in all cells. For example, in 3T3-L1
adipocytes there is no effect of overexpression of constitutively
active PKB on glycogen synthase activity. Consistent with this
result is the recent notion that the glycogen-bound form of
type 1 protein phosphatase is thought to play the dominant
role in insulin regulation of glycogen metabolism in 3T3-L1
adipocytes (9).

In our study, we show that there is a decrease in GSK-3
activity following stimulation of COS cells with forskolin. At
first glance this result may seem at variance with the general
view that the actions of insulin and cAMP are opposing with

FIG. 10. Effect of increasing concentrations of wortmannin on GFP-PKB localization in response to forskolin. HeLa cells were transfected with GFP-PKB as
described in Materials and Methods. Forty-eight hours later, HeLa cells were preincubated for 20 min with wortmannin (100 nM [B1 to B3] or 300 nM [C1 to C3])
or buffer (A1 to A3) prior to stimulation for 30 min with forskolin (10 mM). Cells were mounted and analyzed by confocal microscopy. Images represent the center
section of the X-Y plane.
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regard to metabolism. However, there are several potential
explanations for this apparent inconsistency. First, at the phys-
iological level the predominant tissues for glycogen metabo-
lism are the liver and the skeletal muscle. Therefore, since we
used kidney cells, this decrease in GSK-3 activity may be a
cell-specific effect. Second, the time courses of inactivation of
GSK-3 by insulin and by cAMP were different; most notably,
the inhibition by cAMP occurred later than that seen with
insulin. Finally, GSK-3 has been implicated in cell functions
very distinct from metabolism, like regulation of cell fate in
Dictyostelium discoideum (31). Recently, a great deal of inter-
est has been expressed about the Wnt3zw33en signaling path-
way, which is required for Drosophila and Xenopus develop-
ment and also for growth regulation in mammalian cells.
GSK-3 is involved in this pathway since it is the mammalian
homolog of the zeste-white 3 (zw3, also known as shaggy)
protein found in Drosophila melanogaster (16, 50). In addition,
GSK-3 has been reported to phosphorylate the translation
initiation factor eIF2B (58) and several transcription factors,
including c-jun (42), that are reported to be involved in cell
growth and apoptosis. It has also been shown more recently
that GSK-3 may play a critical role in the regulation of apo-
ptosis in the PI3-kinase/Akt cell survival circuitry (43).

In the past year it has become evident that one of the major
functions of PKB is protection of cells from programmed
death. This protection has been demonstrated for several cell
types, including COS cells (39), fibroblasts (34), and neuronal
cells (24, 45), and for several receptors, including the insulin or
IGF-1 receptor (39). This may in part be due to the ability of
PKB to phosphorylate and thereby inhibit the proapoptotic Bcl

family member BAD. It has also been described that cAMP
and PKA are antiapoptotic in certain cell types, including neu-
trophils (44). The mechanism of this antiapoptotic effect is not
known, but from our work here, it is tempting to speculate that
it is mediated via PKB. At this time there is much effort being
expended in the study of regulation of apoptosis in mammalian
cells. An interesting challenge is to unravel the physiological
importance of the cross talk between insulin or IGF-1 signaling
and cAMP effects and the possible convergence of this cross
talk on the PKB pathway.
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