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PP2A Regulates the Pro-apoptotic Activity of FOXO1*
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FOXO1, a member of the evolutionarily conserved forkhead
family of transcription factors, regulates expression of a number
of genes that play critical roles in cell cycle and apoptosis. A
pivotal regulatory mechanism of FOXO is reversible phospho-
rylation, catalyzed by kinases and phosphatases. Phosphoryla-
tion of FOXOL1 is associated with 14-3-3 binding and cytosolic
localization, whereas dephosphorylated FOXO1 translocates to
the nucleus and is transcriptionally active. Experiments were
performed to identify the serine/threonine phosphatase that
dephosphorylates FOXO1. PP2A inhibitors, okadaic acid and
fostriecin, increased FOXO1 phosphorylation in vitro and in
cells. Microcystin-agarose pull-downs suggested that a phos-
phatase binds to FOXO1, and PP2A catalytic subunit was iden-
tified in endogenous FOXO1 immunocomplexes, indicating
that PP2A is a FOXO1 phosphatase. Purified PP2A interacted
directly with FOXO1 and dephosphorylated FOXO1 in vitro.
Silencing of PP2A protected FOXO1 from dephosphorylation
and delayed FOXO1 nuclear translocation, confirming the
physiologic role of PP2A in the regulation of FOXO1 function.
Furthermore, inhibition of PP2A phosphatases rescued
FOXO1-mediated cell death by regulating the level of the pro-
apoptotic protein BIM. We conclude that PP2A is a physiologic
phosphatase of FOXO1.

FOXO (Forkhead box, class O) proteins, an evolutionarily
conserved subgroup of the winged helix or forkhead transcrip-
tion factors family, regulate a wide variety of cellular responses,
including cell cycle arrest, cell death, and protection from stress
stimuli (1). In humans, four members are identified: FOXO1
(FKHR), FOXO3a (FKHRL1), and FOXO4 (AFX), and FOXO6;
the first three were found at chromosomal translocations in
tumors, suggesting roles in oncogenesis (2). Activation of
FOXO proteins leads to G; cell cycle arrest, apoptosis, and glu-
coneogenesis, through up-regulation of cyclin-dependent
kinase inhibitor p27*'™!, apoptotic-related proteins such as
FAS ligand, tumor necrosis factor (TNF)-related apoptosis-in-
ducing ligand (TRAIL), BIM, insulin-like growth factor-bind-
ing protein-1 (IGFBP-1), and phosphoenolpyruvate carboxyki-
nase (PEPCK), respectively (3—11). The main regulator of FOXO
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function is the phosphoinositide 3-kinase (PI3K)? effector AKT/
PKB (4, 12). FOXO transcription factors are also targets of several
other kinases including serum and glucocorticoid-regulated
kinase, casein kinase 1, and dual-specificity tyrosine-phosphoryla-
ted regulated kinase 1a (DYRK1a) (1, 13, 14).

In response to survival factors such as IL3 and insulin-like
growth factor, AKT/PKB and the related kinase, Serum and
glucocorticoid-regulated kinase (SGK), phosphorylate FOXO1
directly at Thr®*, Ser®*®, and Ser®!?, inactivating FOXO1 by
promoting nuclear export and inhibiting transcriptional func-
tion (15-17). Thr** is located in a consensus 14-3-3-binding
motif, and phosphorylation of Thr** is required for 14-3-3
binding. Phosphorylation of Ser®*® inhibits FOXO1 transacti-
vation and is essential for its interaction with SCF ubiquitin
ligase complex and subsequent degradation (18, 19). Ser®"’
phosphorylation generates a consensus site for casein kinase 1
phosphorylation at Ser®** and Ser®*®. The cluster of phospho-
rylation sites at Ser®'?, Ser®*?, and Ser®*” is relevant to the apo-
ptotic function of FOXO1 (14).

Physiologic importance of FOXO proteins is demonstrated
in gene deletions studies. Knock-out of FOXOI results in
embryonic lethality due to incomplete vascular development
(20). Recent publications of simultaneous Cre-mediated dis-
ruption of FOXO1, FOX03, and FOXO4 revealed the collective
tumor suppressor role of these genes and their essential func-
tion in the maintenance of hematopoietic stem cells (21-24).
FOXO proteins accomplish these functions as active transcrip-
tion factors in the dephosphorylated state.

Reversible phosphorylation of proteins, catalyzed by
kinases and phosphatases, regulates many organismal and
cellular processes including embryonic development, cell
proliferation, and cell death (25, 26). Mammalian serine/
threonine phosphatase families consist of the most abundant
protein phosphatases PP1 and PP2A, Ca®>*-dependent PP2B
(calcineurin), Mg**-dependent PP2C, other PP2A-like
phosphatases PP4 (PPX) and PP6 (27, 28), as well as PP5, and
PP7. PP2A holoenzyme is a heterotrimer consisting of a cat-
alytic subunit C, a structural scaffolding subunit A, and a
highly variable B regulatory subunit, giving rise to many dif-
ferent PP2A holoenzymes (29).

Because the phosphorylation state of FOXO1 plays a critical
role in its physiological function, we sought to determine
whether phosphatase(s) are involved in the activation of
FOXOL. In this study, we used phosphatase inhibitors, coim-

2 The abbreviations used are: PI3K, phosphatidylinositol 3-kinase; IL, interleu-
kin; siRNA, small interfering RNA; CalA, calyculin A; FST, fostriecin; OA, oka-
daic acid; STS, staurosporine; IP, immunoprecipitation; GFP, green fluores-
cent protein; GST, glutathione S-transferase.
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munoprecipitations, knockdowns, as well as functional studies
to investigate the role of serine-threonine phosphatases in
FOXO1-mediated apoptosis.

EXPERIMENTAL PROCEDURES

Reagents—Serine/threonine phosphatase inhibitors micro-
cystin-LR, okadaic acid, fostriecin, and calyculin A, PI 3-kinase
inhibitor wortmannin, AKT inhibitor SH5 and His-AKT1 were
purchased from EMD Biosciences. The following antibodies
were used: phospho-AKT, AKT, phospho-Thr**-FOXO1 and
phospho-Ser***-FOXOL1 (Cell signaling Technology); FOXO1
(H128 and N18), PP1 (E9), phospho-ERK (E4), 14-3-3 (K19 and
H8) (Santa Cruz Biotechnology); PP2A catalytic subunit, BIM
(BD Biosciences); PP2A A subunit (Zymed Laboratories); PP4
(Chemicon International); and PP6 (Sigma). PP2A and micro-
cystin-agarose were purchased from Upstate. PP1 siRNA, PP2A
siRNA, and scrambled siRNA were purchased from Santa Cruz
Biotechnology. pGEX-mFOXO1 plasmid was kindly provided
by Dr. Masahiko Negishi (National Institutes of Health,
Research Triangle Park, NC). Dr. David Brautigan (University
of Virginia, Charlottesville, VA) generously provided purified
PP2A AC core enzyme.

Cell Line and Cultures—The FL5.12 cell line with doxycy-
cline-inducible wild type FOXO1 (F14) and the FL5.12 cell
line with the inducible FOXOI-AAA mutant (T24A, S256A,
S319A) (A3) were kindly provided by Dr. David Plas (University
of Cincinnati, Cincinnati, OH). Plasmids pcDNA3-Flag-FOXO1,
PcDNA3-Flag-FOXOI-AAA mutant, and pcDNA3-GFP-FOXO1
were gifts from Dr. William R. Sellers (Harvard Medical School,
Boston, MA). FL5.12 cells were cultured in Iscove’s modified
Dulbecco’s medium supplemented with 10% fetal bovine serum
and IL3. FOXO1 expression was induced with 2 ug/ml doxy-
cycline for 14 h. NIH 3T3 cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% calf
serum. BOSC cells were cultured in Dulbecco’s modified
Eagle’s medium with 10% fetal bovine serum. In IL3 depri-
vation experiments, FL5.12 cells with inducible FOXO1 were
washed with phosphate-buffered saline 3 times and re-cul-
tured in medium lacking IL3.

Immunoprecipitation and Immunoblotting—Cell lysates for
Western blotting were prepared in radioimmunoprecipitation
assay (RIPA) buffer (100 mm NaCl, 1% Nonidet P-40, 0.5%
deoxycholic acid, 0.1% SDS, 50 mm Tris-Cl, pH 8.0, and 1 mm
EDTA). Immunoblotting of lysates with antibodies specific to
phospho-Thr** or phospho-Ser?*® FOXO1 often interfered
with subsequent detection of total FOXO1 using rabbit anti-
body, therefore, phospho-FOXO bands were standardized
against actin on the same blots and total FOXO1 was detected
in a separate loading of the same samples. For immunoprecipi-
tation, cells were lysed in isotonic immunoprecipitation (IP)
buffer (142.5 mm KCl, 5 mm MgCl,, 10 mm HEPES, and 0.1%
Nonidet P-40) with protease inhibitors, incubated with FOXO1
antibody (N-18 or H128), precipitated with protein A and G
Sepharose, fractionated by 12.5% SDS-PAGE, and transferred
to polyvinylidene difluoride membrane. For immunoprecipi-
tated FOXO1, blots were probed with phosphospecific anti-
body first, then re-probed with antibody against total FOXO1.
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Cross-linking Assay—Whole cell extracts were prepared in IP
buffer with a protease inhibitor mixture, incubated with cross-
linker 3,3'-dithiobis(sulfosuccinimidylpropionate) (DTSSP, 2
mM) at 4 °C for 2 h. A final concentration of 20 mMm Tris-Cl, pH
7.5, was added to quench the reaction for 15 min at room tem-
perature. Thereafter, the immunoprecipitation assay was con-
ducted as usual, except that IP buffer was replaced by RIPA
buffer in the final washings.

In Vitro Dephosphorylation Assay—For FOXO1 dephospho-
rylation in whole cell lysates, cell extracts were prepared in
phosphatase assay buffer A (50 mm Tris-Cl, pH 7.5, 150 mm
NaCl, 1 mm EDTA, 0.25% Nonidet P-40, 1 mm phenylmethyl-
sulfonyl fluoride, 10 ug/ml aprotinin, and 10 ug/ml leupeptin),
and incubated on ice for 30 min. Cell lysates were centrifuged at
12,000 X g for 10 min at 4 °C, and the supernatant was further
incubated at 30 °C for 20 min with or without the addition of
serine/threonine phosphatase inhibitors. For dephosphoryla-
tion of FOXO1 by PP2A, FOXO1 was immunoprecipitated
from F14 cells and incubated in phosphatase assay buffer B (50
mM Tris-Cl, pH 8.5, 20 mm MgCl,, 1 muM dithiothreitol, 1 mm
phenylmethylsulfonyl fluoride, 10 ug/ml aprotinin, and 10
pg/ml leupeptin). Purified PP2A was added to immunoprecipi-
tated FOXO1 and incubated at 30 °C for 20 min.

In Vitro Binding Assay—FOXO1 was immunoprecipitated
from F14 cells. Purified PP2A was added to immunoprecipi-
tated FOXO1 and incubated at 4 °C for 2 h. GST-mFOXO1 was
expressed in Escherichia coli strain BL21 and purified with glu-
tathione-Sepharose. Phosphorylated GST-pFOXO1 was made
by adding purified His-AKT1 (Calbiochem) to GST-mFOXO1-
glutathione-Sepharose in kinase buffer (50 mm Tris-Cl, pH 7.5,
1 mwm dithiothreitol, 50 um ATP, 100 mm NaCl, 20 mm MgCl,)
at 30 °C for 30 min. For in vitro binding, purified PP2A was
added to GST-Sepharose, GST-FOXO1-Sepharose, or GST-
pFOXO1-Sepharose and incubated at 4 °C for 2 h with the
cross-linker 3,3’-dithiobis(sulfosuccinimidylpropionate).

PP2A and PP1 Knock-down Assay—The F14 cell line was
transfected with PP2A/C siRNA or PP1 siRNA using the
Amaxa Nucleofector kit V. Transfection frequencies were
over 70% as indicated by fluorescent control vector
pmaxGFP. 24 h after transfection, FOXO1 expression was
induced with doxycycline (2 ug/ml) for 16 h and collected at
40 h after transfection.

Nuclear Translocation Assay—NIH 3T3 cells were trans-
fected with pcDNA3-GFP-FOXO1 expression plasmid. Twen-
ty-four to 36 h after transfection, cells were pretreated or not
with serine/threonine phosphatase inhibitors for 1 h and then
serum deprived for 2 h with or without the continued presence
of inhibitors. Using Lipofectamine 2000 transfection kit, BOSC
cells were transfected with pcDNA3-GFP-FOXOI and scram-
bled siRNA or pcDNA3-GFP-FOXO1 and PP2A siRNA. Red
indicator siRNA was used to assess efficiency of siRNA delivery.
Usually, the majority of the cells were transfected by siRNA.
Twenty-four h after transfection, cells were treated with stau-
rosporine (2 um) for 1 h. Subcellular GFP localization was
assessed by fluorescence microscopy.

Cell Survival Assay—After F14 and A3 cells were treated
with doxycycline (2 ug/ml) for 12 h, fostriecin (3 um) or
calyculin A (5 nm) was added to the medium for 3 h in the
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FIGURE 1. PP2A inhibitors block FOXO1 dephosphorylation in vitro and in cells. A, FOXO1 inducible cell line F14 was treated with the indicated doses of
okadaic acid (OA) for 3 h, and analyzed by Western blotting. The lysates were run on triplicate Western blots and each blot was probed for either Thr(P)2*, or
Ser(P)?*¢, or total FOXO1. One of two experiments is shown. B, F14 lysates were treated with or without phosphatase inhibitors microcystin-LR (2 um), OA (1 um),
fostriecin (FST) (10 nm), and analyzed by Western blotting. Phospho-Thr?* and phospho-Ser?>® were probed on separate blots. This time, the same blots were
reprobed for total FOXO1. One of two experiments is shown. C, F14 cells were IL3 starved for 3 h, stimulated with IL3 for 30 min to achieve maximal
phosphorylation of FOXO1, then washed and seeded into IL3-free medium for 3 h in the presence of the indicated inhibitors: AKT inhibitor SH5 (10 um), or PI3K
inhibitor wortmannin (wort) (100 nm) and OA (250 nm) or FST (10 um). Cell lysates were run on triplicate Western blots and each blot was probed for either
Thr(P)?* or Ser(P)**¢, or total FOXO1. This experiment is done in part or in total 9 times. D, F14 cells were IL3 starved for 3 h, then re-stimulated with IL3 for 30
min in the absence (+/L3) or presence of 10 um AKT inhibitor SH5 (+SH5 +IL3) or 100 nm PI3K inhibitor wortmannin (+wort +IL3). Cell lysates were immuno-
blotted for phospho-AKT. One of 3 experiments is shown. E, NIH 3T3 cells transfected with GFP-FOXO1 were serum starved for 10 or 30 min. Lysates were run
in parallel, and Western blotted for either Thr(P)** or total FOXO1. ACTIN was used as loading control for each blot. One of two experiments is shown.

presence of IL3, followed by IL3 deprivation. Cell death was
measured by propidium iodide exclusion or annexin V-fluo-
rescein isothiocyanate staining, analyzed by flow cytometry.
BOSC cells transfected with GFP-FOXO1 were preteated
with calyculin A (5 nm) for 1 h, then treated with 2 um stau-
rosporine for 6 h with or without the continued presence of
calyculin A. One pug/ml Hoechst was added to the medium at
37 °C for 20 min.

RESULTS

PP1 and PP2A Inhibitors Prevent FOXOI Dephosphorylation—
To determine whether serine/threonine phosphatases are
involved in FOXO1 dephosphorylation in cells, we treated
cells with okadaic acid (OA), a cell-permeable inhibitor of
PP1 and PP2A, and checked FOXO1 phosphorylation status.
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F14, the FL5.12 cell line with doxycycline-inducible FOXO1
(30), was treated with increasing concentrations of OA for
3 h and assayed for FOXO1 phosphorylation by Western blot
analysis (Fig. 1A). Treatment of cells with OA resulted in
increased phosphorylation of FOXO1 at both the Thr** and
Ser®*® sites. The dose-dependent increase in FOXO1
phosphorylation by OA suggested the involvement of either
PP1 or a phosphatase of the PP2A family in FOXO1
dephosphorylation.

To distinguish between the action of PP1 or PP2A, serine/
threonine phosphatase inhibitors were used in in vitro phos-
phatase assays of FOXO1 dephosphorylation. Both Thr(P)>*
and Ser(P)**° were dephosphorylated in F14 lysates after
incubation for 20 min at 30 °C (Fig. 1B, lanes 1 and 2).
FOXO1 dephosphorylation was effectively prevented by PP1
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and PP2A inhibitors microcystin-LR, okadaic acid, and fos-
triecin (Fig. 1B, lanes 3-5). Fostriecin is a highly selective
inhibitor of PP2A and PP2A-like phosphatases and is 10,000
to 40,000 times more potent against PP2A than PP1 (31). The
concentration of fostriecin used in this experiment, 10 nMm,
was far lower than the IC,, for PP1, which suggested that the
phosphatase acting on FOXOL1 in cell-free extracts is PP2A
or a PP2A-like phosphatase.

Increased FOXO1 Phosphorylation by PP2A Inhibitors Is Due
to Inhibition of Phosphatases, Not Activation of Upstream
Kinases—In cells, increased phosphorylation of FOXO1 can
result from the inhibition of FOXO1 phosphatases or the acti-
vation of FOXO1 kinases. To rule out the possibility that main-
tenance of FOXO1 phosphorylation by phosphatase inhibitors
was the result of activation of upstream kinases, we combined
inhibitors of AKT/PKB or PI 3-kinase with phosphatase inhib-
itors. Because FOXO1 is a downstream substrate in the PI3K-
AKT signaling pathway, we used the AKT inhibitor SH5 and
PI3K inhibitor wortmannin together with okadaic acid or fos-
triecin. After removal of IL3 from the culture medium, FOXO1
was dephosphorylated at Thr** and Ser*® (Fig. 1C, compare lane
1 to lanes 5 and 9, lane 10 to lanes 14 and 18). The phosphatase
inhibitors okadaic acid, fostriecin, and calyculin A all prevented
the dephosphorylation at Thr** and Ser**® when used alone or
when AKT and PI3K were also inactivated by SH5 or wortmannin,
respectively (compare lanes 2and 4, 6and 8, 11 and 13, 15,and 17).
These results suggested that increased FOXO1 phosphorylation
was due to direct inhibition of phosphatase(s) acting on FOXO1
rather than increased kinase activity of AKT or PI3K. Inhibition of
AKT phosphorylation upon IL3 stimulation confirmed that the
kinase inhibitors SH5 and wortmannin were functional at the
doses used (Fig. 1D).

Activation of phosphatase would be expected to lead to rapid
dephosphorylation of substrate, whereas inhibition of kinases
would result in a gradual decrease of already phosphorylated sub-
strate over time. In NIH 3T?3 cells, dephosphorylation of at least
the Thr(P)** site was observed as early as 10 min after serum with-
drawal (Fig. 1E), supporting the hypothesis that an enzyme was
activated, which directly dephosphorylated FOXO1.

PP2A Binds Directly to FOXO1 Regardless of 14-3-3 and
Phosphorylation Status—The inhibitor experiments above sug-
gested that PP2A or a PP2A-like phosphatase might directly
dephosphorylate FOXO1, which would be strongly supported
by demonstration of interaction of FOXO1 and PP2A. Micro-
cystin-agarose binds PP1 and PP2A from cell lysates efficiently.
Both FOXO1 wild type and AAA mutant proteins were cap-
tured by microcystin-agarose from lysates of FL5.12 cells with
inducible FOXO1, suggesting that FOXO1 bound to either PP1
or PP2A pulled down by microcystin (Fig. 24). To determine
whether the phosphatase binding to FOXO1 was PP1 or PP2A,
lysates of NIH 3T3 cells transiently transfected with FLAG-
FOXOIwt, FLAG-FOXO1-AAA, or GFP-FOXO1 were incu-
bated with FLAG beads, eluted with FLAG peptide, then the
eluates were mixed with microcystin beads. FLAG-
FOXO1wt and mutant, but not GFP-FOXO1, were pulled
down by FLAG beads, and microcystin-agarose captured the
FLAG-FOXO1lwt and AAA mutant from the FLAG eluates.
Western blotting of the microcystin pull-down revealed the
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presence of the catalytic subunit of PP2A (PP2A/C), but not
PP1, indicating that the phosphatase in the FOXO1 immu-
nocomplex was PP2A (Fig. 2B).

To test whether FOXO1 can bind to PP2A in cell-free extracts,
we incubated recombinant GST-FOXO1 or GST-pFOXO1 (in
vitro phosphorylated by AKT) with FL5.12 lysates. PP2A catalytic
subunit was captured by GST-FOXO1 or GST-pFOXO1, but not
GST (Fig. 2C). The presence of 14-3-3 in the GST-pFOXO1
complex confirmed that GST-pFOXO1 was indeed phospho-
rylated. The presence of both PP2A/C and 14-3-3 in the GST-
pFOXO1 pull down strongly suggested that PP2A/C binds both
phosphorylated and dephosphorylated FOXO1 and that bind-
ing was unaffected by 14-3-3. Other PP2A-like phosphatases,
PP4 and PP6, were not detected in the GST-FOXO1 complexes,
confirming that PP2A, but not other phosphatases, were
involved in FOXO1 dephosphorylation.

PP2A Coimmunoprecipitates with FOXO1—To directly visu-
alize PP2A/C in the FOXO1 complex, wild type or AAA mutant
FOXO1 were immunoprecipitated and Western blotted for
PP2A/C. The PP2A catalytic subunit coimmunoprecipitated
with FOXO1 from the F14 cell lysates (Fig. 2D). R18, a peptide
that displaces 14-3-3 from its substrates by interacting with
basic residues in the amphipathic groove of 14-3-3 (32), did not
significantly affect the interaction of FOXO1 and PP2A (Fig.
2D, lanes 3 and 4), indicating that the presence of 14-3-3 did not
inhibit PP2A binding to FOXO1. However, when 14-3-3 was
present, phosphorylation at Thr** and Ser**® was protected
from PP2A action. When 14-3-3 was displaced by R18, Thr(P)>*
was greatly diminished and Ser(P)>*° became undetectable (Fig.
2D, compare Thr(P)** and Ser(P)**® bands in lanes 3 and 4).
Similar PP2A association with FOXO1wt and the AAA mutant
indicated that binding of PP2A was not regulated by the phos-
phorylation status of the AKT sites on FOXO1. PP1 was never
detected in any of the FOXO1 immunocomplexes.

To verify that PP2A will bind to endogenous FOXO1, we
immunoprecipitated endogenous FOXO1 from the human
erythroleukemia cell line K562 and NIH 3T3 cells. Both
PP2A/C and 14-3-3 were readily detected in endogenous
FOXO1 complexes, as well as in complexes of induced FOXO1
in F14 cells, supporting the physiologic relevance of the FOXO1
and PP2A interaction (Fig. 2E).

FOXOI1 Interacts Directly with PP2A—We tested whether
the PP2A AC core dimer interacted directly with FOXO1.
Immunoprecipitated FOXO1 extensively washed with deter-
gent buffer to remove associated proteins was incubated
with purified AC dimer. The absence of 14-3-3 in the com-
plex confirmed that the known associated protein was suc-
cessfully removed by detergent washing. Immunoblotting
suggested that PP2A/C bound to FOXO1 directly (Fig. 2F).
Direct binding of PP2A to FOXO1 was further tested by
incubating bacterially produced GST-FOXO1 or GST-pF-
OXO1 with purified PP2A AC dimer (Fig. 2G). PP2A/C
bound to both recombinant GST-FOXO1 and GST-pE-
OXOl1, but not GST. PP2A/A was also detected in the com-
plex. The experiments in Fig. 2 demonstrated conclusively
that a PP2A enzyme binds both phosphorylated and dephos-
phorylated FOXO1 directly.
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NIH 3T3 lysates were loaded separately as input. F, FOXO1 was immunoprecipitated from the F14 or FOXO1-AAA inducible cell line, washed extensively with
RIPA buffer, then incubated with purified PP2A AC core enzyme for 2 h at 4 °C, respun, and immunoblotted. Cell total lysates were loaded as input. Sepharose
beads alone were incubated with PP2A as control. G, recombinant GST, GST-FOXO1, or GST-pFOXO1 on glutathione-Sepharose was incubated with purified
PP2A AC core enzyme for 2 h at 4 °C and immunoblotted. All experiments in this figure were done at least three times, except E, which was done twice.
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FIGURE 3. PP2A dephosphorylates FOXO1. A, immunoprecipitated FOXO1 from F14 cells was treated with
theindicated units of purified PP2A enzyme at 30 °Cfor 20 min, and loaded twice for Western analysis. The blots
were first probed for phospho-FOXO1, then for total FOXO1. This experiment was repeated 6 times. B, F14 cells
were nucleofected with PP2A siRNA or PP1 siRNA and immunoblotted. Phospho-Thr?*, phospho-Ser?>®, and
total FOXO1 were analyzed in separate loadings, using ACTIN as loading control. Grouped panels were from
the same blot. This experiment was repeated 3 times.
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PP2A Dephosphorylates FOXOI1—
Next, we tested whether PP2A has
enzymatic activity against FOXO1.
Immunoprecipitated FOXO1 was
incubated with purified PP2A AC
dimer in an in vitro phosphatase
assay. PP2A dephosphorylated both
Thr(P)** and Ser(P)**® in a dose-de-
pendent manner (Fig. 34). To con-
firm that PP2A is a physiologic phos-
phatase of FOXO1, PP2A siRNA was
nucleofected into F14 cells and
FOXO1 phosphorylation was assayed
by Western analysis. The PP2A/C
level was significantly decreased in
cells nucleofected with PP2A siRNA,
and phosphorylation of Thr(P)** and
Ser(P)*** was concomitantly in-
creased (Fig. 3B, left). PP1 siRNA had
no significant effect on FOXO1
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FIGURE 4. Inhibition of PP2A prevents GFP-FOXO1 nuclear translocation. A, NIH 3T3 cells transfected with GFP-FOXO1wt or GFP-FOXO1-AAA mutants were
pretreated for 1 h with 100 nm OA, 3 um FST, or 5 nm calyculin A (CalA), or 5 um FK506, or vehicle. Serum was then withdrawn for 2 h in the continued presence
of phosphatase inhibitors or vehicle. Representative photographs from 3 different experiments are shown. B, cells with green nucleiin A are graphed as percent
of total GFP+ cells. C, BOSC cells transfected with GFP-FOXO1 and scrambled siRNA or PP2A siRNA were treated or not with 2 um STS for 1 h. D, percentages of
GFP-positive cells with green nuclei after STS treatment (panels b and d in C) are graphed. For Band D, data are mean = S.D. of triplicate assays from 3 separate
experiments where error bars are present. At least 100 cells were counted for each condition.

dephosphorylation (Fig. 3B, right). These results are consistent
with PP2A being the major phosphatase for FOXO1.

Inhibition of PP2A Prevents Nuclear Translocation of FOXO1—
Phosphorylation of Ser?*® is important for FOXOT1 transacti-
vation by inhibiting nuclear import through suppression of a
nuclear localization signal. To address the physiologic func-
tion of FOXO1 dephosphorylation, we asked whether GFP-
FOXO1 translocation is affected by inhibition of phospha-
tases. In the presence of serum, GFP-FOXO1 was distributed
diffusely in the cytoplasm and excluded from the nucleus.
After serum withdrawal, GFP fluorescence translocated into
the nucleus (Fig. 4A, panels a and b). However, when the
serine/threonine phosphatase inhibitor OA, calyculin A, or
fostriecin were added in the absence of serum, GFP-FOXO1
remained cytoplasmic in a significant number of the cells
(Fig. 4A, panels d—f). Nuclear translocation was decreased
~50% by these PP1 and PP2A phosphatase inhibitors (Figs.
4B). In contrast, FK506, which inhibits PP2B, had no effect
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on FOXO1 nuclear translocation (Fig. 4, A, panel ¢, and B).
The PP1 and PP2A inhibitors acted on the physiologic phos-
phorylation sites of FOXO1, because they failed to affect the
localization of the GFP-FOXO1-AAA mutant (Fig. 4, A pan-
els g—j, and B).

To determine whether decreased FOXO1 nuclear transloca-
tion by phosphatase inhibitors was specifically due to inhibition
of PP2A, PP2A siRNA was co-transfected with GFP-FOXO1.
Induction of cell death by staurosporine (STS) led to transloca-
tion of GFP-FOXOL1 into the nucleus in the majority of cells
within 1 h. In cells with PP2A knockdown, GFP-FOXO1
remained largely cytoplasmic at the same time point, whereas
scrambled siRNA had no effect on GFP-FOXO1 translocation
(Fig. 4, C and D). The delay in FOXOL1 nuclear translocation
associated with PP2A knockdown linked PP2A to a physiologic
FOXOL1 function.

Inhibition of Serine/Threonine Phosphatase Prevents BIM
Up-regulation by FOXO1 and Rescues FOXOI-induced Cell
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FIGURE 5. Phosphatase inhibitors block BIM up-regulation by FOXO1 and rescue FOXO1-induced cell death. A, IL3 was withdrawn from F14 cells for the
times indicated without or with 5 nm CalA, and immunoblotted for BIM and Ser(P)?*¢. Total FOXO1 was assessed by a separate loading. ACTIN was used as
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(FITC), and analyzed by flow cytometry. Percentages in the figures represent the mean from three independent experiments. Lysates of F14 and A3 cells
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S.D. of triplicate assays from three separate experiments. At least 150 cells were counted for each condition.

Death—BIM, a pro-apoptotic BCL2 family member, is up-reg-
ulated by FOXO in hematopoietic cell death (5, 33). Because
serine/threonine phosphatase inhibitors prevented dephos-
phorylation and nuclear translocation of FOXO1, we tested
whether BIM expression was altered when FOXO1 dephospho-
rylation was inhibited. After IL3 withdrawal from F14 cells,
FOXO1 was dephosphorylated and the BIM level increased at
the times tested, 1.5 and 3 h. Calyculin A prevented FOXO1
dephosphorylation after IL3 withdrawal and BIM expression
remained unchanged (Fig. 5A4). This result demonstrated that
inhibition of FOXO1 dephosphorylation abrogated a known
transcriptional function of FOXO1.

To assess the physiologic relevance of FOXO1 phosphatase
in apoptosis, we examined whether the inhibition of FOXO1
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dephosphorylation enhanced cell survival in the absence of sur-
vival factors. We chose to use the PP1 and PP2A inhibitor caly-
culin A for its cell permeability and low toxicity, and fostriecin
for its PP2A selectivity. The rate of death of F14 cells treated
with calyculin A or fostriecin and deprived of IL3 was signifi-
cantly decreased compared with cells treated with vehicle alone
(Fig. 5B, left panel). Calyculin A and fostriecin had no effect on
IL3 deprivation-induced death in cells expressing the AAA
mutant of FOXO1, demonstrating that the survival effect was
mediated through the AKT phosphorylation sites of FOXO1
(Fig. 5B, right panel).

Cell death of F14 cells and cells expressing the FOXO1-AAA
mutant A3 was further compared using annexin V binding to
specifically assay for apoptosis. In the presence of IL-3, 24% of
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cells expressing transcriptionally active FOXO1-AAA mutant
were annexin V positive, compared with 5% annexin V positiv-
ity in the FOXO1 wild type culture (Fig. 5C, left panels). Upon
IL-3 withdrawal, annexin V positivity in the wild type FOXO1
culture increased to 54%, similar to the 66% seen in the culture
expressing the FOXO1-AAA mutant (Fig. 5C, right panels).
This is consistent with data in Fig. 1 that FOXO1 dephospho-
rylation is mostly complete after 3 h of IL-3 deprivation, after
which, wild type FOXO1 and FOXO1-AAA are functionally
equivalent. Therefore, a difference in apoptosis would be
expected when wild type FOXOL1 is phosphorylated, i.e. in the
presence of IL-3, but less so after wild type FOXO1 is dephos-
phorylated, i.e. after 3 h of IL-3 deprivation. We further dem-
onstrated that BIM was up-regulated in FOXO1-AAA cells
even in the presence of IL-3, consistent with transcriptional
activity of unphosphorylated FOXO1 (Fig. 5C, bottom panel).
Thus, FOXO1-mediated cell death in IL-3 withdrawal was an
apoptotic process involving BIM up-regulation. In cells
expressing FOXO1-AAA, BIM up-regulation was constitutive,
leading to baseline apoptosis detectable by annexin V binding,
an early apoptotic event, but not by PI exclusion, a late and less
sensitive marker of apoptosis.

To further demonstrate that cell death mediated by FOXO1
was apoptosis and rescuable by phosphatase inhibition, we
assayed for apoptotic nuclear morphology by Hoechst staining
in FOXO1 expressing cells in response to another apoptotic
stimulus. Treatment by STS caused ~20% of the cells to display
fragmented and condensed nuclear morphology (Fig. 5D). In
the presence of calyculin A, the percent of cells with such mor-
phology was reduced to ~5% (Fig. 5E), consistent with rescue of
apoptosis.

These data showed that serine/threonine phosphatase inhib-
itors prevented FOXO1-mediated BIM up-regulation and res-
cued cells from apoptosis. We conclude that PP2A plays a phys-
iologic role in activating FOXO1 transcriptional function in the
regulation of apoptosis.

DISCUSSION

FOXO activity can be regulated through multiple post-trans-
lational modifications, including phosphorylation, acetylation,
and ubiquitination (8, 34). Reversible phosphorylation plays a
crucial role in FOXO1 subcellular localization, which in turn
affects its transcriptional function (35, 36). In this study, we
examined the effect of a panel of PP1 or PP2A inhibitors, as well
as PP1 and PP2A siRNAs, on the regulation of FOXO1 phos-
phorylation and subsequent effects on FOXO1 nuclear translo-
cation and cell death. We focused on FOXO1 sites phosphoryl-
ated by AKT, as these are important in the regulation of
apoptosis.

PP1 and PP2A inhibitors microcystin, okadaic acid, calyculin
A, and the PP2A-selective inhibitor fostriecin all prevented
FOXO1 dephosphorylation (Fig. 1, A and B). The concentration of
fostriecin used in these experiments was effective for PP2A inhibi-
tion but insufficient to inhibit PP1, suggesting that PP2A or a
PP2A-like enzyme was involved in FOXO1 dephosphorylation.
We excluded the possibility that increased phosphorylation
was due to phosphatase inhibitors activating upstream kinases
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by concurrent inhibition of AKT and PI3K (Fig. 1C). The com-
bination of data using cell permeable inhibitors suggested that
PP1 or an enzyme of the PP2A family dephosphorylated
FOXOL1. In addition, dephosphorylation of FOXO1 upon
growth factor withdrawal was rapid, consistent with phospha-
tase activation (Fig. 1E).

Using microcystin-agarose in conjunction with FOXO1
immunoprecipitations, we were able to identify PP2A, not PP1
or other PP2A-like enzymes such as PP4 or PP6, as the phos-
phatase interacting with FOXO1 (Fig. 2). We demonstrated
coimmunoprecipitation of endogenous FOXO1 and PP2A in
two different cell lines in addition to FL5.12, confirming the
physiologic nature of the interaction (Fig. 2E). Identification of
PP2A as a FOXO1 phosphatase was supported by the ability of
purified PP2A AC dimer to bind and dephosphorylate FOXO1
in vitro (Fig. 3A). Knock-down of PP2A catalytic subunit fur-
ther confirmed the role of PP2A in the regulation of FOXO1
phosphorylation (Fig. 3B).

The functional relevance of PP2A activity in FOXO1 regula-
tion was demonstrated by a significant decrease in nuclear
translocation of FOXO1 and lack of BIM up-regulation when
PP2A was inhibited in cell death conditions (Figs. 4 and 5).
These findings correlated functionally with decreased apopto-
sis (Fig. 5). Nuclear translocation of FOXO1 was examined
using two stimuli, serum withdrawal and staurosporine treat-
ment (Fig. 4), and PP2A was inhibited by pharmacologic inhib-
itors or siRNA knockdown. FOXO1 nuclear translocation was
not completely prevented at the inhibitor doses we used, but
toxicity precluded the use of higher doses. PP2A siRNA was
more effective in preventing FOXO1 nuclear translocation in
the short term, and had the added advantage of specificity over
inhibitors. Enhancement of survival in IL-3 withdrawal or stau-
rosporine treatment by PP2A inhibitors was partial, as would be
expected, because transcriptional activation of FOXO1 is not
the only mechanism of apoptosis in response to these stimuli
(Fig. 5). These experiments provided evidence that PP2A
dephosphorylates FOXO1 to activate its pro-apoptotic tran-
scriptional function.

FOXO transcription factors induce not only cell death genes,
but also genes regulating cell cycle arrest and glucose metabo-
lism. It was demonstrated recently that in the absence of FOXO
1, 3, and 4, more hematopoietic stem cells were in cycle than
wild type controls (22), consistent with the function of dephos-
phorylated FOXOs in transcribing cell cycle arrest genes such
as p27. We were unable to measure the effect of inhibition of
FOXO1 dephosphorylation on cell proliferation in our cell sys-
tems, because prolonged PP2A inhibition, which would be nec-
essary for cell proliferation experiments, led to cell death. This
is not surprising given the vast number of PP2A targets. We
were able to observe rescue of FOXO1-mediated cell death by
PP2A inhibition, most likely because our experiments were all
complete in 24 h, or less than one cell cycle doubling time,
before inhibitor toxicities became obvious.

We observed specific binding between FOXO1 and the PP2A
catalytic subunit. The interaction between FOXO1 and PP2A
exhibited distinct characteristics. First, FOXO1 phosphoryla-
tion status does not appear to significantly affect PP2A binding.
The PP2A catalytic subunit binds to both phosphorylated wild
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type FOXO1 and phosphorylation-defective mutant (Fig. 2).
Second, the presence of 14-3-3 does not appear to prevent
FOXOL1 and PP2A interaction. 14-3-3 proteins are known to
bind and protect phosphorylated proteins from phosphatases.
In our previous studies with pro-apoptotic BAD, we showed
that 14-3-3 and PP2A binding to BAD protein were competi-
tive, and dissociation of 14-3-3 from BAD was a prerequisite for
BAD dephosphorylation (37). We investigated if there was a
similar mechanism in the interaction between FOXO1 and
PP2A, and the data demonstrated that PP2A did not compete
with 14-3-3 for FOXO1 binding. Instead, PP2A associated with
FOXOL1 regardless of the presence of 14-3-3, but PP2A dephos-
phorylated FOXO1 only when 14-3-3 was displaced, confirm-
ing the phospho-protective role of 14-3-3 (Fig. 2). Similar to the
situation reported for BAD and CDC25, 14-3-3 dissociation is a
key regulatory event in the dephosphorylation of FOXO1 (37,
38). Third, we found FOXO1 interaction with PP2A catalytic
subunit by several approaches. The catalytic and structural sub-
units of PP2A form the AC core dimer, which interacts with one
of the diverse regulatory B subunits to form a PP2A holoen-
zyme (29). Recent structural data suggest that substrate binding
by PP2A is likely mediated by contacts with both the regulatory
subunit and the catalytic subunit (39 —41). Other studies have
shown that another protein such as a4 can bind and displace
the PP2A catalytic subunit C from the AC core dimer and any of
the variable B subunits, enhancing PP2A catalytic subunit
activity and altering its substrate specificity (42—44). We did
not detect 4 in FOXO1 complexes (data not shown), providing
no evidence for this mode of PP2A regulation in the case of
FOXOL1. The regulatory subunit of the FOXO1 PP2A awaits
discovery.

The physiologic importance of FOXO1 has been demon-
strated by embryonic lethality of the knock-out (20), as well as
by recent publications reporting lymphomas and hemangiomas
in mice in which FOXOI was postnatally deleted along with
FOXO3a and FOX0O4 (21, 22). The mammalian FOXO factors,
FOXO1, FOXO3a, and FOXO4, have different expression pat-
terns in different cell types, but they share a common DNA
recognition sequence and all three can regulate BIM expression
and apoptosis (45—47). These three FOXO factors also share
conserved phosphorylation sites, including the AKT sites,
which are Thr?%, Ser?®®, and Ser!® for FOXO1; Thr®?, Ser®>3,
and Ser®® for FOXO3; and Thr®®, Ser'®®, and Ser**® for
FOXO4. Interaction of PP2A with FOXO3a in hepatocyte lipo-
apoptosis was recently reported, revealing a role of PP2A in
FOXO3a dephosphorylation at Thr®? upon stimulation by free
fatty acids (48). Here, we showed the activity of PP2A on both
the Thr?* and Ser?*° sites of FOXO1 (equivalent to Thr*? and
Thr?>® of FOXO3a) in response to distinct stimuli, suggesting
that PP2A dephosphorylation of AKT sites may be a common
mechanism of activating FOXO factors.

It is well known that PP2A dephosphorylates and inactivates
AKT. More recently, Trotman et al. (49) showed that AKT and
PP2A are co-recruited into PML nuclear bodies and that the
inability to recruit PP2A to AKT in PML deficiency resulted in
FOXO3a inactivation. Our experiments were designed to
examine dephosphorylation of already phosphorylated
FOXO1, in that the dephosphorylation was rapid upon death
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stimulus (10 min, shown in Fig. 1E) and unlikely to be solely due
to indirect activation of AKT. Inhibition of PP2A is expected to
lead to increased AKT activity, however, we observed inhibi-
tion of FOXO1 dephosphorylation even when AKT was inhib-
ited, indicating that an enzyme in addition to AKT was acti-
vated. It would make sense that the cell uses PP2A to both
inhibit AKT and dephosphorylate FOXO to achieve activation
of FOXO. It would be very interesting to see if the same PP2A
holoenzyme dephosphorylates both AKT and FOXO. In addi-
tion, a new publication indicates that activation of FOXO can
ultimately lead to suppression of PP2A and enhancement of
AKT activity (50). This feedback loop to terminate FOXO activ-
ity may be more pertinent to glucose or cell cycle regulatory
pathways in which the cell needs to stay alive, and less relevant
in apoptosis regulation in which the goal is to remove the cell.

The activity of FOXO1 as a transcription factor requires that
it be dephosphorylated. We demonstrated here that PP2A is a
physiologic phosphatase of FOXO1. Dephosphorylation of the
AKT sites on FOXO1 by PP2A is required for FOXO1 nuclear
translocation and transactivation, thus PP2A is a key regulator
of the pro-apoptotic function of FOXO1.
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