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ABSTRACT
AKT, a serine/threonine kinase that promotes cell survival, can be
activated by overexpression of the receptor tyrosine kinase ErbB2. Conversely, down-regulation of ErbB2 inhibits AKT activation. Here, we
identify PP1 as a serine/threonine phosphatase that associates with and
dephosphorylates AKT in breast cancer cells, and we show that ErbB2
inhibits PP1-dependent dephosphorylation of AKT. Inhibition of ErbB2
by either the HSP (heat shock protein) 90 inhibitor geldanamycin or the
ErbB inhibitor ZD1839 in SKBR3 cells, a human breast cancer cell line
overexpressing ErbB2 protein, induces a rapid and dramatic decrease in
AKT activity. Decreased AKT activity occurs many hours before the
HSP90-dependent decline of AKT protein but is correlated with loss of
AKT phosphorylation. Decreased AKT phosphorylation is not due to
blockade of AKT activation or to preferential HSP90-mediated degradation of phosphorylated AKT. Instead, it is caused by increased AKT
dephosphorylation. Sensitivity to a panel of phosphatase inhibitors suggests involvement of the phosphatase PP1 in this process. In vitro phosphatase assay (using PP1 immunoprecipitated from COS7 cells transiently
transfected with the wild-type protein, as well as purified PP1) confirmed
that AKT is a substrate of PP1. Furthermore, endogenous PP1 and AKT
associate with each other in SKBR3. However, the phosphatase is phosphorylated and its activity is suppressed (determined by in vitro assay). In
contrast, ErbB2 inhibition abrogates PP1 phosphorylation and restores its
activity (measured by its ability to dephosphorylate AKT in vitro). Finally,
transient overexpression of constitutively active PP1 in SKBR3 cells promotes marked dephosphorylation of endogenous AKT protein. These data
indicate that ErbB2 acts to preserve the phosphorylation, and hence to
prolong the activation, of AKT kinase by repressing the activity of the
phosphatase PP1. ErbB2 thus functions to regulate AKT kinase by simultaneously promoting its activation while inhibiting its inactivation.

INTRODUCTION
AKT kinase is a major downstream target of receptor tyrosine
kinases that signal via PI3k5 (1). AKT mediates a wide variety of
biological responses to EGF, insulin, and other growth factors (2) and
plays a critical role in controlling the balance between survival and
apoptosis (1, 3). Activated AKT phosphorylates and inactivates multiple substrates, including caspase 9 (4), Bad (5), inhibitor of nuclear
factor-B kinase (6), and the Forkhead transcription factors (7).
Because of its antiapoptotic activity, this kinase has been identified as
a molecular target for cancer treatment.
The AKT protein contains a kinase domain with specificity for Ser
or Thr residues (8). NH2-terminal to the kinase domain is a pleckstrinhomology domain, which mediates lipid-protein and/or protein-proReceived 6/7/03; revised 9/5/03; accepted 9/11/03.
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tein interactions (9, 10), whereas the COOH-terminus of AKT contains a hydrophobic and proline-rich domain. Activation of AKT
involves both conformational change and phosphorylation of the
protein and is usually preceded by up-regulation of receptor kinases
induced by extracellular stimuli. For example, activation of ErbB2/
ErbB3 heterodimers by HRG promotes association and activation of
PI3k (11, 12). Activated PI3k, in turn, recruits AKT to the plasma
membrane where it is phosphorylated and activated by PDK-1 (1,
13–15).
Although the mechanism of AKT activation is well documented,
the reverse process of inactivation is not as well studied. Inactivation,
or dephosphorylation, of AKT should be regulated by Ser/Thr phosphatases. Ser/Thr phosphatases are usually classified as type 1 (PP1)
or type 2 (PP2), depending on their substrate specificity and sensitivity to inhibitors (16). In several fibroblast, smooth muscle, and osteosarcoma model systems, PP2A has been identified as a mediator of
AKT dephosphorylation (17–19). However, identity of the phosphatase or phosphatases implicated in AKT dephosphorylation in epithelial malignancies is less clear.
PP1 is a major eukaryotic Ser/Thr phosphatase that regulates a
broad range of cellular processes, including cell cycle progression,
transcription, protein synthesis, muscle contraction, carbohydrate metabolism, and neuronal signaling (20 –22). More recently, PP1 was
shown to be involved in the regulation of apoptosis by affecting the
phosphorylation of the Bad protein (23, 24). The catalytic subunit of
PP1 exists in the cell in heteromeric complexes with a variety of
regulatory subunits such as inhibitor-1, its homologue DARPP-32,
and inhibitor-2 (25). The activity of PP1 is also regulated by phosphorylation of its catalytic subunit. Upon phosphorylation of Thr320,
the COOH terminus of PP1 folds back to mask its catalytic center (26,
27). Mutation of Thr320 to alanine confers PP1 resistance to inhibitory
phosphorylation and makes PP1 constitutively active (28). However,
the regulation of PP1 phosphorylation, especially in the cytoplasm, is
largely unknown.
AKT associates with the molecular chaperone HSP90, and the
stability of the AKT protein depends on this association (29, 30).
Disruption of HSP90 function by the antibiotic GA causes proteasome-dependent AKT degradation (30, 31). However, before its effects on AKT stabilization, GA may also negatively affect AKT
kinase activity, especially in cells that express high levels of ErbB2
(30), another HSP90 client (32). Overexpression of ErbB2 in various
epithelial cancers has been associated with aberrant activation of AKT
(33–36).
In this article, we show that, independent of its effect on AKT
activation, ErbB2 also retards AKT inactivation by promoting inhibition of the phosphatase PP1. Phosphorylated (and thus inactive) PP1
is coprecipitated with AKT in SKBR3 cells. ErbB2 inhibition does not
alter this association but does promote PP1-mediated dephosphorylation of AKT. Increased PP1 activity is a result of its derepression
caused by dephosphorylation of the PP1 catalytic subunit. These data
suggest that in addition to promoting AKT activation, ErbB2 insures
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prolonged AKT activity by repressing the activity of PP1. Our findings also identify PP1 as a second Ser/Thr phosphatase (in addition to
PP2A) that associates with and can dephosphorylate AKT.

MATERIALS AND METHODS

GA-treated or untreated SKBR3 cells were washed once with cold PBS and
then lysed with TNESV buffer [50 mM Tris (pH 7.5), 1% NP40, 1 mM EDTA,
100 mM sodium chloride, and 2 mM sodium orthovanadate], containing 10 mM
sodium fluoride, 2 mM ␤-glycerol phosphate, and Complete proteinase inhibitors (Roche Diagnostics). Cell lysates were centrifuged at 13,000 rpm for 15
min, and supernatant was collected. Protein concentration was determined
using the BCA method (Pierce). Cell lysates were precleared by mixing with
15 l of recombinant protein G-agarose beads (Invitrogen) and rotating at 4°C
for 45 min. The agarose beads were pelleted by brief centrifugation, and
supernatant was collected. Cleared cell lysate was then rotated with goat
anti-PP1␣ and anti-PP1␥ antibodies at 4°C for 2 h, followed by the addition of
10 l of protein G-agarose beads and rotation of another 2 h. The beads were
washed four times with TNESV buffer, precipitated proteins were dissolved in
reducing SDS-sample buffer (32), and analyzed by Western blotting.
In Vitro Phosphatase Assay. The activity of immunoprecipitated PP1 was
determined by using phosphorylated AKT proteins as the substrate. Specifically, COS7 cells were transfected with plasmid expressing the PP1_MycHis
protein. Twenty-four h after transfection, cells were lysed with TNESV buffer.
To immunoprecipitate the PP1 protein, 1 mg of cell lysate was mixed with 2
g of mouse anti-Myc antibody, incubated at 4°C for 2 h, followed by the
addition of 10 l of protein G-agarose beads and rotation at 4°C for 1 h.
Pelleted beads were washed twice with TNESV buffer and twice with PP1
buffer [50 mM Tris (pH 7.0), 0.1 mM EDTA, and 1 mM MnCl2]. Forty l of
PP1 buffer was added to each tube, containing 5 mM DTT, 100 ng of
phosphorylated AKT protein (Upstate Biotechnology), with/without 20 M
GA or 2 M inhibitor-1 (Upstate Biotechnology). In some experiments, 0.1
unit/tube purified PP1 replaced immunoprecipitated PP1. In these situations,
50 ng of phosphorylated AKT protein was used as substrate. Tubes were
incubated at 30°C for 45 min, with occasional vortexing. The reaction was
stopped by addition of 10 l of 5⫻ SDS sample buffer and heating at 100°C
for 5 min. Reaction products were separated on 4 –20% gradient SDS-PAGE
and transferred to a nitrocellulose membrane. Phosphorylation of the AKT
protein was detected by Western blotting with mouse monoclonal antiphosphoAKT (Ser473) antibody (Cell Signaling Technology). The amount of AKT
protein loaded/lane was determined with sheep anti-AKT antibody (Upstate
Biotechnology). Finally, immunoprecipitation of PP1 protein was confirmed
by probing the blot with mouse monoclonal anti-PP1 antibody (Santa Cruz
Biotechnology).

Cell Lines, Antibodies, and Reagents. SKBR3 cells were purchased from
American Type Culture Collection and maintained at 37°C, 5% CO2 in DMEM
containing 1 mM sodium pyruvate and 10% fetal bovine serum. Rabbit antiAKT and anti-phospho-AKT (Ser473), mouse monoclonal anti-phospho-AKT
(Ser473) 4E2, phospho-(Ser/Thr) kinase substrate antibody sampler kit, antiphospho-PP1 (Thr320) antibody, and AKT kinase kit were purchased from Cell
Signaling Technology. Rabbit anti-PP1 (FL-18), mouse anti-PP1 (E-9), goat
anti-PP1␣, and anti-PP1␥ were from Santa Cruz Biotechnology. Agarose
beads immobilized with mouse anti-AKT antibody, activated AKT protein,
and purified PP1 and inhibitor-1 proteins were bought from Upstate Biotechnology. Calyculin A and Microcystin-LR were bought from Calbiochem. OA
was obtained from Sigma. Tautomycin was purchased from Biomol Research
Laboratories. HRG ␤1 and mouse monoclonal anti-phospho-ErbB2 (Ab-18)
were bought from NeoMarkers. Mouse monoclonal anti-ErbB2 (Ab-3) and
monoclonal anti-tubulin (Ab-1) were purchased from Oncogene Research
Products.
Preparation of PP1 Constructs. The PP1 gene was cloned from SKBR3
cells. Briefly, total mRNA was extracted from SKBR3 cells by using the Trizol
Reagent (Invitrogen), cDNA was synthesized with SuperScript II reverse
transcriptase (Invitrogen), and the PP1 gene was amplified by PCR with the
5⬘-end primer GGAAGCTTGGGCAAGGAGCTGCTGGCTGGA and the 3⬘end primer GGCTCGAGTTTCTTGGCTTTGGCGGAATTGCGG. The PP1
cDNA fragment was inserted into the pcDNA3.1 vector (Invitrogen) and
tagged at the COOH-terminal end with Myc and polyhistidine. Constitutively
active PP1 was made by mutating Thr320 to alanine, using the QuickChange
point mutation kit from Stratagene Inc.
Immunofluorescence Assay. To detect total and phosphorylated AKT,
transiently transfected SKBR3 cells grown in chamber slides were washed
with 1⫻ PBS, immediately fixed with 3.7% formaldehyde in PBS for 10 min
at room temperature, rinsed with PBS, and permeabilized with 0.1% Triton
X-100 in Tris-buffered saline (pH 7.4; TBS/Triton) for 10 min at room
temperature. Nonspecific binding sites were then blocked by incubating the
cover slips with 3% BSA in TBS/Triton for 1 h at room temperature before
processing for immunofluorescence labeling. The cells were incubated over- RESULTS
night at 4°C with polyclonal rabbit antiphospho-AKT or anti-AKT antibodies
AKT Kinase Activity Is Rapidly Inhibited by GA Treatment in
(1:200), and monoclonal anti-c-Myc antibody (1:200) diluted in TBS/Triton
containing 3% BSA. Cells were washed with TBS/Triton three times for 10 SKBR3 Cells. Stability of the AKT protein requires its association
min each at room temperature and incubated with fluorescently labeled sec- with the molecular chaperone HSP90 (29). Disruption of HSP90
ondary antibodies (1:200 Cy3-conjugated antirabbit IgG, 1:200 FITC-conju- function by GA causes proteasome-dependent AKT degradation (30,
gated antimouse IgG; Jackson Immunoresearch Laboratories) for 1 h at room 31). However, to study GA’s effects on AKT kinase activity, we
temperature. After staining, the slides were washed with TBS/Triton, rinsed treated SKBR3 cells briefly with GA or its vehicle DMSO, immunoquickly with water, air-dried, and coverslipped using SlowFade solution (Mo- precipitated the AKT protein from equivalent amounts of cell lysate,
lecular Probes). Fluorescence was visualized using a Zeiss Axioskop micro- added the AKT substrate GSK-3, and incubated the mixture at 30°C
scope with a ⫻63 objective and images were captured using an Optronics for 30 min. The reaction was stopped by addition of SDS-sample
charge-coupled device (CCD) camera and OpenLab software (Improvision).
buffer, and the phosphorylation of GSK-3 was detected with antiphosIn Vitro Kinase Assay. The kinase activity of immunoprecipitated AKT
pho-GSK-3 antibody. Our data indicate that a brief (1 h) exposure of
protein from GA-treated or untreated SKBR3 cells was determined by using
the AKT kinase kit from Cell Signaling Technology. Briefly, SKBR3 cells in SKBR3 cells to GA caused a dramatic decrease in AKT kinase
a 10-cm plate, treated with 1 M GA or the same volume of vehicle (DMSO) activity (⬎90% when compared with DMSO control; Fig. 1A). Howfor 1 h, were washed with cold PBS and lysed with 1 ml of lysis buffer (Cell ever, GA had no effect on AKT kinase when added in excess (10 M)
Signaling Technology). AKT protein was immunoprecipitated and its kinase to the in vitro assay, indicating that GA did not inhibit AKT kinase
activity was assayed by using GSK-3 as the substrate, according to the directly (Fig. 1A, compare Lane 2 with Lane 4).
manufacturer’s protocol, with the exception that the reaction tubes contained
GA Induces a Decrease in AKT Phosphorylation before AKT
either 10 M GA or the same volume of DMSO. To assay the kinase activity Degradation. Although AKT protein level is markedly decreased by
of AKT on the PP1 protein, 0.4 g of activated AKT protein (1 l) were mixed prolonged exposure to GA (31), expression of AKT protein in SKBR3
with 1 unit of purified PP1 protein (10 l) in 40 l of kinase buffer [25 mM
cells is only moderately affected after 1 h exposure to GA (1 M; Fig.
Tris (pH 7.5), 5 mM ␤-glycerolphosphate, 2 mM DTT, 0.1 mM Na3VO4, 10 mM
1B, bottom panel). AKT is a phospho-protein, and its kinase activity
MgCl2, and 0.2 mM ATP] and incubated at 30°C for 1 h. The reaction was
473
and Thr308
stopped by adding in 12.5 l of 5⫻ SDS-sample buffer and heating at 100°C is regulated by phosphorylation. Phosphorylation of Ser
is essential for kinase activation (1). Because GA-induced AKT
for 5 min.
Western Blotting and Immunoprecipitation. Western blotting was per- protein degradation failed to explain the rapid loss of kinase activity,
formed as described previously (32). For immunoprecipitation of PP1 protein, we examined the phosphorylation state of AKT. We treated SKBR3
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Fig. 1. GA inhibits AKT kinase activity by inducing a decrease in AKT phosphorylation level. A, GA inhibits AKT kinase activity indirectly. SKBR3 cells were treated with
1 M GA or the same volume of DMSO for 1 h. Cells were lysed with lysis buffer (Cell
Signaling Technology). AKT proteins were immunoprecipitated by using beads immobilized with mouse anti-AKT monoclonal antibody. AKT kinase activity was determined by
detecting its ability to phosphorylate the substrate protein GSK-3. The reaction buffer
contained 10 M GA or the same amount of the vehicle DMSO. The phosphorylation of
GSK-3 protein was detected by Western blotting with antiphospho-GSK-3 antibody. The
density of each band was quantified using NIH Image software and plotted with Microsoft
Excel. B, GA-induced decrease in AKT phosphorylation occurs before the decline in the
AKT protein level. SKBR3 cells were treated with 1 M GA for indicated times. AKT
phosphorylation levels in total cell lysate were detected with rabbit antiphospho-AKT(Ser473) antibody, and the total AKT protein levels were determined by reprobing the
same blot with mouse anti-AKT antibody.

cells with 1 M GA for increasing times and detected AKT phosphorylation by Western blotting with antiphospho-AKT antibody. The
results show that GA induced a dramatic and rapid decline in AKT
phosphorylation within 30 min (Fig. 1B, top panel). Importantly, the
loss of phosphorylated AKT correlated temporally with the observed
decrease in AKT kinase activity in that AKT phosphorylation was
nearly undetectable by 1 h after GA treatment. These data support the
hypothesis that the GA-induced loss of AKT kinase activity is caused
by a drug-stimulated decline in its phosphorylation level.
GA Does Not Block AKT Activation. Next, we investigated the
mechanism by which GA rapidly reduced the level of phosphorylated
AKT. We first determined whether phospho-AKT was preferentially
degraded in response to GA. Previous experiments have demonstrated
that proteasome inhibitors can block GA-induced protein degradation
(37, 38). We treated SKBR3 cells with 1 M PS-341 for 1 h before the
addition of GA. However, we found that PS-341 did not affect the
decrease in AKT phosphorylation caused by GA (data not shown).
GA treatment in the presence of proteasome inhibitors can cause
insolubility of HSP90 client proteins, including AKT (31, 39). To rule
out the possibility that phosphorylated AKT protein was diverted to a
detergent-insoluble fraction, we collected the TNESV-insoluble pellets and solubilized them with boiling SDS-sample buffer. The presence of phospho-AKT was detected by Western blotting. We found no
increase of phosphorylated AKT protein in the insoluble fraction of
GA/PS-341-treated cells (data not shown). Taken together, these data
indicated that GA did not promote preferential degradation of phosphorylated AKT.
Another possible explanation for the GA-induced decrease in AKT
phosphorylation is that the drug blocks AKT activation. To investigate

this possibility, we tested whether AKT could be activated by growth
factor in the presence of GA. We cultured SKBR3 cells in serum-free
medium for 24 h, then pretreated the cells with either GA, Ly294002
(a specific PI3k inhibitor), or the vehicle DMSO. After 1 h, cells were
either washed with PBS or kept in the presence of drugs and treated
with 1 nM HRG (an ErbB3 ligand) for different times. Phosphorylation of AKT protein in total cell lysate was detected by Western
blotting. AKT maintained a low basal phosphorylation level in serumfree medium (Fig. 2A, Lane 1), and this was additionally decreased by
GA (Fig. 2A, Lane 6). HRG caused a dramatic increase in AKT
phosphorylation, and there was no significant effect of brief treatment
with GA or Ly294002 (Fig. 2A, compare Lanes 2– 4 with Lanes 7–9
and Lanes 12–14). As expected, the continued presence of Ly294002
completely blocked AKT phosphorylation induced by HRG, confirming the importance of PI3k in mediating this response (Fig. 2A,
compare Lane 14 with Lane 15). In contrast, continued presence of
GA in the medium did not prevent HRG-dependent AKT activation
(Fig. 2A, compare Lane 10 with Lanes 7, 8, and 9).
To ensure that we did not use a HRG concentration that was high
enough to overcome a partial GA block of activation, we titrated the
ligand. SKBR3 cells were pretreated with 1 M GA for 1 h, followed
by 10 min stimulation with decreasing concentrations of HRG. Confirming and extending the results of Fig. 2A, GA caused a decrease in
basal AKT phosphorylation (Fig. 2B, compare Lane 7 with Lane 1),
but the elevation of AKT phosphorylation in response to HRG was
comparable with that seen in untreated cells (Fig. 2B, graph). These
data indicate that brief exposure to GA does not block AKT activation
by extracellular signals.
GA-Induced AKT Dephosphorylation Is Prevented by Inhibition of the Ser/Thr Phosphatase PP1. The steady-state AKT phosphorylation level is the outcome of a balance of activities of those
kinases that phosphorylate AKT and the phosphatases that dephosphorylate it. Because GA did not block stimulus-induced AKT phosphorylation, and phosphorylated AKT was not selectively degraded,
we speculated that the drug-induced decrease in AKT phosphorylation
was caused by increased phosphatase activity toward AKT. To test
this hypothesis, we examined whether various phosphatase inhibitors
could block the loss of phosphorylated AKT induced by GA. We
treated SKBR3 cells with different phosphatase inhibitors before
addition of GA, and AKT phosphorylation was monitored by Western
blotting. Microcystin-LR (5 nM), a preferential inhibitor of PP2A at
this concentration, did not reverse GA-stimulated AKT dephosphorylation, although at this concentration Microcystin-LR significantly
inhibited general phosphatase activity measured in the cell extract
(data not shown). In contrast, calyculin A, an inhibitor of both PP1
and PP2A, blocked GA-induced AKT dephosphorylation completely
in these cells (Fig. 2C).
To further support a functional role for PP1 in GA-stimulated AKT
dephosphorylation, we used tautomycin, a preferential inhibitor of
PP1 (18). Pretreatment of SKBR3 cells with tautomycin completely
abolished GA-induced AKT dephosphorylation (Fig. 2D), supporting
involvement of PP1 in this process in SKBR3 cells. This was additionally verified by using the unique activity profile of OA. OA
inhibits PP2A at low concentrations (IC50 ⬍ 0.1 nM), but it inhibits
both PP2A and PP1 at higher concentrations (IC50 ⫽ 150 nM). We
pretreated SKBR3 cells with increasing OA concentrations for 4 h,
followed by treatment with GA for 1 h. As is shown in Fig. 2E, OA
did not affect AKT dephosphorylation at 10 or 30 nM but blocked
⬃60% of the GA effect at 100 nM and completely blocked it at 500 nM
and 1 M. Importantly, even 5 nM OA significantly inhibited general
phosphatase activity measured in the cell extract (data not shown).
This activity profile supports a role for PP1, but not PP2A, in mediating GA-induced AKT dephosphorylation in these cells. Taken to-
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Fig. 2. GA-induced AKT dephosphorylation is because of the activity of the phosphatase PP1 but not a blockage of AKT activation. A, GA does not prevent HRG-induced AKT
phosphorylation. 1 M GA (Lanes 6 –10), 50 M Ly294002 (Lanes 11–15), or the same volume of DMSO (Lanes 1–5) were added to SKBR3 cells, which had been serum-starved
for 24 h. One h later, cells were either washed with PBS (Lanes 2– 4, 7–9, and 12–14) or left alone (Lanes 5, 10, and 15) and then treated with 1 nM HRG for the indicated times. Cells
were lysed with TNESV buffer containing 10 mM NaF and protease inhibitors. Cell lysates were separated by 4 –20% gradient SDS-PAGE and transferred to nitrocellulose membranes.
Duplicate blots were probed with either rabbit anti-AKT antibody or rabbit antiphospho-AKT antibody. B, GA does not prevent the responsiveness of SKBR3 cells to HRG.
Serum-starved SKBR3 cells were treated with 1 M GA or DMSO for 1 h and then stimulated with serially diluted HRG for 10 min at 37°C. Cell lysates were analyzed as described
above. The density of each band was quantified and plotted as described in Fig. 1. C, the PP1/PP2A inhibitor calyculin A, but not the PP2A inhibitor Microcystin-LR, blocks GA-induced
AKT dephosphorylation. SKBR3 cells were grown to 70% confluence and serum starved for 24 h. Cells were pretreated with 8 nM calyculin A for 4 h or 5 nM Microcystin-LR for
6 h, followed by the treatment of 1 M GA for another hour. Control cells were treated with the same volume of the vehicle DMSO. Cell lysis and Western blotting were as above.
D, the PP1 inhibitor tautomycin blocks GA-induced AKT dephosphorylation. SKBR3 cells, untreated or pretreated with 10 M tautomycin for 6 h, were exposed to 1 M GA for 1 h.
Cells were lysed and analyzed as above. E, GA-induced AKT dephosphorylation is blocked by OA at high concentration. SKBR3 cells were first treated with different concentrations
of OA for 4 h. Cells were then exposed to 1 M GA for an additional hour. Cell lysis and AKT analysis were as above.

gether, these results indicate that GA promotes AKT dephosphorylation in SKBR3 cells by activating the phosphatase PP1.
GA Promotes Dephosphorylation of PP1. PP1 is an abundant
cellular protein that is ubiquitously expressed. However, its activity is
tightly regulated (21). One of the regulatory mechanisms involves
phosphorylation of its catalytic subunit. Phosphorylation in its COOH
terminus inhibits PP1 activity (40). Because GA did not affect the
expression level of the PP1 protein in SKBR3 cells (data not shown),
we wondered whether GA might activate or derepress the phosphatase
by reversing PP1 phosphorylation. To test this possibility, we examined the phosphorylation status of the PP1 in GA-treated or untreated
SKBR3 cells. We immunoprecipitated PP1 protein and detected its
phosphorylation state with different antibodies specific for phosphorylated Tyr, Ser, or Thr. No Tyr phosphorylation of PP1 was found in
either GA-treated or untreated cells (data not shown). Furthermore,
based on antibody reactivity, PP1 was not phosphorylated on Ser or
Thr residues by kinases of the ATM, protein kinase C, or PDK-1
families. Interestingly, PP1 in untreated cells, but not in GA-treated
cells, was recognized by antibodies specific for serine or threonine
residues phosphorylated by AKT and/or PKA (Fig. 3A). However, the
PKA inhibitor H-89 (41) was unable to promote AKT dephosphorylation (data not shown), raising the intriguing possibility that AKT
itself mediates PP1 phosphorylation. This hypothesis is supported by
two pieces of evidence. First, in an in vitro kinase assay purified,
active AKT was able to phosphorylate purified, active PP1 on residue
T320 (Fig. 3B), the residue in which phosphorylation results in PP1
inactivation (26, 27). Second, the two proteins can be shown to
physically interact in SKBR3 cells, and this association remains
unaffected by GA (Fig. 3C).
PP1 Dephosphorylates AKT in Vitro and in Vivo. GA treatment
caused a decline in PP1 phosphorylation (Fig. 3A), suggesting a
derepression of its phosphatase activity. Indeed, this was confirmed

by an in vitro phosphatase assay in which we found, using phosphoAKT as substrate, that endogenous PP1 immunoprecipitated from
GA-treated SKBR3 cells was more enzymatically active than when
immunoprecipitated from untreated cells (Fig. 3E). The PP1-dependent nature of the phosphatase activity in the immunoprecipitates was
confirmed by inclusion of inhibitor-1 protein, a specific PP1 inhibitor
(21). However, GA did not affect PP1 activity directly because
inclusion of GA in the phosphatase assay did not affect AKT dephosphorylation (data not shown). These results indicate that AKT is a
substrate for PP1 and that GA reverses a phosphorylation-dependent
repression of PP1 in SKBR3 cells. The ability of PP1 to dephosphorylate AKT protein was additionally verified in vitro using ectopically
expressed PP1 isolated from COS7 cells (Fig. 3F). Finally, in an in
vitro phosphatase assay, purified PP1 promoted significant dephosphorylation of purified AKT (Fig. 3D). This activity was blocked by
inclusion of 1 M OA (an inhibitory concentration for PP1) but not by
inclusion of 5 nM OA (an inhibitory concentration for PP2A but not
for PP1). Lastly, to demonstrate that nonphosphorylatable PP1 could
mediate AKT dephosphorylation in SKBR3 cells, we ectopically
expressed a constitutively active, nonphosphorylatable PP1 construct
[PP1(T320A)_MycHis; Ref. 28] in SKBR3 cells, and we observed a
marked decrease in AKT phosphorylation in vivo, as observed by
immunofluorescence assay (Fig. 4). Taken together, these data demonstrate that active PP1 can promote AKT dephosphorylation both in
vivo and in vitro.
Specific Inhibition of ErbB2 Promotes AKT Dephosphorylation. In attempting to identify GA-sensitive upstream components
that may promote phosphorylation-dependent PP1 inhibition, we focused our attention on ErbB2. In initial experiments we observed that
GA-induced ErbB2 dephosphorylation was noticeable within 5 min
and was complete within 30 min, thus preceding the inactivation of
AKT (Fig. 5A, top panel). Loss of phospho-ErbB2 occurred before
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Fig. 3. PP1 mediates GA-induced AKT dephosphorylation. A, GA induces dephosphorylation of PP1. SKBR3 cells were either treated with 1 M GA or its vehicle DMSO for 1 h.
PP1 was immunoprecipitated with goat anti-PP1␣ and anti-PP1␥ antibodies. Phosphorylation of PP1 was detected using a panel of antibodies specific for phosphorylated Ser and/or
Thr in different molecular contexts so that potential phosphorylation by Ser-Thr kinases AKT, PKA, protein kinase C, PDK1, ATM/ATR, or mitogen-activated protein kinase/cyclindependent kinase could be evaluated. Loading of PP1 was monitored with mouse anti-PP1 monoclonal antibody. B, AKT phosphorylates the PP1 protein on Thr320 in an in vitro kinase
assay. Activated AKT protein was mixed with purified PP1 protein in kinase buffer, and the reaction was carried out at 30°C for 1 h. The phosphorylation of PP1 protein at Thr320
and the protein levels of PP1 and AKT were detected by Western blotting with specific antibodies. C, the PP1 protein associates with the AKT protein kinase in SKBR3 cells. Lysates
of SKBR3 cells treated with 1 M GA or DMSO for 1 h were precleared with protein G-agarose beads. AKT protein was immunoprecipitated with immobilized mouse anti-AKT
antibody. Immunoprecipitates were dissolved in SDS-sample buffer and separated by SDS-PAGE. The blot was first probed with mouse anti-PP1 antibody and then with rabbit
anti-AKT antibody. D, purified PP1 phosphatase directly dephosphorylates the AKT protein in an in vitro phosphatase assay. Purified PP1 protein (0.1 unit) was mixed with 50 ng
of phosphorylated AKT protein in phosphatase buffer in the presence or absence of 5 or 1000 nM OA and incubated at 30°C for 45 min. Change in AKT phosphorylation level and
the protein levels of AKT and PP1 were detected by Western blotting. The density of each band was determined using NIH Image software, and AKT phosphorylation levels were
normalized to total AKT protein levels (see graph). E, GA treatment of SKBR3 cells increases the activity of PP1 toward AKT. SKBR3 cells were untreated or treated with 1 M GA
for 1 h. Immunoprecipitated PP1 was mixed with phosphorylated AKT protein with (Lane 4) or without (Lanes 2 and 3) 2 M inhibitor-1 protein. Lane 1 contained protein G-agarose
beads without PP1. After incubation, AKT phosphorylation and protein level were determined by Western blotting with specific antibodies. PP1 protein was detected with mouse
anti-PP1 antibody. Protein band density was graphed the same as in D. F, PP1 immunoprecipitated from COS7 cells dephosphorylates AKT protein in vitro. COS7 cells were transfected
with MycHis-tagged wild-type PP1 (Lanes 3 and 4) or empty vector (Lanes 1 and 2). PP1 protein was immunoprecipitated with Myc antibody. In vitro phosphatase assay and data
analysis were as above.

loss of ErbB2 protein (Fig. 5A, bottom panel). If active (e.g., phosphorylated) ErbB2 were necessary to maintain AKT phosphorylation,
then prevention of ErbB2 dephosphorylation should also make phospho-AKT resistant to GA. To test this hypothesis, we pretreated
SKBR3 cells for 4 h with the specific tyrosine phosphatase inhibitor
bpv(phen) and then exposed the cells to GA for an additional hour
(Fig. 5B). Indeed, retarding ErbB2 dephosphorylation with bpv(phen)
imparted GA resistance to phospho-AKT.
Because GA inhibits ErbB2 indirectly, by interfering in its
association with HSP90 (32), it is possible that another HSP90
client protein may be conferring protection on phospho-AKT. To
provide additional evidence that ErbB2 is involved, we used the
specific ErbB inhibitor ZD1839, which was shown to efficiently
inactivate ErbB2 in SKBR3 cells because steady-state ErbB2 activity in these cells is maintained primarily by ErbB1-dependent
transphosphorylation (42, 43). ZD1839 treatment decreased phosphorylation of ErbB2, as well as phosphorylation of AKT and the
endogenous AKT substrate Gsk-3 (Fig. 5C). Moreover, bpv(phen)
blocked ZD1839-induced ErbB2 dephosphorylation and restored
AKT phosphorylation (Fig. 5D). Furthermore, as with GA,
ZD1839 did not prevent HRG-elicited stimulation of AKT at a
concentration that effectively induced AKT dephosphorylation
(Fig. 5E). Lastly, ZD1839-stimulated AKT dephosphorylation was
prevented by OA at a concentration inhibitory for PP1 (Fig. 5F).

Taken together, these data strongly implicate ErbB2 as a key
element in PP1-mediated AKT dephosphorylation.
DISCUSSION
Overexpression of ErbB2 leads to constitutive activation of AKT in
breast cancer cells. The ability of ErbB2/ErbB3 heterodimers to
promote PI3k-dependent AKT phosphorylation has been well documented (11, 12). The data we present in this report identifies a novel
activity of ErbB2 in breast cancer cells, namely to prevent PP1mediated dephosphorylation of AKT, thus prolonging the activated
state of the kinase. In addition, we demonstrate that PP1 associates
with AKT in SKBR3 cells and is able to dephosphorylate the kinase
both in vitro and in vivo.
Both AKT and ErbB2 are HSP90 client proteins and thus both
kinases are destabilized by the HSP90 inhibitor GA (31, 32). Basso et
al. (30) recently reported that, whereas phosphorylated AKT (e.g., the
activated kinase) levels decline in concert with total AKT protein after
GA treatment of breast cancer cells that do not overexpress ErbB2, in
ErbB2-overexpressing breast cancer cells, phosphorylated AKT and
apparent AKT activity decline much more rapidly than does total
AKT protein level in response to GA. In the present study, we have
confirmed that loss of phosphorylated AKT and AKT activity, as
determined by in vitro kinase assay, occurs very rapidly after exposure
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Fig. 4. PP1 dephosphorylates AKT in vivo. SKBR3 cells were transfected with the constitutively active PP1(T320A)_MycHis. Twenty-four h after transfection, total and phosphorylated
AKT (red) were analyzed by fluorescence microscopy. Cells were stained with antibody to c-Myc to identify transfected cells (green), with the nuclear stain 4⬘,6-diamidino-2-phenylindole to
identify all cells (blue). The presence of either AKT or phosphorylated AKT in cells expressing transfected PP1 is depicted by a yellow color in the merged panels.

of ErbB2-overexpressing SKBR3 cells to GA. Inhibition was clearly
noticeable within 15 min of drug addition and complete by 30 min.
Inhibition of AKT activity was indirect because addition of GA in
excess to the in vitro assay had no effect. However, loss of phosphorylated AKT was not a result of preferential degradation by the
proteasome because proteasome inhibition failed to prevent its occurrence.
Importantly, our data reveal that AKT phosphorylation can be
restimulated in GA-pretreated cells, even in the continued presence of
GA, by the ErbB2/ErbB3 ligand HRG, with a similar sensitivity
profile as that of untreated cells. That this reactivation of AKT in the
presence of GA requires PI3k is shown by the fact that it was
completely blocked by the presence of the PI3k inhibitor LY294002.
Because GA did not prevent HRG-stimulated AKT activation, we
evaluated other possible mechanisms by which it might promote rapid
inactivation of AKT. In our screen of various phosphatase inhibitors,
we found that inhibition of PP1, but not PP2A, was able to block
GA-induced AKT dephosphorylation. Thus, calyculin A, an equipotent PP1/PP2A inhibitor, was able to antagonize the effects of GA,
whereas OA at low concentrations (⬍100 nM, PP2A preferring) was
not. In contrast, OA at higher concentrations (⬎100 nM, PP1/PP2A
preferring) and tautomycin (PP1 preferring at the concentration used)
stabilized phosphorylated AKT in the presence of GA. Sato et al. (29)
previously reported that OA (500 nM) enhanced steady-state AKT
phosphorylation in 293 cells and concluded that PP2A was responsible for dephosphorylating AKT in these cells. However, 500 nM OA
inhibits PP1 as well as PP2A, and Sato et al. (29) did not explore the
potency of other phosphatase inhibitors in their study. Although
several other investigators have implicated PP2A in regulating AKT
phosphorylation state in cells of nonepithelial origin (17–19), the
phosphatase or phosphatases involved in modulating AKT phosphorylation in epithelial neoplasms remain(s) in question.
To confirm a role for PP1 in mediating GA-stimulated AKT dephosphorylation in SKBR3 cells, we successfully coprecipitated the
phosphatase with AKT, but we found that GA did not enhance this
association. However, the PP1 coprecipitating with AKT from untreated SKBR3 cells was phosphorylated, whereas in GA-treated cells
it was not. Because phosphorylation of PP1 inactivates the phosphatase, it is likely that in SKBR3 cells, the PP1 associated with AKT is

inactive and that its activity is restored after GA treatment. This
hypothesis was supported by the finding that in an in vitro phosphatase assay using phospho-AKT as substrate, PP1 immunoprecipitated
from GA-treated SKBR3 cells was more active than was the phosphatase immunoprecipitated from untreated cells. In addition, we
demonstrated that wild-type PP1 immunoprecipitated from transiently
transfected COS7 cells is able to dephosphorylate purified phosphoAKT in an in vitro phosphatase assay. We confirmed that the observed
phosphatase activity toward phospho-AKT was due to immunoprecipitated PP1 by demonstrating reversal of the activity by inclusion in
the assay of purified inhibitor-1 protein, a highly specific PP1 inhibitor. Finally, we demonstrated, using a cell-free, in vitro phosphatase
assay, that purified PP1 was able to dephosphorylate purified AKT.
We reasoned that if the endogenous PP1 protein in SKBR3 cells
were inhibited because of its phosphorylation, then constitutively
active (e.g., nonphosphorylatable) PP1 should be able to dephosphorylate AKT in these cells. To test this hypothesis, we cloned the
endogenous PP1 gene from SKBR3, mutated Thr320 to alanine to
create the constitutively active phosphatase (28), and we reintroduced
this construct into SKBR3 cells by transient transfection. Using immunofluorescence to monitor the phosphorylation state of AKT in
transfected SKBR3 cells, we clearly demonstrated the disappearance
of phospho-AKT without effect on total AKT levels in those cells
expressing constitutively active PP1.
Phosphorylated PP1, isolated from SKBR3 cells, was recognized
by antibodies specific for phosphorylated substrates of both AKT and
PKA. However, a PKA inhibitor was unable to promote AKT dephosphorylation (data not shown), raising the intriguing possibility that
AKT itself mediates PP1 phosphorylation in SKBR3 cells. To test
whether AKT can phosphorylate PP1, we used an in vitro kinase assay
to demonstrate that PP1 is indeed a substrate of AKT. Furthermore,
AKT was able to phosphorylate PP1 on the very residue whose
phosphorylation renders PP1 inactive. Because both PP1 and AKT
can be found in association in SKBR3 cells, the factor or factors that
give the advantage to AKT and allow it to inhibit associated PP1
instead of itself being inhibited remain to be identified, but a role for
ErbB2 is suggested (see below).
Basso et al. (30) have shown that the effect of GA on AKT activity,
as opposed to AKT stability, is seen most dramatically in breast
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Fig. 5. Specific inhibition of ErbB2 results in AKT dephosphorylation. A, GA induces dephosphorylation of ErbB2 before that of AKT. SKBR3 cells were treated with 1 M GA
for indicated times. Phosphorylation (Y-1248) and protein levels of ErbB2 in cell lysate were detected by Western blotting with specific antibodies. B, the Tyr phosphatase inhibitor
bpv(phen) inhibits GA-induced AKT dephosphorylation. SKBR3 cells were first treated with 10 M bpv(phen) or the vehicle DMSO for 4 h, followed by an additional 1 h of treatment
with 1 M GA. Cell lysates were separated by SDS-PAGE and transferred to duplicate nitrocellulose membranes. One membrane was probed for the levels of total ErbB2 and AKT
and the other for the levels of the phosphorylated forms of the two kinases. C, the ErbB inhibitor ZD1839 promotes AKT dephosphorylation in SKBR3 cells. SKBR3 cells were treated
with ZD1839 (1 M) for 1 and 4 h, and total and phosphorylated forms of ErbB2, AKT, and the AKT substrate protein Gsk-3 were monitored as above. D, Bpv(phen) inhibits
ZD1839-induced AKT dephosphorylation. SKBR3 cells were pretreated with 10 M bpv(phen) or the same amount of DMSO for 4 h, 0.5 M ZD1839 was added, and the cells were
incubated for an additional 40 min. The phosphorylation states and total protein levels of ErbB2 and AKT were analyzed as above. E, ZD1839 does not block AKT activation by HRG.
SKBR3 cells were serum starved for 24 h, pretreated with 0.5 M ZD1839 for 1 h, and then stimulated with 1 nM HRG for 15 min. Phosphorylation and protein levels of AKT protein
were detected as above. F, ZD1839-induced AKT dephosphorylation is inhibited by OA. SKBR3 cells were first treated with 0.5 M OA for 4 h and then treated with 0.5 M ZD1839
for an additional hour. AKT phosphorylation and protein levels were detected as above.

cancer cells that overexpress ErbB2, suggesting an important role for
ErbB2 in this phenomenon. Indeed, early in the course of these
experiments, we noticed that GA rapidly promoted ErbB2 dephosphorylation (within 5–10 min), even faster than the drug-affected
phospho-AKT. To determine whether ErbB2 inactivation may play a
role in restoring the sensitivity of AKT to PP1, we blocked GAstimulated ErbB2 dephosphorylation with the Tyr phosphatase inhibitor bpv(phen) and found that phospho-AKT was also stabilized.
Although, taken together, these data implicate ErbB2 as a key
element in preventing AKT dephosphorylation, GA inhibits ErbB2
indirectly, and its effects on other HSP90 client proteins might also
contribute to rapid inhibition of AKT activity. Therefore, to additionally support a role for ErbB2, we determined whether the EGF
receptor inhibitor ZD1839 could mimic the effects of GA. In cells that
express high levels of both EGF receptor and ErbB2 such as SKBR3,
activated ErbB2 is maintained by EGF receptor-dependent transphosphorylation, and ZD1839 therefore effectively inactivates ErbB2
(42, 43). In our model, ZD1839 promoted rapid loss of both phosphorylated ErbB2 and phosphorylated AKT and resulted in rapid
inhibition of endogenous AKT activity. Similar results have been
obtained in a second ErbB2 overexpressing breast cancer cell line,
BT-474.5 Furthermore, protection of phospho-ErbB2 species with
bpv(phen) abrogated the ability of ZD1839 to stimulate dephosphorylation of AKT. Although these findings do not prove a role for
ErbB2 in inhibiting PP1 activity in SKBR3 cells, they are consistent
with such a hypothesis.
5

In summary, our data demonstrate that PP1 associates with AKT in
SKBR3 cells but that it is inactive (and phosphorylated). Inhibition of
ErbB2 by either GA or ZD1839 resulted in rapid dephosphorylation of
AKT, which could be mimicked by transfecting cells with a constitutively active, nonphosphorylatable form of PP1. Thus, although the
signaling pathway linking activated ErbB2 to phosphorylation and
inactivation of PP1 remains to be identified, our findings describe a
novel mechanism by which ErbB2 prolongs AKT activity, and they
identify the Ser-Thr phosphatase PP1 as a key regulator of AKT in
these cells.
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