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Akt is an important oncoprotein, and data suggest a critical
role for nuclear Akt in cancer development.We have previously
described a rapid (3–5 min) and P2X7-dependent depletion of
nuclear phosphorylated Akt (pAkt) and effects on downstream
targets, and here we studied mechanisms behind the pAkt
depletion. We show that cholesterol-lowering drugs, statins, or
extracellularATP, induced a complex and coordinated response
in insulin-stimulated A549 cells leading to depletion of nuclear
pAkt. It involved protein/lipid phosphatases PTEN, pleckstrin
homology domain leucine-rich repeat phosphatase (PHLPP1
and -2), protein phosphatase 2A (PP2A), and calcineurin. We
employed immunocytology, immunoprecipitation, andproxim-
ity ligation assay techniques and show that PHLPP and cal-
cineurin translocated to thenucleus and formed complexeswith
Akt within 3 min. Also PTEN translocated to the nucleus and
then co-localized with pAkt close to the nuclear membrane. An
inhibitor of the scaffolding immunophilin FK506-binding pro-
tein 51 (FKBP51) and calcineurin, FK506, prevented depletion
of nuclear pAkt. Furthermore, okadaic acid, an inhibitor of
PP2A, prevented the nuclear pAkt depletion. Chemical inhibi-
tion and siRNA indicated that PHLPP, PP2A, and PTEN were
required for a robust depletion of nuclear pAkt, and in prostate
cancer cells lacking PTEN, transfection of PTEN restored the
statin-induced pAkt depletion. The activation of protein and
lipid phosphatases was paralleled by a rapid proliferating cell
nuclear antigen (PCNA) translocation to the nucleus, a PCNA-
p21cip1 complex formation, and cyclin D1 degradation.We con-
clude that these effects reflect a signaling pathway for rapid
depletion of pAkt that may stop the cell cycle.

The serine/threonine kinase Akt is a central regulator of
apoptosis and cell growth and is activated by insulin, growth
factors, and cellular stress. Many studies indicate a key role
for Akt in carcinogenesis and as a target for therapeutic
agents (1–4). 3-Hydroxy-3-methyl-glutaryl-CoA reductase
inhibitors, statins, have anticancer properties (5), and we have
shown that statins decrease levels of phosphorylated Akt

(pAkt)3 in lung and pancreatic cancer cells (6–9). A conspicu-
ous finding was that dephosphorylation of nuclear Akt was
induced withinminutes and that this effect was associated with
inhibited cell proliferation. Extracellular ATP also induced
nuclear pAkt depletion, and several lines of evidence indicated
that the rapid pAkt depletion was mediated by the purinergic
receptor P2X7 (7, 8).
A family of protein phosphatases, pleckstrin homology do-

main leucine-rich repeat protein phosphatase (PHLPP), was
identified as a phosphatase forAkt (10). Two isoforms, PHLPP1
and PHLPP2, have been shown to dephosphorylate distinct Akt
isoforms, at one (Ser473) of two phosphorylation sites required
for activation (11). This dephosphorylation is regulated by the
immunophilin FKBP51 (FK506-binding protein 51), which acts
as scaffolding protein for Akt and PHLPP (12). Other phospha-
tases shown to dephosphorylate Akt are calcineurin (13) and
PP2A (14). Earlier studies show that calcineurin also interacts
with FKBP51 (15).
Yet another regulator of nuclear Akt is the lipid phosphatase

PTEN (phosphatase and tensin homolog deleted on chromo-
some ten). PTEN targets phosphatidylinositol (3,4,5)-trisphos-
phate, a product of the phosphatidylinositol 3-kinase. The
PTEN regulation is complex, involving phosphorylations, ubiq-
uitinations, and protein complex formation (16). Although
questioned (17), recent data indicate that monoubiquitination
of PTENby the E3 ubiquitin ligaseNEDD4-1mediates its nuclear
localization. This effect was correlated with tumor suppression
and inhibition of nuclear pAkt (18). p21cip1 is one of several
nuclear targets forAkt (19, 20), andAktmay counteract p21cip1 by
inducing phosphorylations at Thr145 and Ser146 (21). These phos-
phorylations can translocate p21cip1 to the cytoplasm (19) or pre-
vent its binding to PCNA (20) and stop the cell cycle (22, 23).
In the present study, we have investigated the mechanism

underlying the rapid depletion of nuclear pAkt. We report that
ATP or pharmacologically relevant concentrations of statins
activate PHLPP1 and 2, calcineurin, PP2A, and PTEN within
minutes. We also show that activation of these phosphatases is
associated with nuclear translocation of PCNA and its binding
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to p21cip1 and suggest that these signaling events regulate the
cell cycle.

EXPERIMENTAL PROCEDURES

Cell Culture—Non-small cell lung cancer cells, A549, were
purchased from ATCC. Cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM), with 10% inactivated calf
serum, penicillin/streptomycin, 1mM sodiumpyruvate. Serum-
starved cells were cultured with medium supplemented with
0.1% serum for 24 h. The androgen-sensitive human prostate
adenocarcinoma LNCaP cells were purchased from ATCC.
Cells were grown in RPMI 1640 supplemented with 10% inac-
tivated calf serum, 1mM sodium pyruvate, 10mMHEPES, 2mM

L-glutamine, and penicillin/streptomycin.

Reagents—Atorvastatin was pro-
vided by Pfizer (New York, NY).
BzATP, insulin, cycloheximide,
FK-506 monohydrate, adenosine
5�-triphosphatase (porcine cerebral
cortex), adenosine 5�-triphosphate
disodium salt, benzyloxycarbonyl-
Leu-Leu-Leu-al (MG132), and KN-
62 were purchased from Sigma-Al-
drich. BAPTA-AM was provided
by Molecular Probes (Invitrogen).
Okadaic acid sodium salt and lepto-
mycin B were provided by Calbio-
chem. The final concentration of
DMSO added to the cells was
�0.4%. No effect of DMSO was
observed.
Western Blotting—Western blot-

ting was performed as described
previously (6). In brief, the samples
were subjected to SDS-PAGE and
thereafter blotted onto a PVDF
membrane (Bio-Rad). Some sam-
ples were subfractionated. The
protein bands were probed using
antibodies against Akt-1, Akt phos-
phorylated at residue Ser473 or
Thr308, �-tubulin, PTEN, NEDD4-
1, and Cdk2 from Santa Cruz Bio-
technology, Inc. (Santa Cruz, CA);
�-calcineurin and �-calcineurin
from Sigma-Aldrich; PTEN from
Cell Signaling (Beverly, MA); and
PHLPP1 and PHLPP2 from Bethyl
Laboratories Inc. (Montgomery,
TX). Cyclin D1 was purchased
from Calbiochem. Proteins were
visualized with the ECL proce-
dure (Amersham Biosciences). The
Western blotting results were ana-
lyzedwithNIH Image 1.62 software.
siRNA Transfection—Cells were

transfected with PHLPP, PTEN, or
NEDD4-1 small interfering RNA

(siRNA) (Cell Signaling Technology, Beverly, MA) for 72 h
according to the TranIT-TKO protocol from themanufacturer
(Mirus, Madison, WI) (Lipofectin). Control siRNA was pur-
chased from Santa Cruz Biotechnology, Inc.
Transfection with PTEN-HA-tagged Vector—Cells were

transfected with pSG5L or pSG5L-HA-PTEN (Addgene) for
24 h according to the Lipofectamine 2000 protocol (Mirus).
Immunocytochemical Staining—Cells were fixed in 3.7%

formaldehyde. After fixation, the cells were stained with anti-
bodies anti-PTEN (Cell Signaling, Beverly, MA), pAkt Thr308,
PCNA, ubiquitin (Santa Cruz Biotechnology, Inc.), �-cal-
cineurin, �-calcineurin (Sigma-Aldrich), and PHLPP1 (Bethyl
Laboratories, Inc.). After incubation with primary antibodies at
4 °C overnight, secondary antibody conjugated with FITC or

FIGURE 1. Atorvastatin and BzATP induce nuclear localization of PHLPP and binding to Akt. In A–D, A549
cells were treated with insulin (1 �M for 15 min) and thereafter with atorvastatin (1 �M for 1–5 min) as indicated.
In E, cells were transfected with siRNA against PHLPP (50 nM) for 72 h and thereafter treated with insulin (1
�g/ml for 15 min) and atorvastatin (1 �M for 5 min). In F, cells were treated with KN-62 (100 nM for 10 min) and
thereafter with BzATP or ATP (100 �M for 1–5 min) as indicated. In A and F, cells were stained for PHLPP1, and in
E, they were stained for pAkt Thr308. In B, samples were then analyzed by Western blotting, employing antibodies for
PHLPP1 and PHLPP2. Cdk2 was used as a loading control. In C, protein-protein interactions between Akt and PHLPP1
were studied employing PLA. Purple dots indicate proximity between cellular bound antibodies. The purple dots
were counted using MATLAB, and the distribution of PHLPP1/AKT PLA signals between the nucleus and the cyto-
plasm is shown in insulin-treated (n � 50) or insulin plus atorvastatin-treated cells (n � 50) (each square represents
a single cell). In D, lysates were immunoprecipitated (IP) using an Akt1 antibody and analyzed employing antibodies
for PHLPP1 or PHLPP2. Total lysates were analyzed for Cdk2 (loading control).
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Texas Red were applied (Dako, Glostrup, Denmark). No stain-
ing was detected when the primary antibodies were omitted.
The staining intensity was analyzed with NIH Image 1.62
software.
Proximity Ligation Assay—The proximity ligation assay

(PLA) was performed according to themanufacturer’s protocol
using the Duolink detection kit with PLA PLUS and MINUS
probes for mouse and rabbit (Olink Bioscience, Uppsala,
Sweden).
Immunoprecipitation—Immunoprecipitation was per-

formed by using FKBP51 (BD Biosciences), PTEN, (total Akt),
Akt-1, p21cip1, PCNA, and pAkt Ser473 antibody (Santa Cruz
Biotechnology, Inc.), �-calcineurin (Sigma-Aldrich), PHLPP1
and PHLPP2 from Bethyl Laboratories, Inc., and protein A/G
PLUS-agarose (Santa Cruz Biotechnology, Inc.). Cells were
washed with PBS and lysed in IPB-7. The cell lysates were incu-

bated for 1 h with antibodies and
then with protein A/G PLUS-agar-
ose for 24 h at 4 °C.
Statistical Analysis—Statistical

analysis was conducted using Stu-
dent’s t test. The data were pre-
sented as mean � S.D. Experiments
were performed at least three times
with different batches of cells.
Results were considered to be statis-
tically significant at p � 0.05.

RESULTS

ATP and Atorvastatin Rapidly
Recruit PHLPP via P2X7—We have
previously shown that insulin-in-
duced nuclear pAkt levels were
decreased within 1 min after the
addition of ATP or atorvastatin,
whereas the total Akt levels were
not affected (8). This effect was
associated with altered phosphory-
lations of downstream targets of
pAkt, including GSK-3� and cyclin
D1 (7). Here we investigated the
mechanism behind this effect.
PHLPP has been shown to dephos-
phorylate pAkt (10), and studies of
colon and pancreatic cancers indi-
cate a tumor suppressor function of
this protein (24). Both PHLPP iso-
forms (PHLPP1 and -2) are present
in the cytosolic, nuclear, and mem-
brane fractions of the cell (11). As
shown in Fig. 1A, atorvastatin
induced a nuclear localization of
PHLPP1 within 3 min of statin
treatment in insulin-stimulated
cells. A similar effect was found for
PHLPP2 (data not shown). The
total protein levels of PHLPP1 or
PHLPP2 were not affected (Fig. 1B).

To study the binding of PHLPP to Akt, described previously
(11), PLA was performed to image protein-protein interaction
between Akt and PHLPP. PLA analysis showed a binding
between Akt and PHLPP1, as seen by the appearance of purple
stained dots in Fig. 1C. This event was coordinated with the
dephosphorylation. At 5 min, the binding between PHLPP1
and Akt returned to background levels. The visualization of
individual protein complexes as distinct fluorescent spots
allows computer-assisted image analysis. As shown in the PLA
diagram (Fig. 1C, each square in the diagram represents a single
cell), the dots representing PHLPP1/Akt-binding proteins
tended to be localized in the cytoplasm (Fig. 1C). Atorvastatin
treatment alone inducedPHLPP1-Akt interaction althoughnot
to the same extent as in insulin-stimulated cells (Fig. 1C). To
further investigate interactions between the proteins, cell
lysates were immunoprecipitated for PHLPP1 or PHLPP2 with

FIGURE 1—continued
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anti-Akt1 antibody.Western blot analyses of the samples show
increased binding between PHLPP2 and Akt1 at 3 and 4 min
after statin treatment (Fig. 1D) and no binding between
PHLPP1 and Akt1. This was expected because PHLPP2
dephosphorylates Akt1 and Akt3, and PHLPP1 dephosphory-
lates Akt2 and Akt3 (11).
The role of PHLPP for depletion of pAkt was also investi-

gated by using siRNA for PHLPP. Silencing PHLPP1 and -2
inhibited the statin-induced depletion of nuclear pAkt (Fig. 1E),
suggesting that PHLPP was needed for dephosphorylation of
insulin-induced nuclear pAkt. Also shown in Fig. 1E is that
silencing PHLPP resulted in phosphorylation of Akt at Ser473,
detected byWestern blotting. Furthermore, pAkt Thr308 accu-
mulated in the nucleus.
We have previously shown that statins regulate nuclear pAkt

via the P2X7 purinergic receptor in epithelial cells (8). As
shown in Fig. 1F, a 1-min incubation with the P2X7 agonist
BzATP induced nuclear localization of PHLPP1. A similar

effect was induced by the natural
agonist for P2X receptors ATP (Fig.
1F). The results in Fig. 1F also show
that ATP-induced nuclear localiza-
tion of PHLPP1was inhibited by the
P2X7 receptor antagonist, KN-62.
These data indicate that this statin-
and ATP-induced nuclear localiza-
tion of PHLPP1 was mediated by
P2X7.
Inhibition of FKBP51, Calcineu-

rin, and PP2A and Effects of
BAPTA-AM—FKBP51 acts as a
scaffolding protein for PHLPP and
Akt (12). The binding between these
proteins was studied here in immu-
noprecipitation experiments. Fig.
2A shows an increased binding
between FKBP51 and pAkt when
cells were stimulated with insulin.
This binding was decreased at 5min
after the addition of statin. Next, we
tested an inhibitor of FKBP51,
FK506. We found that preincuba-
tion with FK506 completely pre-
vented the effect of atorvastatin on
nuclear pAktThr308 (Fig. 2B). These
data indicate that FKBP51 is critical
for the regulation of nuclear Akt in
A549 cells.
FKBP51 has also been shown to

be regulated by calcineurin (15).
Calcineurin is activated by Ca2�,
and we have shown previously that
atorvastatin induces increasedCa2�

levels in epithelial cells (8). Studies
on myocardial myocytes also indi-
cate that calcineurin can dephos-
phorylate Akt (25, 26). Thus, we
investigated effects of statins and

purins on calcineurin. We found that incubation of A549 cells
with atorvastatin (1 �M) for 1–3min increased nuclear levels of
�- and�-calcineurin (Fig. 2C). Thiswas inducedwithout affect-
ing total amounts of the proteins as indicated byWestern blot-
ting (Fig. 2C). Also shown in Fig. 2C is that atorvastatin-induced
nuclear localization of calcineurin was inhibited by FK506.
NFAT is a downstream target of calcineurin, and we found that
NFATwas translocated to the nucleus by statin treatment, con-
firming that calcineurin was activated (data not shown). These
experiments were also repeated with ATP or BzATP. Both
purins mimicked the effects of statins (not shown). Immuno-
precipitation experiments (Fig. 2D) showed that after a 3-min
incubation with atorvastatin, an increased binding of Akt and
PHLPP was detected in lysates immunoprecipitated with a
�-calcineurin antibody. There was also an increased binding
between�-calcineurin and pAkt Ser473 (Fig. 2D). The use of the
pAkt Ser473 or pAkt Thr308 antibodies in this experiment con-
firms the observations from our previous reports that both

FIGURE 2. FK506 inhibits statin-induced depletion of pAkt and nuclear localization of calcineurin. In A–C,
cells were treated with FK 506 (20 �M) prior to the addition of insulin (1 �g/ml for 15 min) and thereafter with
atorvastatin (1 �M for 3 min) or ATP. In B, cells were stained for pAkt Thr308, and in C, they were stained for � or
�-calcineurin. In A, cells were immunoprecipitated (IP) using FKBP51 antibody and analyzed employing pAkt
Ser473. In C, Western blotting, employing antibodies for �-calcineurin and �-calcineurin, was also used, and
Cdk2 was the loading control. In D, cells were immunoprecipitated by using a �-calcineurin antibody. PHLPP2
and pAkt Ser473 antibodies were used for detection. Total lysates were analyzed for Cdk2. In E, cells were
pretreated with BAPTA (2 �M for 15 min) followed by insulin (1 �g/ml for 15 min) and thereafter with atorvas-
tatin (1 �M for 5 min). Cells were stained for pAkt Tyr308. In F, cells were pretreated with okadaic acid (100 nM) for
4 h followed by insulin (1 �g/ml for 15 min) and thereafter with atorvastatin (1 �M for 3 min). Cells were stained
for pAkt Tyr308.
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phosphospecific Akt antibodies gave the same results. The
immunoprecipitation experiments shown in Fig. 2D support
the results shown in Fig. 2, B and C.
BAPTA-AM was used to block a previously shown (8)

increase of intracellular Ca2� levels. As shown in Fig. 2E, the
atorvastatin-induced depletion of nuclear pAkt was completely
abolished by BAPTA-AM. This supports a role of Ca2� in this
process. We also found that BAPTA-AM inhibited the statin-
induced nuclear localization of PHLPP (data not shown).
PP2A is a phosphatase that has been shown to dephos-

phorylate Akt at both Ser473 and Thr308 and that is regulated by
Ca2� (27). It is inhibited by okadaic acid, and we found that
okadaic acid prevented the statin-induced depletion of nuclear
pAkt (Fig. 2F), indicating a role for PP2A in the depletion of
nuclear pAkt.
P2X7 Receptor Activation Induces Relocations of PTEN and

pAkt Binding—The lipid phosphatase PTEN is a major regula-
tor of Akt phosphorylation. We found that in insulin-stimu-
lated A549 cells, atorvastatin affected PTEN localizationwithin
a few minutes. As shown in Fig. 3A, atorvastatin decreased the
cytoplasmic PTEN staining, but vesicle-like cytoplasmic com-
partments remained at 3 min. The nuclear PTEN staining
increased (Fig. 3A). The earliest effects were seen at 1 min and
peaked at 3min. 4 or 5min after the addition of atorvastatin, the
PTEN staining was located close to the nuclear membrane,

leaving the center of the nucleus
unstained. It thus seemed that ator-
vastatin triggered a rapid transloca-
tion of PTEN to the nucleus, fol-
lowed by an accumulation in a
perinuclear compartment. The pat-
tern of nucleocytoplasmic shuttling
of PTEN is consistent with previous
reports (4, 28). BzATP and ATP
induced similar effects (data not
shown). In other experiments, we
also replaced ATP by UTP. ATP
activates both P2Y and P2X recep-
tors, whereas UTP activates P2Y
receptors only (29). We found that
UTP did not have any effect on
PTEN (data not shown).
In fractionation experiments and

employing Western blots, we found
that statin increased nuclear PTEN
levels at 1 min (Fig. 3B). PTEN was
thereafter decreased without a con-
comitant increase of PTEN in the
cytoplasmic fraction. Fig. 3B also
shows the densitometric analysis of
three different experiments, con-
firming results shown in Fig. 3A.
The purity of the cytoplasmic
extract was confirmed by analyzing
�-tubulin.

Double immunofluorescence stain-
ing of pAkt and PTEN was per-
formed to compare the localizations

of these two antigens (Fig. 3C). In line with our earlier data (8),
we observed that insulin-stimulated nuclear pAkt levels (green
staining) significantly decreased after the addition of atorvasta-
tin. Nuclear PTEN levels (red staining) were first increased by
atorvastatin (as already shown in Fig. 3A) and then decreased.
Fig. 3C also shows that the increased nuclear PTEN staining
co-located with the pAkt staining at 1min. At 3min, the center
of the nucleus was unstained, but a rim close to the nuclear
membrane indicated co-localization (yellow) as well as separate
PTEN staining. These and other data from additional time
points are summarized in the diagram in Fig. 3C. Taken
together, these data indicate a rapid translocation of PTENwith
nuclear levels peaking even earlier than, for example, PHLPP
and calcineurin. A causative association between PTENand the
previously described down-regulation of pAkt was indicated.
To study an involvement of PTEN in the depletion of nuclear

pAktmore in detail, PLAwas performed.As seen by the appear-
ance of purple-stained dots in Fig. 4A, atorvastatin induced a
rapid interaction between pAkt Thr308 and PTEN. Most dots
were centered on the nuclearmembrane. As comparedwith the
PLA picture produced by PHLPP/Akt antibodies (Fig. 1C),
more dotswere seen in the nucleus at 2min. Replacing the pAkt
Thr308 with an antibody against pAkt Ser473 did not markedly
change the staining pattern (data not shown). This confirms the
results shown in Fig. 3 and indicates that PTEN forms a com-

FIGURE 2—continued
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plex with pAkt a few min after the
addition of atorvastatin and that
the complex is localized close to the
nuclear membrane within 3 min.
This nuclearmembrane localization
is decreased at 4 min, and the bind-
ing is reversed to background levels
at 5 min. Atorvastatin alone also
gave rise to pAkt-PTEN interac-
tions, seen after 5min (Fig. 4A), sug-
gesting that insulin stimulation
speeded up the PTEN and pAkt
encounter. Fig. 4B shows the high-
est level of binding at 3 min after
atorvastatin treatment. Fig. 4C
shows the distribution (at 3 min) of
spots in the cytoplasmic or the
nuclear area. It can be seen that the
distribution varied between single
cells but that the nuclear localiza-
tion was more predominant than in
the experiment with PHLPP and
Akt (Fig. 1C).
The binding between proteins

was further studied in immunopre-
cipitation experiments (Fig. 4D).
After a 3-min incubation with ator-
vastatin, an increased binding of
Akt was detected in cell lysates
immunoprecipitated with a PTEN
antibody. After 5 min, the binding
was reduced to basal levels (Fig. 4D).
These results corroborate the find-
ings described in the legend to Fig.
4, A–C. Fig. 4D also shows an
increased binding between cal-
cineurin and PTEN induced by
insulin and statin.
PTEN Ubiquitination—Recent

data show that monoubiquitination
can mediate nuclear localization of
PTEN (4, 18, 30), and a binding
between PTEN and NEDD4 has
been confirmed (30). As shown in
Fig. 4E, accumulation of ubiquitin in
the nucleus was induced at 3 min by
atorvastatin in insulin-pretreated
cells. After 5 min, nuclear levels of
ubiquitin were reversed (Fig. 4E).
Atorvastatin alone had a more long
lasting effect. This pattern was con-
firmed by Western blotting (Fig.
4F), showing increased levels of
monoubiquitinated PTEN. These
findings indicate that P2X7 affects
monoubiquitination of PTEN.
Western blotting for pAkt also
showed increased levels of ubiquiti-

FIGURE 3. Statin induces rapid nuclear PTEN localization. In A–C, cells were treated with insulin (1 �g/ml
for 15 min) and thereafter with atorvastatin (1 �M for 1–5 min) as indicated. In A, cells were stained with a
PTEN antibody. In B, samples were analyzed by Western blotting, employing antibodies for PTEN and
�-tubulin. The diagram shows means (columns) � S.D. (bars) from three independent experiments. *,
significantly different from control, p � 0.05. In C, cells were stained for PTEN (red) and pAkt Thr308 (green),
and the cells from one experiment are shown separately or merged. Note the yellow nuclear corona in
merged pictures at 3 min. The diagram shows results from 50 cells expressed as the relative nuclear
staining intensity (mean � S.D. from 20 nuclei). *, significantly different from control; #, significantly
different from insulin, p � 0.05.
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nated protein (data not shown). The role of NEDD4-1 in statin-
induced pAkt depletion was also studied by employing siRNA
for NEDD4-1. The results in Fig. 4G show that statin-induced
depletion of nuclear pAkt was inhibited by silencing NEDD4-1,
whereas control siRNA did not affect pAkt localization. Fig.
4G also shows that the siRNA treatment down-regulated
NEDD4-1 protein levels. Our data are in line with a monou-
biquination by NEDD4-1 regulating the nuclear localization of
PTEN, although indirect effects (17) cannot be excluded.
The involvement of nuclear export and proteasomal degra-

dation of Akt was also studied.When nuclear export was inhib-
ited by leptomycin B, statin-induced nuclear depletion of pAkt
was inhibited (Fig. 4H). This was also the case when proteaso-
mal degradation was inhibited by MG132 (Fig. 4I). These data
indicate that nuclear export and degradation was involved in
the rapid nuclear depletion of pAkt. A coupling between
dephosphorylation and protein degradation of Akt has been
reported previously in response to oxidative stress (31).
PTEN Is Required for Depletion of Nuclear pAkt—The role of

PTEN for inhibition of pAkt was further investigated by using
siRNA for PTEN.As shown in Fig. 5A, siRNA lowered the levels
of PTEN and inhibited the statin-induced depletion of pAkt
(Fig. 5A). The densitometric analysis of the nuclear intensity of
pAkt staining shows that siRNA treatment prevented the effect
of atorvastatin on pAkt (Fig. 5A). We also tested statins on
LNCaP cells, a PTEN-negative prostatic cancer cell line. In
LNCaP cells, statin did not induce any effect on insulin-induced
pAkt (Fig. 5B). However, when LNCaP cells were transfected
for PTEN, atorvastatin decreased pAkt levels (Fig. 5B). These
data indicate that PTEN is necessary for the statin-induced
down-regulation of nuclear pAkt levels in the cell.
We tested the effect of a P2X7 antagonist, KN-62, on the

pAkt-PTEN protein interaction. The results in Fig. 6 show that
the protein-protein interaction, as displayed by PLA, was partly
inhibited by KN-62. This indicates that this statin-induced
interaction is mediated by P2X7 signaling.
P2X7-mediated Effects on pAkt Are Associated with Rapid

Nuclear Translocation of PCNA—The effect of phosphatidyl-
inositol 3-kinase inhibitor LY294002 was examined.We used a
high concentration of LY294002 (25 �M) in insulin-pretreated
A549 cells. We did not observe an effect on pAkt levels as rapid
as that seen with atorvastatin. The pAkt levels were unaffected
5min after the addition of LY294002 butwere decreased at later
time points (data not shown). This supports an involvement of
active phosphatases in the P2X7-mediated response and sug-
gests that rapidity is important.
We have earlier shown that statins induce cell cycle block in

cancer cell lines (6), and next we studied PCNA and p21cip1
because they are nuclear targets ofAkt andmay regulate the cell
cycle (20). A cytoplasmic location of PCNA has been observed
in starved cells (32), and a translocation of PCNA to the nucleus
involves binding of PCNA to PP2A (33). As shown in Fig. 7, A
andB, BzATP and statin induced rapid nuclear translocation of
PCNA in insulin-stimulated cells. Within 3–5 min, a decrease

FIGURE 4. Statin-induced increased PTEN-pAkt binding correlates to
PTEN ubiquitination. In A–F, cells were treated with insulin (1 �g/ml for 15
min) and thereafter with atorvastatin (1 �M for 1–5 min) as indicated. A shows
cells subjected to PLA analysis. Purple dots indicate proximity between cellu-
lar bound antibodies for PTEN and pAkt Thr308. In several photographs, many
dots are seen in or on the nuclear membrane. In B, columns summarize the
total number of PTEN/pAkt Thr308 PLA signals in 50 cells 3 min after the addi-
tion of atorvastatin (using MATLAB), and in C, the distribution of pAkt/PTEN
PLA signals between the nucleus and the cytoplasm in 50 cells is shown (each
square represents a single cell). In D, lysates were immunoprecipitated (IP)
with PTEN or �-calcineurin antibodies and analyzed for Akt or PTEN. Total
lysates were analyzed for Cdk2. Error bars, S.D. from three independent exper-
iments; *, significantly different from control, p � 0.05. In E, cells were stained
for ubiquitin. In F, a Western blot analysis employing PTEN antibody is shown.
In G, cells were transfected with siRNA against NEDD4-1 (50 nM) for 72 h and
thereafter treated with insulin (1 �g/ml for 15 min) and atorvastatin (1 �M for
5 min). Cells were stained for pAkt Thr308. The diagram shows the results
expressed as the relative nuclear staining intensity (mean � S.D. from 50
nuclei). *, significantly different from control; #, significantly different from
insulin; **, significantly different from insulin and atorvastatin, p � 0.05. The
Western blot in G shows a decreased level of NEDD4-1 in NEDD4-1
siRNA-transfected cells. In H, cells were pretreated with leptomycin B (10
ng/ml for 5 min) followed by insulin (1 �g/ml for 15 min) and thereafter with
atorvastatin (1 �M for 5 min). Cells were stained for pAkt Tyr308. In I, cells were

pretreated with MG132 (10 �mol/liter for 4 h) followed by insulin (1 �g/ml for
15 min) and thereafter with atorvastatin (1 �M for 5 min). Cells were stained
for pAkt Tyr308.
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in cytoplasmic staining and a
marked increase in nuclear staining
for PCNA were seen. The PCNA
translocation was blocked by oka-
daic acid (not shown). In immuno-
precipitation experiments (Fig. 7C),
it was found that atorvastatin in-
creased the level of p21cip1 detected
in cell lysates immunoprecipitated
with a PCNA antibody. An in-
creased binding was also detected
when cell lysates were immunopre-
cipitated with p21cip1. In staining
experiments, we also found that
p21cip1 localized to the nucleus after
ATP stimulation (data not shown).
PCNA nuclear translocation and
formation of PCNA-p21cip1 com-
plexes has been shown to result in
cycle arrest (22, 23). In linewith pre-
vious reports (7), we also found that
statin (30min) decreased the level of
cyclin D1 by 29% (data not shown).
These data are in line with a previ-
ously shown rapid degradation of
cyclin D1 (34, 35).

DISCUSSION

In this study, we provide evidence
that five phosphatases (PTEN,
PHLPP1, PHLPP2, calcineurin, and
PP2A) were activated in a concerted
action that depleted nuclear pAkt
within 5 min. We show that this
effect was associated with nuclear
localization of PCNA, increased
binding between PCNA and p21cip1,
and decreasing cyclin D1 levels.
This suggests a coupling of the
nuclear pAkt depletion with cell
cycle stop. We also provide evi-
dence that this rapid response to
external stimuli was mediated by
the purinergic receptor P2X7.
Our data strongly implicate

PHLPP in P2X7-mediated effects.
PHLPP has been shown to inacti-
vate Akt by dephosphorylating
Ser473 (11) but not in the narrow
time frame we showed here. By
employing immunoprecipitation
and PLA, we show that statins or
ATP increased binding between
PHLPP2 and Akt1 in a proper time
frame. In insulin-stimulated cells,
the PLA signal peaked at 3 min and
was terminated within 5 min. We
also show that knockdown ofFIGURE 4 —continued
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PHLPP inhibited the depletion of
nuclear pAkt induced by statin.
Furthermore, the knockdown of
PHLPP alone resulted in pAkt accu-
mulation in the nucleus, suggesting
that PHLPP is involved in keeping
the steady state level of pAkt low in
the nucleus. The involvement of
PP2Awas indicated by okadaic acid,
which prevented pAkt depletion.
Perhaps more surprising was the

finding that PTEN seemed neces-
sary for the pAkt depletion. PTEN is
a lipid phosphatase, catalyzing the
dephosphorylation of phosphatidyl-
inositol (3,4,5)-trisphosphate (36),
so it can be anticipated that the
PTEN translocation protected de-
phosphorylated Akt from de novo
phosphorylation. However, PTEN
may also have phosphatase-inde-
pendent activity (e.g. as a scaffolding
protein (37)). PTENhas been shown
to bind at least 93 proteins (30).
Relatively little has been pub-

lished on the dephosphorylation or
degradation of Akt, and in a recent
comprehensive review (38) we find
no data specifying the dephosphor-
ylation or degradation of nuclear
Akt.Our data indicate that four pro-
tein phosphatases and one lipid
phosphatase collaborated with pro-
teasomal degradation in the P2X7-
mediated response. How was this
complex response coordinated? As

indicated by our BAPTA-AM experiments, increased intracel-
lular Ca2� concentrations can explain several events. We have
shown previously that statin and ATP increase intracellular
Ca2� levels (8), and literature data show that Ca2� can activate
PP2A and calcineurin (27). Ca2� can also activate NEDD4
ubiquitin ligases (39), so this may explain the nuclear accu-
mulation of PTEN. Whether Ca2� can activate FKBP51 is
not known, but FKBP51 may act as scaffolding protein for
PHLPP and Akt and promote dephosphorylation of pAkt
Ser473 (12). FKBP51 can also bind calcineurin (15), so it
seems likely that FKBP51 coordinated the activation of these
two phosphatases. Interestingly, a FK506-like dipeptide
(Leu-Ile) protects from a rapid (10 min) Akt ubiquitination
and dephosphorylation. This effect was ascribed to an
increased binding of Akt to Hsp90 (40), but it is conceivable
that the peptide also affected the FKBP51 scaffolding activ-
ity. Taken together, our data suggest that P2X7 mediates a
complex and rapid response that involves several phospha-
tases activated by Ca2� and FKBP51. It can be assumed that
specificity for pAkt was obtained via scaffolding properties
of FKBP51 (12) and perhaps also of PTEN (37).

FIGURE 5. PTEN is required for inhibition of statin-induced depletion of pAkt. In A, A549 cells were trans-
fected with siRNA against PTEN (50 nM) for 72 h and thereafter treated with insulin (15 min) and atorvastatin as
indicated. Cells were stained for pAkt Thr308. The diagram shows the results expressed as the relative nuclear
staining intensity (mean � S.D. (error bars) from 50 nuclei). *, significantly different from control; #, significantly
different from insulin; **, significantly different from insulin and atorvastatin. p � 0.05. In B, PTEN-deficient
LNCaP cells were transfected with PTEN-HA-tagged vector (24 h) and thereafter treated with insulin (1 �g/ml
for 15 min) and atorvastatin (1 �M for 60 min). Samples were analyzed by Western blotting, employing anti-
bodies for PTEN and pAkt Ser473. Total lysates were analyzed for Cdk2.

FIGURE 6. KN-62 treatment decreases PTEN-pAkt binding induced by
atorvastatin. Cells were treated with KN-62 (100 nM for 10 min) and thereaf-
ter with insulin (1 �g/ml for 15 min) and atorvastatin (1 �M for 3 min). Photo-
graphs show cells subjected to PLA analysis. Purple dots indicate proximity
between cellular bound antibodies for PTEN and pAkt Thr308. Diagrams show
the distribution of PLA signals between the nucleus and the cytoplasm in
individual cells (each square represents a single cell). 50 cells from each treat-
ment category were included in the analysis.

pAkt Depletion by Protein and Lipid Phosphatases

27908 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 36 • SEPTEMBER 3, 2010



Further studies are needed to fully understand the effects
triggered by statins or ATP. It seems clear, however, that the
action of several phosphatases is essential for a robust depletion
of nuclear pAkt. Thus, knocking down either PTEN or PHLPP
or inhibiting either FKBP51 or PP2A blocked the response.
Although PHLPPdephosphorylates only one of the two activat-
ing phosphorylation sites, PP2A may dephosphorylate both
(Ser473 and Thr308) (14), so the involvement of additional phos-
phatases may seem superfluous. However, it has been demon-
strated that for robust activation of Akt in cardiomyocytes,
inhibition of two phosphatases, PP2A and calcineurin, was
needed (13). The simultaneous activation of several phospha-
tases suggests that rapidity is essential, as most clearly shown
here in insulin-stimulated cells.
Several targets for nuclear pAkt have been discussed in the

literature. Previously, we have shown that statins induce a cell
cycle block in G1 (9) and that statins decrease GSK-3� phos-
phorylation and rapidly degrade cyclin D1 (7). Here we show
that the depletion of pAkt was associated with a nuclear trans-
location of PCNA and binding to p21cip1. Both of these proteins
bind cyclin D1 (35, 41), and drug-induced cyclin D1 degrada-
tion mechanisms are not fully understood (34), so additional
studies seem warranted. Both GSK-3�-dependent and -inde-
pendent mechanisms for cyclin D1 degradation have been
described (35), and our model might be particular useful for
clarifying their mutual relationship. It is clear, however, that a
rapid down-regulation of cyclin D1 leads to G1 arrest (34, 35).
Further studiesmay, for example, show if this effect can explain

an ATP-dependent prevention of
metastatic spread seen inmammary
cancer (42).
Atorvastatin was used here in a

concentration (1 �M) relevant for
lowering cholesterol levels and for
preventing cardiovascular disease.
However, statinsmay also have anti-
cancer effects, and several epidemi-
ological studies indicate that statins
prevent aggressive prostate cancer
(5). The mechanisms are unknown,
but we showed that atorvastatin
depleted nuclear pAkt also in pros-
tate cancer cells, and previous stud-
ies indicate a critical role for nuclear
Akt in the development of aggres-
sive prostate cancer. Thus, the cata-
lytic subunit of phosphoinositide
3-kinase � p110� regulates nuclear
Akt (43) and is needed for prostate
cancer development in a PTEN-de-
ficient background in transgenic
mouse models (44). Furthermore,
clinical data indicate that the ex-
pression of p110� increases with
aggressiveness and castration resist-
ance in human prostate cancer (45).
Taken together, these data suggest a
role for nuclear Akt in aggressive

prostate cancer, and our data raise the hypothesis that statins
prevent prostate cancer via nuclear pAkt depletion.
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