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Forkhead box transcription factor FOXO3a, a key regulator of cell survival, is regulated by reversible phosphorylation and
subcellular localization. Although the kinases regulating FOXO3a activity have been characterized, the role of protein
phosphatases (PP) in the control of FOXO3a subcellular localization and function is unknown. In this study, we detected
a robust interaction between FOXO3a and PP2A. We further demonstrate that 14-3-3, while not impeding the interaction
between PP2A and FOXO3a, restrains its activity toward AKT phosphorylation sites T32/S253. Disruption of PP2A
function revealed that after AKT inhibition, PP2A-mediated dephosphorylation of T32/S253 is required for dissociation
of 14-3-3, nuclear translocation, and transcriptional activation of FOXO3a. Our findings reveal that distinct phosphatases
dephosphorylate conserved AKT motifs within the FOXO family and that PP2A is entwined in a dynamic interplay with
AKT and 14-3-3 to directly regulate FOXO3a subcellular localization and transcriptional activation.

INTRODUCTION

The mammalian forkhead box transcription factors of the O
classification (FOXO) are an evolutionarily conserved sub-
group of the forkhead family of transcription factors that
consist of FOXO1, FOXO3a, FOXO4, and FOXO6 (Anderson
et al., 1998). These factors are regulated by an intricate net-
work of posttranslational modifications that allow them to
orchestrate the transcriptional control of a wide range of
biological processes, such as apoptosis, cell cycle progres-
sion, and resistance to oxidative stress (Dansen and Burger-
ing, 2008).

Perhaps the most well understood mechanism to func-
tionally inhibit FOXO transcriptional activity is through
Ser/Thr phosphorylation governed largely by prosurvival
kinases activated downstream of phosphatidylinositol 3-ki-
nase (PI3K). Phosphorylation of nuclear FOXO3a at three
evolutionarily conserved residues (T32, S253, and S315) by
AKT (Brunet et al., 1999) and serum- and glucocorticoid-

inducible kinase (SGK)-1 (Brunet et al., 2001) promotes its
sequestration in the cytoplasmic compartment (Brunet et al.,
1999, 2001, 2002). In particular, because S253 overlaps with
the nuclear localization signal (NLS), it is thought that phos-
phorylation of this site interferes with nuclear import by
disrupting the integrity of the positively charged NLS. In
addition, binding of 14-3-3 to pS253 and pT32 probably con-
tributes to cytoplasmic sequestration of FOXO3a by masking
the NLS from nuclear import machinery (Brunet et al., 1999,
2002; Obsilova et al., 2005). Casein kinase (CK) 1 mediates the
hierarchical phosphorylation of FOXO3a at S318 and S321,
which like FOXO1 (Rena et al., 2002, 2004), is probably to
enhance its rate of nuclear export. Adding to the complexity of
phosphorylation-dependent regulation of FOXO3a, extracellu-
lar signal-regulated kinase (ERK) (Yang et al., 2008) and I�B
kinase complex (IKK) (Hu et al., 2004) have recently been
shown to converge upon FOXO3a and contribute to its cyto-
plasmic localization and transcriptional inactivation by
directly phosphorylating S294/S344/S425 and S644, re-
spectively. Given the multitude of negative regulatory
Ser/Thr phosphoacceptor sites that FOXO3a possesses, an
open question that surrounds the control of its nuclear
localization and transcriptional activity is the involve-
ment of protein Ser/Thr phosphatases.

Heterotrimeric protein phosphatase 2A (PP2A) accounts
for a significant percentage of all Ser/Thr phosphatase ac-
tivity in most cells and tissues (Virshup, 2000). The PP2A
core enzyme, made up of �65-kDa scaffolding/A and �36-
kDa catalytic/C subunits, is regulated by the binding of one
of many structurally distinct regulatory B subunits. Assem-
bly of these subunits into the core enzyme can give rise to a
large number of PP2A variants differing in substrate speci-
ficity and subcellular localization (Janssens and Goris, 2001).
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Although PP2A has been shown to play a prominent role in
activating proapoptotic molecules such as BAD (Chiang et
al., 2001, 2003), whether it has a physiological role in directly
regulating the nuclear translocation and transcriptional ac-
tivation of FOXO3a has yet to be elucidated.

We found that PP2A interacts with FOXO3a but 14-3-3
proteins restrain its activity toward the AKT phosphory-
lation sites T32 and S253, thus revealing a novel role for
these proteins in the control of FOXO3a phosphorylation.
On inactivation of PI3K/AKT signaling, however, FOXO3a
is rapidly dephosphorylated by PP2A at AKT sites, result-
ing in 14-3-3 dissociation, nuclear translocation, and tran-
scriptional activation. Together, our work provides mech-
anistic evidence that supports a direct role for PP2A in
the rapid nuclear translocation and transcriptional activa-
tion of FOXO3a in response to inhibition of PI3K/AKT
signaling.

MATERIALS AND METHODS

In Vitro FOXO3a Dephosphorylation Assay
HeLa cells transiently transfected with FLAG-FOXO3a in 100-mm dishes
were washed twice with phosphate-buffered saline (PBS) then scraped on ice
in phosphatase lysis buffer A (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM
EDTA, 0.5 mM EGTA, and 0.25% [vol/vol] NP-40) supplemented with Com-
plete (Roche Applied Science, Indianapolis, IN) but no phosphatase inhibi-
tors. Aliquots of clarified lysates from one transfected dish containing equal
amounts of protein were incubated either with or without 25 �M R18 peptide
(BIOMOL Research Laboratories, Plymouth Meeting, PA) for 30 min on ice.
Where indicated, fostriecin (FST; Calbiochem, San Diego, CA) was added to
the appropriate aliquots on ice for 10 min before initiation of dephosphory-
lation. Dephosphorylation was performed by incubating lysates for 30 min at
30°C with intermittent mixing before terminating the reaction by boiling in
4� Laemmli reducing sample buffer. For dephosphorylation of FOXO3a by
PP2A, three aliquots of radioimmunoprecipitation assay (RIPA) buffer (50
mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% [vol/vol] NP-40, 0.5% [wt/vol]
sodium deoxycholate, 0.1% [wt/vol] SDS, and 5 mM EDTA) extracts from one
100-mm dish transfected with FLAG-FOXO3a, equalized for protein concen-
tration and volume, were subjected to immunoprecipitation with anti-FLAG
(M2) affinity gel (Sigma-Aldrich, St. Louis, MO). Two of the anti-FLAG
immunocomplexes containing phospho-FOXO3a were resuspended in phos-
phatase lysis buffer B [20 mM 3-(N-morpholino)propanesulfonic acid, pH 7.5,
150 mM NaCl, and 14.4 mM �-mercaptoethanol] supplemented with Com-
plete (Roche Applied Science) but no phosphatase inhibitors and subjected to
treatment with the indicated units of purified PP2A core enzyme (Millipore,
Billerica, MA) for 30 min at 30°C with intermittent mixing. The remaining
immunocomplex was incubated in phosphatase lysis buffer B alone. Boiling in
4� Laemmli reducing sample buffer terminated reactions. FOXO3a dephos-
phorylation was analyzed by immunoblotting with the appropriate phospho-
FOXO3a antibodies.

In Vivo FOXO Dephosphorylation Assay
To pharmacologically inhibit phosphatases, cells in 60-mm dishes were pre-
treated with either 100 nM okadaic acid (OA; Calbiochem) or 5 �M tautomy-
cetin (TC; Tocris Bioscience, Ellisville, MO) for 2 h at 37°C in complete
DMEM. Cells were maintained in the presence of phosphatase inhibitors
during dephosphorylation. Dephosphorylation of FOXOs was induced by
treatment with 20 �M each of LY294002 (LY; Calbiochem) and AKT-I VIII
(selective for AKT-1 and AKT-2; Calbiochem) in serum-free DMEM at 37°C
for the time points indicated in figure legends. For experiments involving
insulin treatment, cells were cultured for 20 h in serum-free DMEM and then
treated for 30 min with 100 nM insulin (Invitrogen, Carlsbad, CA) before
LY/AKT-I treatment. Where indicated, cells were pretreated with 100 nM
rapamycin (Calbiochem) or 20 �M of the Jun-NH2-terminal kinase (JNK)
inhibitor SP600125 (Calbiochem) for 30 min at 37°C in DMEM supplemented
with 10% fetal bovine serum and l-glutamine. Whole-cell lysates were ob-
tained by lysing cells in either RIPA buffer or NP-40 buffer (50 mM Tris-HCl,
pH 8.0, 150 mM NaCl, 1% [vol/vol] NP-40, and 5 mM EDTA) supplemented
with Complete and Halt phosphatase inhibitor cocktails. Protein concentra-
tions were normalized before boiling in 4� Laemmli reducing sample buffer.
FOXO3a dephosphorylation was analyzed by immunoblotting with the ap-
propriate phospho-FOXO3a antibodies.

RESULTS

OA-sensitive Phosphatases Promote FOXO3a
Dephosphorylation at AKT and CK1 Sites after PI3K
Inhibition
Because FOXO3a is directly phosphorylated by the PI3K-
regulated AGC kinases AKT (Brunet et al., 1999) and SGK-1
(Brunet et al., 2001), we sought to establish the kinetics of
FOXO3a dephosphorylation at the relevant sites after PI3K
inhibition. Therefore, HeLa cells expressing FLAG-FOXO3a
were subjected to an in vivo dephosphorylation assay in the
presence of the PI3K inhibitor LY. As shown in Figure 1A,
dephosphorylation of FOXO3a at T32 and S253 was rapid
and paralleled that of AKT at the activation loop (T308) and
hydrophobic motif (S473) after LY treatment. The dephos-
phorylation of CK1 sites (S318/S321), however, was not as
rapid. Because no phosphospecific antibodies specific for
S315 exist, we were unable to assess the kinetics of S315
dephosphorylation. Similarly, acute stimulation of serum-
starved HeLa cells with insulin followed by LY treatment
led to the rapid dephosphorylation of endogenous FOXO3a
(Figure 1B).

Because PP1 and PP2A are the most abundant phospha-
tases in mammalian cells, we investigated their contribution
to FOXO3a dephosphorylation by acutely treating HeLa
cells expressing FLAG-FOXO3a with either 100 nM of the
PP2A-selective inhibitor OA or 5 �M of the PP1-selective
inhibitor TC. Previous work has shown that these doses of
OA and TC differentiate between the activities of PP2A and
PP1 in a variety of cell lines (Favre et al., 1997; Mitsuhashi et
al., 2003). As shown in Figure 1C, we observed a significant
decrease in the electrophoretic mobility of FOXO3a that was
suggestive of hyperphosphorylation in cells treated with OA
but not with TC. Indeed, although OA treatment attenuated
the LY-induced dephosphorylation of FOXO3a at AKT and
CK1 sites, TC had little influence on this process. The de-
phosphorylation of endogenous FOXO3a was similarly af-
fected by OA (Figure 1D). In summary, these data indicate
that PP2A and/or PP2A-like enzymes promote rapid de-
phosphorylation of FOXO3a after acute inhibition of PI3K.

Identification of PP2A as a FOXO3a Binding Partner
To gain further insight into the phosphatase-dependent reg-
ulation of FOXO3a, we used a nonbiased tandem affinity
purification (TAP) approach to search for Ser/Thr phospha-
tases that copurified with FOXO3a under native conditions.
Cell extracts from HeLa cells engineered to stably express a
FLAG-hemagglutinin (HA)-tagged FOXO3a allele (TAP/
FOXO3a) were sequentially immunopurified with FLAG
and HA affinity matrices in parallel with cell extracts de-
rived from HeLa cells engineered to express an empty TAP
vector (EV). In agreement with a recent study (Rinner et al.,
2007), mass spectrometric analysis of TAP/FOXO3a-associ-
ated proteins with molecular masses of �65 and �36 kDa
revealed peptides from two subunits of PP2A, namely, the
scaffolding/A� and catalytic/C subunits, respectively. A
well-established binding partner of FOXO3a, 14-3-3, was
also identified as a constituent of TAP/FOXO3a complexes,
thus validating our TAP approach (Figure 2, A and B).
Further studies demonstrated an interaction between the
endogenous PP2A core enzyme and endogenous FOXO3a,
thus providing evidence for a physiological function of this
complex (Figure 2C). An interaction between FOXO3a and
the catalytic subunit of other OA-sensitive phosphatases,
however, could not be detected (Figure 2D).

To characterize the interaction between FOXO3a and
PP2A, we coexpressed FOXO3a and the small t antigen (ST)
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of simian virus 40 (SV40) in HeLa cells. PP2A is the major
cellular target of ST and by directly binding to A�, ST
prevents the incorporation of multiple B subunits into the
core enzyme, thus altering the substrate specificity of PP2A
(Pallas et al., 1990; Chen et al., 2004). Consistent with these
findings, we observed that wild-type ST, but not a PP2A
binding-deficient mutant lacking amino acids 111-174 (ST/
m3) (Sontag et al., 1993), dramatically reduced the interac-
tion between FOXO3a and the PP2A core enzyme (Figure
2E). Moreover, ST disrupted the endogenous FOXO3a/
PP2A complex (Figure 2F). In a separate approach to inhibit
PP2A function, we treated cells expressing FLAG-FOXO3a
with OA. Similar to ST, OA efficiently disrupted the inter-
action between FOXO3a and PP2A (Figure 2G). Together,
these findings show that PP2A is the predominant Ser/Thr
phosphatase that interacts with FOXO3a and this interaction
is likely to be mediated by a PP2A heterotrimer.

14-3-3 Proteins Protect AKT Phosphorylation Sites on
FOXO3a from PP2A Activity without Impeding Core
Enzyme Interaction with FOXO3a
Because maintenance of FOXO3a phosphorylation at T32
and S253 is critical for its cytoplasmic localization (Brunet et
al., 1999), we hypothesized that binding of 14-3-3 to these
sites protects them from phosphatase activity. To test this
hypothesis, we used a nonphosphorylated peptide, R18,
which has been shown to displace 14-3-3 from its phosphor-
ylated binding partners (Petosa et al., 1998; Wang et al.,
1999). As predicted, the R18 peptide efficiently displaced
14-3-3 from FOXO3a (data not shown). Lysates containing
phosphorylated FLAG-FOXO3a were then subjected to an in

vitro dephosphorylation assay in a buffer compatible with
phosphatase but not kinase activity. As shown in Figure 3A,
T32 and S253 were completely dephosphorylated when 14-3-3
was displaced by R18, suggesting the presence of an active
phosphatase(s). Dephosphorylation of S318 and S321, sites not
implicated in 14-3-3 binding, was unaffected by R18.

Because our data suggest that PP2A is the predominant
Ser/Thr phosphatase that interacts with FOXO3a, we ad-
dressed its contribution to T32 and S253 dephosphorylation
in cell-free extracts containing ST and FST, a more selective
inhibitor of PP2A than OA (Walsh et al., 1997). In the pres-
ence of R18, FST inhibited dephosphorylation of FOXO3a at
S253 in a dose-dependent manner at concentrations far
lower than the IC50 value for PP1/PP5. Dephosphorylation
of S253 was also dramatically impaired in the presence of ST
(Figure 3B). To demonstrate that PP2A has the capacity to
directly dephosphorylate FOXO3a, we performed an in vitro
phosphatase assay. As shown in Figure 3C, increasing amounts
of purified PP2A effectively dephosphorylated FOXO3a at
S253.

It is thought that 14-3-3 dimers interact with sequences in
FOXO3a containing high- (pT32 and P34) and low (p253)-
affinity binding sites (Yaffe et al., 1997; Brunet et al., 1999;
Obsil et al., 2003). Because P34 is predicted to be a critical
determinant of FOXO3a/14-3-3 complex formation (Yaffe et
al., 1997), we mutated this residue to address whether 14-3-3
binding protects FOXO3a from PP2A activity in vivo. As
shown in Figure 3D, the inability of FOXO3a-P34A to main-
tain a stable interaction with 14-3-3 significantly compro-
mised S253 phosphorylation, even in the presence of serum.
Expression of ST, however, was able to restore S253 phos-

Figure 1. OA-sensitive phosphatases pro-
mote dephosphorylation of FOXO3a at AKT
and CK1 sites in vivo after PI3K inhibition.
(A) HeLa cells transfected with a FLAG-
FOXO3a expression plasmid were grown in
the presence of serum and then either lysed (0
min) or treated with 20 �M LY in the absence
of serum for the indicated time points before
lysis. Whole-cell lysates were immunoblotted
(IB) with the indicated antibodies. (B) Serum-
starved (SS) HeLa cells were either lysed (0
min) or pretreated for 30 min with 100 nM
insulin after which cells were either lysed (0
min) or treated with 20 �M LY in the absence
of insulin for the indicated time points before
lysis. Whole-cell lysates were IB with the in-
dicated antibodies. (C) Cells transfected with
FLAG-FOXO3a were pretreated with 100 nM
OA, 5 �M TC, or dimethyl sulfoxide (DMSO;
Veh) for 2 h in the presence of serum. Cells
were then either lysed (�), treated with 20
�M LY alone, or in combination with OA and
TC as indicated for 30 min in the absence of
serum (�) before lysis. Whole-cell lysates
were IB with the indicated antibodies. (D)
Effect of OA on endogenous FOXO3a dephos-
phorylation was analyzed as described in C.
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phorylation to levels comparable to those observed in wild-
type FOXO3a despite hampered 14-3-3 binding. Similar re-
sults were obtained upon small interfering RNA (siRNA)-
mediated silencing of the predominant PP2A catalytic
subunit isoform C� (Figure 3E).

Because our in vitro and in vivo findings demonstrate a
phosphoprotective role for 14-3-3 toward sites T32 and S253
of FOXO3a, we hypothesized that the increased susceptibil-
ity of these sites to PP2A activity upon disassembly of
FOXO3a/14-3-3 complexes resulted from an enhanced associ-
ation between FOXO3a and PP2A. Contrary to our hypothesis,
R18 was able to efficiently dissociate 14-3-3 from FOXO3a in
lysates without a concomitant increase in the amount of
endogenous core enzyme in immunocomplexes containing
FOXO3a (Figure 3F). This finding was corroborated in intact
cells by demonstrating that dissociation of 14-3-3 from
FOXO3a after PI3K inhibition did not result in an enhanced
association between the PP2A core enzyme and FOXO3a
(Figure 3G). Furthermore, insulin-induced binding of en-
dogenous FOXO3a to 14-3-3 did not promote disassembly of
the endogenous FOXO3a/PP2A complex (Figure 3H). Col-

lectively, our findings strongly suggest that 14-3-3 proteins
protect FOXO3a from PP2A without impeding its binding to
FOXO3a.

PP2A Inhibition Impairs Dephosphorylation of FOXO3a
at AKT and CK1 Sites in Vivo Independently of Sustained
SGK and AKT Activity
Because it is possible that PP2A inhibition could prevent
FOXO3a dephosphorylation in cells by hyperactivating AKT
(Brunet et al., 1999) and SGK-1 (Brunet et al., 2001), we
performed in vivo dephosphorylation assays in the presence
of LY and a pleckstrin homology (PH) domain-dependent
inhibitor of AKT-1 and AKT-2 kinase activity (AKT-I; Bar-
nett et al., 2005; Logie et al., 2007). ST expression in HeLa cells
dramatically impaired FOXO3a dephosphorylation at AKT/
SGK-1 (T32/S253) and CK1 sites (S318/S321) in the absence
of sustained hydrophobic motif phosphorylation of SGK-1
(S422) and in HeLa cells with stable SGK-1 knockdown
(Supplemental Figure S1A). Furthermore, in vitro kinase
assays and phospho-AKT immunoblotting revealed that al-
though ST elevated endogenous AKT activity under steady-

Figure 2. PP2A interacts with FOXO3a in
vivo. (A) Immune complexes isolated from
whole-cell lysates of HeLa cells stably trans-
fected with either an EV or TAP/FOXO3a
expression plasmid were resolved by SDS-
PAGE and silver stained. Gel slices containing
the PP2A subunits found to associate with
FOXO3a are indicated. Markers indicating
molecular mass (MM) are shown to the left of
the gel. (B) Shown are the peptide sequences
of the PP2A subunits identified by mass spec-
trometric analysis. (C) HeLa whole-cell ly-
sates were immunoprecipitated (IP) with ei-
ther a control immunoglobulin (Ig)G or an
anti-FOXO3a IgG. Immunocomplexes were
immunoblotted (IB) with the indicated anti-
bodies. (D) FLAG-FOXO3a was IP from HeLa
whole-cell lysates, and immunocomplexes
were IB with the indicated antibodies. (E)
FLAG-FOXO3a was IP from whole-cell ly-
sates derived from HeLa cells transfected
with the indicated expression plasmids. � in-
dicates cotransfection with an empty vector.
Immunocomplexes were IB with the indi-
cated antibodies. (F) HeLa cells were trans-
fected with either an EV or ST expression
plasmid. Whole-cell lysates were IP with ei-
ther a control IgG or an anti-FOXO3a IgG (F3)
as indicated and immunocomplexes were IB
with the indicated antibodies (top). An ali-
quot of the IP input taken from the initial
whole-cell lysate (WCL) was resolved on a
separate gel and subject to IB with the indi-
cated antibodies (bottom). (G) FLAG-FOXO3a
was IP from whole-cell lysates derived from
HeLa cells treated with either DMSO (�) or
100 nM OA (�) for 2 h in the presence of
serum. Immunocomplexes were IB with the
indicated antibodies. IB for 14-3-3 served as a
positive control for the co-IP.

PP2A Reactivates FOXO3a

Vol. 21, March 15, 2010 1143



state conditions in the presence of serum, this activity was
not sustained after LY/AKT-I treatment (Figure 4B). To
demonstrate that the impairment in FOXO3a dephosphory-
lation by ST relied upon its ability to bind PP2A, we ex-
pressed ST/m3 and observed that this mutant was unable to
either bind to PP2A or prevent FOXO3a dephosphorylation
(Supplemental Figure S1, B and C, respectively). Impor-
tantly, these findings positively correlate with the observed
effects of ST and ST/m3 on the interaction between PP2A
and FOXO3a (Figure 2E) and strongly suggest that recruit-
ment of PP2A to FOXO3a is critical for its ability to dephos-
phorylate FOXO3a. In a separate approach, we inhibited
PP2A function through siRNA-mediated silencing of the
catalytic subunit. Although we could only achieve partial
silencing of the catalytic subunit, probably due to its essen-
tial role in cell viability (Gotz et al., 1998), the efficiency of
ectopic FOXO3a dephosphorylation at T32 and S253 was
markedly reduced compared with cells transfected with

nontargeting siRNA, despite complete dephosphorylation of
AKT (Figure 4C). Similarly, siRNA-mediated silencing of the
catalytic subunit led to a dramatic elevation in endogenous
FOXO3a phosphorylation not only under steady-state con-
ditions in the presence of serum but also after LY/AKT-I
treatment of insulin-stimulated cells (Figure 4, D and E,
respectively).

Although ST caused a dramatic impairment in FOXO3a
dephosphorylation that did not depend upon either AKT or
SGK-1 activity, it is possible that this effect of ST was medi-
ated by the activation of other PI3K-dependent AGC ki-
nases. Therefore, we monitored the phosphorylation status
of FOXO3a at T32 and S253 upon short hairpin RNA
(shRNA)-mediated silencing of either AKT-1 or AKT-2 in
HeLa cells. As shown in Figure 4F, the phosphorylation of
FOXO3a at T32 and S253 was almost abolished by knock-
down of either isoform. We achieved similar results by
treating cells with AKT-I (Figure 4G). Given this result, we

Figure 3. 14-3-3 proteins protect AKT phos-
phorylation sites of FOXO3a from PP2A activity
without impeding its binding to FOXO3a. (A)
Lysates containing FLAG-FOXO3a were pre-
pared in phosphatase lysis buffer A, and ali-
quots were either left on ice or dephosphory-
lated in the presence (�) or absence (�) of 25
�M R18 peptide. Reactions were analyzed by
immunoblotting (IB) with the indicated anti-
bodies. (B) Lysates from HeLa cells transfected
with a FLAG-FOXO3a expression plasmid
alone or in combination with a ST expression
plasmid were prepared as in A. Aliquots were
either left on ice or dephosphorylated in the
presence of 25 �M R18 peptide. Where indi-
cated, FST (1–10 �M) was added on ice for
10 min before initiating dephosphorylation.
Reactions were analyzed by IB with the indi-
cated antibodies. (C) Phosphorylated FLAG-
FOXO3a was immunoprecipitated (IP) and
incubated with the indicated units (U) of
purified PP2A. Immunocomplexes were IB
with the indicated antibodies. (D) FOXO3a was
IP from lysates derived from HeLa cells trans-
fected with FLAG-FOXO3a-WT (WT), FLAG-
FOXO3a-P34A (P34A), or FLAG-FOXO3a-P34A
and ST (P34A/ST) expression plasmids. Im-
munocomplexes were IB with the indicated
antibodies. (E) HeLa cells were cotransfected
with a FLAG-FOXO3a-P34A expression plas-
mid and either nontargeting siRNAs (NT) or
siRNAs targeting the PP2A catalytic subunit
(C�). FOXO3a was IP and immunocomplexes
were IB with the indicated antibodies (top).
Then, 5% of the IP input taken from the initial
whole-cell lysate (WCL) was resolved on a
separate gel and subject to IB with the indi-
cated antibodies (bottom). (F) FLAG-FOXO3a
was IP from HeLa cell lysates in either the
absence (�) or presence (�) of 25 �M R18
peptide. Immunocomplexes were IB with the
indicated antibodies. (G) HeLa cells trans-
fected with a FLAG-FOXO3a expression plas-
mid were grown in the presence of serum and
then either lysed (0 min) or treated with 20
�M LY in the absence of serum for the indi-
cated time points before lysis. FOXO3a was IP
from lysates and immunocomplexes were IB
with the indicated antibodies. (H) HeLa cells

were serum-starved and either lysed (�) or treated for 30 min with 100 nM insulin (�) before lysis. Whole-cell lysates were IP with an
anti-FOXO3a immunoglobulin (Ig)G and immunocomplexes were (IB with the indicated antibodies.
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performed coimmunoprecipitation assays to exclude the
possibility that the impaired dephosphorylation of FOXO3a
by ST was due to an enhanced interaction with AKT iso-
forms. Although a robust interaction occurred between en-
dogenous AKT-1 and its recently identified substrate, S
phase kinase-associated protein 2 (Gao et al., 2009), we were
unable to detect an interaction between FOXO3a and either
endogenous AKT-1 or endogenous AKT-2, even in the pres-
ence of ST (Supplemental Figure S2). Together, these data
indicate that inhibition of PP2A does not prevent FOXO3a
dephosphorylation by activating upstream kinases.

Because our findings suggest that ST disrupts a holoen-
zyme(s) to prevent FOXO3a interaction with PP2A and
hence its dephosphorylation, we asked whether a particular

regulatory subunit accompanied the PP2A core enzyme in
its interaction with FOXO3a. Immunoblotting of FOXO3a
immunocomplexes for regulatory subunits identified B56�
as a prominent FOXO3a binding partner. We were unable,
however, to demonstrate an interaction between FOXO3a
and B55 family members (Supplemental Figure S3A). Be-
cause ST has been shown to destabilize B56�-containing
holoenzymes (Chen et al., 2005), we addressed whether the
impairment in FOXO3a dephosphorylation by ST was due
largely in part to disruption of B56�-containing holoen-
zymes. Compared with ST, knockdown of B56� was less
efficient at disrupting the interaction between the PP2A cat-
alytic subunit and FOXO3a (Supplemental Figure S3B). Fur-
thermore, knockdown of B56� was unable to prevent de-

Figure 4. PP2A inhibition blocks FOXO3a
dephosphorylation at AKT and CK1 sites in
vivo after AKT inhibition. (A) A FLAG-
FOXO3a expression plasmid was cotrans-
fected into HeLa cells with either an EV or ST
expression plasmid. Cells were grown in se-
rum and then either lysed (0 min) or treated
with 20 �M each of LY and AKT-I for the
indicated time points in the absence of serum
before lysis. Whole-cell lysates were immuno-
blotted (IB) with the indicated antibodies. (B)
HeLa cells were transfected with either an EV
or ST expression plasmid and then either
lysed (�) or treated with 20 �M each of LY
and AKT-I in the absence of serum for 30 min
(�) before lysis. AKT was immunoprecipi-
tated (IP) and then subjected to an in vitro
kinase (IVK) assay using a glutathione
transferase (GST)-glycogen synthase kinase
(GSK)3�/�-peptide as the substrate. Reaction
products (top) and whole-cell lysates (WCL;
bottom) were IB with the indicated antibod-
ies. (C) HeLa cells were cotransfected with a
FLAG-FOXO3a expression plasmid and ei-
ther nontargeting siRNAs (NT) or siRNAs tar-
geting the PP2A catalytic subunit (C�) and
treated as described in B. IB for PP4/C served
as a positive control for the specificity of
PP2A/C knockdown. (D) HeLa cells were
transfected with either NT or siRNAs target-
ing the PP2A catalytic subunit (C�). Whole
cell lysates were immunoblotted with the in-
dicated antibodies. (E) HeLa cells were trans-
fected as described in D and then were either
serum starved and lysed (SS) or pretreated for
30 min with 100 nM insulin after which cells
were either lysed (�) or treated with 20 �M
each of LY and AKT-I for 30 min (�) in the
absence of insulin before lysis. Whole-cell ly-
sates were immunoblotted with the indicated
antibodies. (F). HeLa cells stably expressing
shGFP, shAKT-1, or shAKT-2 were trans-
fected with a FLAG-FOXO3a expression plas-
mid. Whole cell lysates were IB with the in-
dicated antibodies. (G) HeLa cells transfected
with a FLAG-FOXO3a expression plasmid
were treated with DMSO (�), 100 nM rapa-
mycin (RAP), or the indicated concentrations
of AKT-I for 30 min in the presence of serum
before lysis. Whole-cell lysates were IB with
the indicated antibodies.
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phosphorylation of FOXO3a at either the AKT or CK1 sites
(Supplemental Figure S3C).

Dephosphorylation of FOXO3a at T32 and S253 by PP2A
Facilitates Dissociation of 14-3-3 Independently of
Mammalian sterile20-like kinase (MST) and JNK
Signaling
Having observed that PP2A and 14-3-3 do not compete for
binding to FOXO3a and that ST impaired FOXO3a/PP2A
complex formation as well as FOXO3a dephosphorylation
after LY/AKT-I treatment, we addressed the direct involve-
ment of PP2A in the dissociation of 14-3-3 from FOXO3a
given its phosphoprotective role toward T32/S253. As
shown in Figure 5A, ST prevented not only the interaction
between ectopic FOXO3a and the endogenous PP2A core
enzyme but also its dissociation from 14-3-3 after LY/AKT-I
treatment. This finding was corroborated in the context of

endogenous proteins (Figure 5B) and strongly suggests that
PP2A promotes the dissociation of 14-3-3 from FOXO3a by
directly dephosphorylating T32/S253. It is possible, how-
ever, that PP2A inhibition could indirectly sustain FOXO3a
phosphorylation by preventing activation of MST-1 and JNK
signaling cascades, which have been shown to converge
upon the FOXO3a/14-3-3 complex to promote 14-3-3 disso-
ciation in response to apoptotic signals (Sunayama et al.,
2005; Lehtinen et al., 2006). Therefore, to address whether
MST/JNK signaling to FOXO3a facilitates its dephosphory-
lation after inhibition of PI3K/AKT, we relieved FOXO3a of
input from MST and JNK signaling by expressing a FOXO3a
mutant resistant to MST-1 phosphorylation, green fluores-
cent protein (GFP)-FOXO3a-S207A (Lehtinen et al., 2006), in
cells treated with a JNK kinase inhibitor. As shown in Figure
5C, both wild-type and mutant GFP-FOXO3a were dephos-
phorylated at T32 and S253 to similar extents after LY/

Figure 5. PP2A-mediated dephosphoryla-
tion of T32 and S253 facilitates the disassem-
bly of FOXO3a/14-3-3 complexes indepen-
dent of MST and JNK signaling. (A) A FLAG-
FOXO3a expression plasmid was
cotransfected into HeLa cells with either an
EV or ST expression plasmid. Cells were
grown in serum and then either lysed (�) or
treated with 20 �M each of LY and AKT-I in
the absence of serum for 30 min (�) before
lysis. FOXO3a was immunoprecipitated (IP)
from whole-cell lysates (WCL) and immuno-
complexes were immunoblotted (IB) with the
indicated antibodies (top). Then, 5% of the IP
input taken from the initial WCL was re-
solved on a separate gel and subject to IB with
the indicated antibodies (bottom). (B) HeLa
cells were transfected with either an EV or ST
expression plasmid and treated as described
in A. Whole-cell lysates were IP with either
control immunoglobulin (Ig)G or an anti-
FOXO3a IgG as indicated and immunocom-
plexes were IB with the indicated antibodies
(top). An aliquot of the IP input taken from
the initial WCL was resolved on a separate gel
and subject to IB with the indicated antibod-
ies (bottom). (C) HeLa cells were transfected
with wild type GFP-FOXO3a (WT), GFP-
FOXO3a-S207A (S207A), or GFP-FOXO3a-
S207A and ST (S207A/ST) expression plas-
mids then pretreated for 30 min with either
DMSO (�) or 20 �M SP600125 (�) as indi-
cated. Cells were then lysed or treated with 20
�M each of LY and AKT-I alone or in the
continued presence of 20 �M SP600125 for 30
min (�) before lysis. Whole-cell lysates were
analyzed by IB with the indicated antibodies.
(D) HeLa cells were transfected with wild type
GFP-FOXO3a (WT), GFP-FOXO3a-WT, and
FLAG-MST-1 (WT/MST-1), or GFP-FOXO3a-
S207A and FLAG-MST-1 (S207A/MST-1) ex-
pression plasmids and then either lysed (�) or
treated with 20 �M each of LY and AKT-I for 30
min in the absence of serum (�) as indicated.
Whole-cell lysates were IB with the indicated
antibodies. The arrows to the left of the indi-
cated blots designate caspase-cleaved MST-1.
(E) HeLa cells were transfected with either an
EV or a FLAG-FOXO3a expression plasmid and
treated as described in A. FOXO3a was IP from
whole-cell lysates and immunocomplexes were

IB with the indicated antibodies (top). Then, 5% of the IP input taken from the initial WCL was resolved on a separate gel and subject to IB with
the indicated antibodies (bottom).
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AKT-I treatment. ST, however, compromised dephosphory-
lation of the S207A mutant.

To further exclude the involvement of MST-1 in the rapid
dissociation of 14-3-3 from FOXO3a after inhibition of PI3K/
AKT signaling, we monitored the phosphorylation status of
S207. In support of a recent study demonstrating that
caspase cleavage of MST-1 is required for its ability to effi-
ciently phosphorylate FOXO3a at S207 (Jang et al., 2007),
overexpression of MST-1 generated a highly active �36-kDa
caspase cleavage product that corresponded to phosphory-
lation of FOXO3a at S207. We were unable, however, to
observe either caspase cleavage of endogenous MST-1 or
phosphorylation of FOXO3a at S207 after brief treatment
with LY/AKT-I (Figure 5D). Further studies demonstrated
that LY/AKT-I-induced dissociation of 14-3-3 from FOXO3a
did not precede but rather coincided with T32 and S253
dephosphorylation (Figure 5E). Together, these findings
clearly show that immediately following inhibition of PI3K/
AKT, MST/JNK signaling cascades are not used to promote
dissociation of 14-3-3 from FOXO3a and its subsequent de-
phosphorylation. Rather, PP2A associated with FOXO3a di-
rectly dephosphorylates T32 and S253 to facilitate release of
14-3-3.

PP2A Differentially Interacts with and Dephosphorylates
FOXO Family Members at Conserved AKT
Phosphorylation Sites
We next sought to determine whether the evolutionarily
conserved AKT phosphorylation sites of other FOXO tran-
scription factors are subject to direct regulation by PP2A. As
predicted, both FOXO3a and FOXO1 interacted with 14-
3-3 under steady-state conditions in the presence of se-
rum. The interaction between FOXO3a and the PP2A core
enzyme, however, was much more prominent compared
with FOXO1 (Figure 6A). Although this observation
strongly suggests that PP2A is not a FOXO1 phosphatase, it
is possible that our inability to detect a robust interaction
between PP2A and FOXO1 resulted from competitive bind-
ing with 14-3-3. Indeed, this scenario has been observed with
other PP2A substrates such as BAD (Chiang et al., 2003). To
test this possibility, HeLa cells expressing FLAG-FOXO1
were treated with LY/AKT-I to induce dissociation from
14-3-3. As shown in Figure 6B, even though FOXO1 was
rapidly dissociated from 14-3-3, a concomitant increase in
PP2A binding was not observed. We further showed that
FOXO1-TM, which is resistant to AKT-mediated phosphor-
ylation and thus unable to bind 14-3-3 (Zhao et al., 2004), did
not display an increased interaction with PP2A compared
with wild-type FOXO1 (Figure 6C). These results clearly
demonstrate that the lack of robust PP2A core enzyme bind-
ing to FOXO1 is not due to a competitive mechanism involv-
ing 14-3-3. Given the significant difference in PP2A binding
to FOXO3a and FOXO1, we predicted that PP2A inhibition
would have little effect on FOXO1 dephosphorylation at
either the conserved AKT (Rena et al., 1999) or CK1 (Rena et
al., 2002; Rena et al., 2004) phosphorylation sites after LY/
AKT-I treatment. Indeed, ST was unable to prevent FOXO1
dephosphorylation at either the AKT (T24, S256, and S319)
or CK1 phosphorylation sites (S322/S325) to the same extent
as observed for FOXO3a (Figure 6D). We also addressed
whether PP2A could interact with FOXO4 and observed a
very weak interaction in HeLa cells (Figure 6E). Further-
more, although the kinetics of FOXO4 dephosphorylation at
its conserved AKT phosphorylation sites (T28 and S193)
(Kops et al., 1999) were not nearly as rapid as those observed
for FOXO3a or FOXO1, ST was without effect (Figure 6F).
These findings suggest that PP2A is not involved in directly

dephosphorylating the conserved AKT phosphorylation
sites of all FOXO family members. More importantly, the
finding that ST significantly compromised the dephosphor-
ylation of AKT sites on FOXO3a, but not the corresponding
sites on either FOXO1 or FOXO4, further demonstrates that
impaired FOXO3a dephosphorylation by PP2A inhibition is
not due to sustained AKT activity.

PP2A Is Required for Efficient Nuclear Import and
Transcriptional Activation of FOXO3a after Inhibition of
PI3K/AKT Signaling
Because ST compromised the dissociation of 14-3-3 from
FOXO3a following inhibition of PI3K/AKT signaling, we
posited that the nuclear translocation and transcriptional
activation of FOXO3a would also be compromised. Indeed,
fluorescence microscopy studies demonstrated that translo-
cation of GFP-FOXO3a from the cytoplasmic to nuclear com-
partment of HeLa cells after LY/AKT-I treatment was com-
promised by ST (Figure 7A). Cellular fractionation studies
also revealed an enhanced accumulation of total and phos-
phorylated endogenous FOXO3a in the cytoplasmic com-
partment of cells expressing ST under steady-state condi-
tions in the presence of serum and after LY/AKT-I treatment
(Figure 7B). To address whether the effects of ST on FOXO3a
nuclear translocation were due largely to impaired T32 and
S253 dephosphorylation, we coexpressed ST and FOXO3a-
TM, a mutant that is resistant to AKT-mediated phosphor-
ylation and 14-3-3 binding, thus allowing for its constitutive
nuclear localization (Brunet et al., 1999). Although ST dis-
rupted the interaction between FOXO3a-TM and PP2A (Fig-
ure 7C), fluorescence microscopy (Figure 7D) and cellular
fractionation (Figure 7E) studies revealed that FOXO3a-TM
was still able to localize to the nuclear compartment, even in
the presence of serum. We also sought to examine the effects
of PP2A inhibition on the nuclear translocation of other
FOXOs. Consistent with a previous study (Zhao et al., 2004),
mutation of all three AKT phosphorylation sites within
FOXO1 to alanine (FOXO1-TM) promoted its nuclear local-
ization in the presence of serum and this was unaffected by
ST (Supplemental Figure S4A). Furthermore, ST was unable
to prevent the nuclear translocation of either wild-type
FOXO1 or FOXO4 in response to LY/AKT-I treatment (Sup-
plemental Figure S4, B and C, respectively), which is con-
sistent with their weak interaction with PP2A and unre-
strained dephosphorylation of AKT phosphorylation sites in
the presence of ST (Figure 6D).

Previous studies have shown that Foxo3a is indispensable
for the transactivation of bcl-2–interacting mediator of cell death
(bim; Essafi et al., 2005) and tumor necrosis factor-related apop-
tosis-inducing ligand (trail) promoters (Ghaffari et al., 2003) in
the BaF3 proB cell line after cytokine withdrawal. Indeed,
shRNA-mediated silencing of Foxo3a in BaF3 cells signifi-
cantly impaired the induction of Bim expression (BimEL and
BimL) by LY/AKT-I treatment compared with shGFP con-
trol cells (Supplemental Figure S5). Given the dependence of
FOXO3a nuclear translocation on PP2A activity, we ad-
dressed the consequence of PP2A inhibition on its transcrip-
tional activity by analyzing bim and trail transcript levels
after LY/AKT-I treatment in BaF3 cells stably expressing ST.
As shown in Figure 7F, real-time reverse transcription-poly-
merase chain reaction (RT-PCR) analysis revealed that the
mRNA levels of both trail and bim were significantly re-
duced in BaF3 cells expressing ST after LY/AKT-I treatment,
compared with vector control BaF3 cells. Given that we were
unable to detect either Foxo1 or Foxo4 expression in BaF3
cells (data not shown) and knockdown of Foxo3a compro-
mised Bim induction by LY/AKT-I treatment, the effect of
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ST on bim and trail transcript levels strongly suggests a
mechanism involving inhibition of PP2A-mediated dephos-
phorylation and activation of endogenous Foxo3a. ST also
significantly inhibited FOXO3a transcriptional activity in
a HeLa reporter cell line harboring a chromosomally inte-
grated luciferase reporter plasmid driven by FOXO response
elements (FRE) of the TRAIL promoter (Figure 7G). Further-
more, siRNA-mediated silencing of the PP2A catalytic sub-

unit in the HeLa reporter cell line significantly inhibited the
transcriptional activity of wild-type FOXO3a but not that of
FOXO3a-TM, which is impervious to AKT-mediated phos-
phorylation (Figure 7H).

Collectively, these findings provide strong evidence that
PP2A promotes the nuclear translocation and transcriptional
activation of FOXO3a in response to PI3K/AKT inhibition
through the dephosphorylation of T32 and S253.

Figure 6. PP2A selectively dephosphorylates the AKT phosphorylation sites of FOXO family members. (A) HeLa cells were transfected with
either an EV or FLAG-FOXO3a and FLAG-FOXO1 expression plasmids. Whole-cell lysates were immunoprecipitated (IP) with anti-
FLAG(M2) and immunocomplexes were immunoblotted (IB) with the indicated antibodies. (B) HeLa cells transfected with a FLAG-FOXO1
expression plasmid were grown in serum and then either lysed (0 min) or treated with 20 �M LY in the absence of serum for the
indicated time points before lysis. FOXO1 was IP from lysates and immunocomplexes were IB with the indicated antibodies. (C) HeLa
cells were transfected with either an EV or FLAG-FOXO3a, FLAG-FOXO1, and FLAG-FOXO1-TM expression plasmids. Whole-cell
lysates were IP with anti-FLAG(M2) and immunocomplexes were IB with the indicated antibodies. (D) Effect of ST on the dephos-
phorylation of FOXO1 was compared with FOXO3a. Cells were grown in serum and then either lysed (�) or treated with 20 �M each
of LY and AKT-I in the absence of serum for 30 min (�) before lysis. Where indicated, membranes were cut to IB pFOXO3a at S253 and
pFOXO1 at S256 with separate phosphospecific antibodies. The same phospho-specific antibody was used to detect pFOXO3a at T32
and pFOXO1 at T24. Similarly, the same phosphospecific antibody was used to detect pFOXO3a at S318/S321 and pFOXO1 at
S322/S325. (E) Co-IP of PP2A with FLAG-FOXO4 was performed as described in A. (F) Effect of ST on the dephosphorylation of FOXO4
was compared with FOXO3a as described in D.
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Figure 7. PP2A is required for efficient
nuclear translocation and transcriptional
activation of FOXO3a following PI3K/
AKT inhibition. (A) GFP-FOXO3a expres-
sion plasmid was cotransfected into HeLa
cells with either an EV or ST expression
plasmid. Cells grown in serum were either
fixed (�) or treated with 20 �M each of LY
and AKT-I for 30 min in the absence of
serum (�) before fixation. GFP-FOXO3a
and 4,6-diamidino-2-phenylindole (DAPI)-
stained nuclei were visualized by fluores-
cence microscopy. (B) HeLa cells were trans-
fected with either an EV or ST expression
plasmid. Cells grown in serum were either
fractionated (�) or treated with 20 �M each
of LY and AKT-I for 30 min in the absence of
serum (�) before fractionation. Cytoplasmic
(CE) and nuclear (NE) extracts were immu-
noblotted (IB) with the anti-I�B� and -Sp1
antibodies to evaluate extract purity. (C)
FOXO3a was immunoprecipitated (IP) from
whole-cell lysates derived from HeLa cells
transfected with wild-type FLAG-FOXO3a
(WT), FLAG-FOXO3a-TM (TM), or FLAG-
FOXO3a-TM and ST (TM/ST) expression
plasmids. Immunocomplexes were IB with
the indicated antibodies. (D) A GFP-FOXO3a-
TM expression plasmid was cotransfected
into HeLa cells with either an EV or ST
expression plasmid. GFP-FOXO3a-TM and

DAPI-stained nuclei were visualized by fluorescence microscopy. (E) Analysis of FLAG-FOXO3a-TM subcellular localization by fractionation. (F)
BaF3/pMIG (EV) and BaF3/pMIG/ST (ST) cells were grown in the presence of interleukin (IL)-3 and either lysed (�) or treated with 20 �M each
of LY and AKT-I for 7h in the absence of IL-3 (�) before lysis. Quantitative real-time RT-PCR was used to calculate the mean fold induction in bim
(left) and trail (right) transcripts after LY/AKT-I treatment relative to untreated BaF3/pMIG cells, which is shown by gray columns. Results shown
are a representative of three independent experiments performed in duplicate (black and white columns) each time. Error bars represent the SD
from a representative experiment. (G) HeLa cells with a chromosomally integrated luciferase reporter plasmid containing six-tandem FRE from the
human TRAIL promoter were transfected with the indicated expression plasmids (6X-FRE/TRAIL-Luc). The increase in firefly luciferase activity
is shown as the mean fold induction over the activity in cells transfected with EV alone. In each experiment, triplicate dishes for each transfection
group were analyzed. The result presented in this figure is a representative of two independent experiments. Each column represents the mean of
the triplicate values, and the error bars represent the SD of the mean for this particular experiment (top). Cell extracts from the presented reporter
experiment were analyzed by immunoblotting with the indicated antibodies (bottom). (H) The HeLa reporter cell line was transfected with an
empty vector (EV), wild-type FLAG-FOXO3a (WT), or FLAG-FOXO3a-TM (TM) expression plasmids together with either nontargeting siRNAs
(NT) or siRNAs targeting the PP2A catalytic subunit (C�) as indicated. Results were analyzed as described in G.
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DISCUSSION

Stringent regulation of FOXO subcellular localization is crit-
ical for the appropriate transcriptional control of cell cycle
progression, DNA damage repair, and apoptosis (Dansen
and Burgering, 2008). This is underscored by the identifica-
tion of multiple prosurvival kinases such as AKT, SGK-1,
ERK, and IKK that converge upon FOXO3a in a coordinated
manner to promote its inactivation, in part, through nuclear
exclusion (Brunet et al., 1999, 2001; Hu et al., 2004; Yang et al.,
2008). Although FOXO3a can be targeted for proteosomal
degradation by deregulation of these kinases (Hu et al., 2004;
Yang et al., 2008), it is quite stable in untransformed cells and
thus likely to undergo continuous shuttling between nuclear
and cytoplasmic compartments due to the dynamic equilib-
rium between kinases and antagonistic phosphatase(s). The
identity and mechanism of action of the phosphatase(s) that
participate in the regulation of this equilibrium, however,
have remained elusive. In this study, we identified PP2A as
a FOXO3a binding partner (Figure 2) and suspected that this
interaction represented a link to understanding the phos-
phatase-dependent control of FOXO3a subcellular localiza-
tion and transcriptional activity. Indeed, we found FOXO3a
dephosphorylation, nuclear localization, and transcriptional
activation to be critically dependent upon its interaction
with PP2A.

Because PP2A is a phosphatase for numerous kinases
(Millward et al., 1999), it is imperative that in designating a
candidate phosphoprotein as a novel PP2A substrate, one
considers the upstream kinases that converge upon the pu-
tative PP2A substrate, their relative contribution to the phos-
phorylation of site(s) in question, and the effects of PP2A on
the activity of these upstream kinases. Previous studies that
identified FOXO3a as substrate of AKT and SGK-1 either
relied upon overexpression of dominant-interfering forms of
these kinases (Brunet et al., 1999, 2001) or genetic disruption
of the complex of mTOR, mLST8, and rictor (Sarbassov et al.,
2005), which may have generated spurious results due to the
simultaneous inactivation of endogenous forms of both ki-
nases as well as other AGC kinases. In thus study, however,
we revealed that both AKT-1 and AKT-2 are necessary for
FOXO3a phosphorylation at T32 and S253. Based upon the
ability of AKT to be negatively regulated by PP2A (Trotman
et al., 2006; Padmanabhan et al., 2009), we inhibited AKT
activity directly in the context of PP2A inhibition and

showed a dramatic impairment in FOXO3a dephosphoryla-
tion, unequivocally demonstrating a direct role for PP2A
activity in the dephosphorylation of FOXO3a (Figure 4).

Although FOXO1, FOXO3a, and FOXO4 are negatively
regulated through a conserved mechanism involving the
phosphorylation of three consensus AKT sites (Burgering
and Kops, 2002), it is uncertain whether a conserved phos-
phatase-dependent mechanism exists to antagonize AKT at
these sites. Our study addressed this question and provides
evidence suggesting that PP2A, although playing a signifi-
cant role in the direct and rapid dephosphorylation of
FOXO3a at AKT sites, is not the prominent phosphatase for
the corresponding sites on either FOXO1 or FOXO4 (Figure
6). The slower kinetics of FOXO4 dephosphorylation at T28
and S193 after AKT inhibition suggests that phosphatase-
dependent control of these sites is unique, perhaps involv-
ing a mechanism dependent upon Ras-Ral-mediated phos-
phorylation of C-terminal residues T447 and T451 (De Ruiter
et al., 2001). Because we observed a weak interaction be-
tween FOXO4 and PP2A, however, it is unclear whether
PP2A is incorporated into this putative mechanism. Further-
more, although the inability of either wild-type FOXO1 or
FOXO1-TM to form a robust interaction with PP2A suggests
that FOXO1 subcellular localization is not a critical determi-
nant for PP2A binding, the apparent selectivity of PP2A
toward FOXO3a remains uncertain and raises multiple ques-
tions for future studies. For example, is the ability of FOXO1
and FOXO4 to interact with PP2A dictated by specific sub-
strate-targeting regulatory B subunits that are expressed in a
cell-type specific manner? Alternatively, do FOXO1 and
FOXO4 lack certain structural motifs present in FOXO3a that
allow for binding and direct regulation by PP2A? Although
we found AKT site dephosphorylation and nuclear translo-
cation of FOXO1 and FOXO4 to occur in a PP2A-indepen-
dent manner, we cannot exclude the possibility that PP2A
indirectly regulates their function in the nuclear compart-
ment by modulating the activity of upstream kinases that
directly phosphorylate other functionally relevant sites.

PP2A regulatory subunits impart substrate selectivity and
subcellular targeting to the phosphatase. For example, it has
been reported that PP2A holoenzymes containing B56�,
B56�, and B56� are localized to the cytoplasmic compart-
ment (McCright et al., 1996). Although we found B56� to
interact with FOXO3a, this interaction did not seem to be

Figure 8. Model for PP2A as a positive effec-
tor of FOXO3a function. In the presence of
growth factors and cytokines that promote
maximal AKT activation (phosphorylation at
T308 and S473), FOXO3a bound to PP2A in the
nucleus is phosphorylated at T32, S253, and
S315. Phosphorylation of FOXO3a at T32 and
S253 creates phosphorylation-dependent dock-
ing sites for 14-3-3 proteins, which facilitate the
nuclear export and cytoplasmic sequestration of
FOXO3a. After inhibition of PI3K/AKT signal-
ing, phosphorylation of FOXO3a is no longer
favored, and the equilibrium is switched such
that PP2A bound to FOXO3a is poised to rap-
idly dephosphorylate FOXO3a at T32 and S253
to facilitate its dissociation from 14-3-3, nuclear
translocation, and transcriptional activation.
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essential for FOXO3a dephosphorylation at either the AKT
or CK1 sites. Perhaps the effectiveness of OA and ST in
preventing FOXO3a dephosphorylation is a reflection of
holoenzymes with functional redundancy interacting with
FOXO3a. Indeed, ST can disrupt the assembly and substrate
targeting of multiple holoenzymes (Pallas et al., 1990; Chen
et al., 2004) and was more efficient than B56� knockdown in
displacing PP2A from FOXO3a. Similarly, a recent study
showed that OA-induced phosphorylation of the PP2A cat-
alytic subunit at Y307 likely disrupts the integrity of holoen-
zymes containing B56�, B56�, and B56� (Longin et al., 2007).
In light of this, further studies are needed to address the
contribution of other B56 family members in the recruitment
of PP2A to FOXO3a.

Based upon our findings, we propose a model for PP2A-
mediated dephosphorylation of FOXO3a (Figure 8) in which
there exists a constant cycling between AKT-dependent
phosphorylation/14-3-3 binding and PP2A-dependent de-
phosphorylation/14-3-3 dissociation. Despite a robust inter-
action between FOXO3a and PP2A when AKT is active, the
phosphorylation of T32/S253 is highly favored due to the
protective effect of 14-3-3 binding. When PI3K/AKT signal-
ing is attenuated, however, the equilibrium is rapidly shifted
and PP2A is poised to dephosphorylate FOXO3a at T32/
S253 in the cytoplasm, which results in destabilized 14-3-
binding, nuclear translocation, and transcriptional activa-
tion. Although a role for PP2A in the control of FOXO3a
phosphorylation at ERK (Yang et al., 2008) and IKK (Hu et
al., 2004) sites was not addressed, PP2A inhibition failed to
interfere with either the nuclear localization or transcrip-
tional activity of FOXO3a-TM, indicating that the predomi-
nant mechanism by which PP2A activates FOXO3a function
is through AKT site dephosphorylation (Figure 7). Further-
more, although we did not determine whether the CK1 sites
on FOXO3a are a direct target of PP2A, the observed de-
phosphorylation of these sites probably contributes to
FOXO3a nuclear localization by shifting the equilibrium
away from enhanced nuclear export, as has been reported
previously (Rena et al., 2002, 2004). Our observation that
FOXO3a underwent dephosphorylation and nuclear trans-
location in the absence of its phosphorylation at S207 by
MST-1 supports the contention that PP2A-mediated dephos-
phorylation of T32/S253 is the driving force for rapid dis-
sociation of 14-3-3 and nuclear translocation of FOXO3a
after PI3K/AKT inhibition. Indeed, we observed that 14-3-3
and PP2A do not compete for binding to FOXO3a and the
kinetics of T32/S253 dephosphorylation paralleled those of
FOXO3a/14-3-3 complex disassembly. Furthermore, a re-
cent report demonstrated that caspase cleavage of MST-1 is
required for acquisition of catalytic activity toward FOXO3a
and this is prevented by direct phosphorylation of MST-1 by
AKT (Jang et al., 2007). Only after prolonged periods of
dephosphorylation at the AKT site, however, does MST-1
become susceptible to caspase cleavage and competent to
phosphorylate FOXO3a at S207, which prohibits 14-3-3 bind-
ing to facilitate nuclear retention.

The present report establishes a functional interaction be-
tween PP2A and FOXO3a that is critical for the dephospho-
rylation-dependent nuclear accumulation and transcrip-
tional activation of FOXO3a in response to inhibition of AKT
signaling. Furthermore, as FOXO3a is gaining prominence
as a tumor suppressor, our findings may provide evidence
for disassembly of the FOXO3a/PP2A complex as an impor-
tant event in SV40 ST-mediated cellular transformation.
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