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Phosphorylation of FOXO3a on Ser-7 by p38 Promotes Its
Nuclear Localization in Response to Doxorubicin™
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(Bacl(ground: FOXO3a is a forkhead transcription factor that mediates the effects of doxorubicin in cancer treatment.
Results: p38 regulates FOXO3a nuclear translocation and phosphorylates FOXO3a on Ser-7 upon doxorubicin treatment.
Conclusion: p38 phosphorylation of FOXO3a on Ser-7 contributes to its nuclear relocalization and activation in response to

Significance: This study provides new information on FOXO3a regulation and the molecular mechanism of action of
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FOXO3a is a forkhead transcription factor that regulates a
multitude of important cellular processes, including prolifer-
ation, apoptosis, differentiation, and metabolism. Doxorubi-
cin treatment of MCF-7 breast carcinoma cells results in
FOXO3a nuclear relocation and the induction of the stress-
activated kinase p38 MAPK. Here, we studied the potential
regulation of FOXO3a by p38 in response to doxorubicin.
Co-immunoprecipitation studies in MCF-7 cells demon-
strated a direct interaction between p38 and FOXO3a. We
also showed that p38 can bind and phosphorylate a recombi-
nant FOXO3a directly in vitro. HPLC-coupled phosphopep-
tide mapping and mass spectrometric analyses identified ser-
ine 7 as a major site for p38 phosphorylation. Using a
phosphorylated Ser-7 FOXO3a antibody, we demonstrated
that FOXO3ais phosphorylated on Ser-7 in response to doxo-
rubicin. Immunofluorescence staining studies showed that
upon doxorubicin treatment, the wild-type FOXO3a relocal-
ized to the nucleus, whereas the phosphorylation-defective
FOXO3a (Ala-7) mutant remained largely in the cytoplasm.
Treatment with SB202190 also inhibits the doxorubicin-in-
duced FOXO3a Ser-7 phosphorylation and nuclear accumu-
lation in MCF-7 cells. In addition, doxorubicin caused the
nuclear translocation of FOXO3a in wild-type but not p38-
depleted mouse fibroblasts. Together, our results suggest
that p38 phosphorylation of FOXO3a on Ser-7 is essential for
its nuclear relocalization in response to doxorubicin.

* This work was supported by funds from Cancer Research UK (to K. K. H. and
E.W.-F.L.), the Breast Cancer Campaign (to E. W.-F. L.), the Engineering and
Physical Sciences Research Council (to D. J. K), and Imperial College
Healthcare NHS Trust-BRC Funding (to C.-Y. K.).

This article contains supplemental Figs. S1-S10.

" To whom correspondence should be addressed: Dept. of Surgery and Can-
cer, MRC Cyclotron Bldg., Imperial College London, Hammersmith Hospital
Campus, Du Cane Rd., London W12 ONN, UK. E-mail: eric.lam@imperial.ac.
uk.

JANUARY 6, 2012+VOLUME 287 +NUMBER 2

Forkhead box O (FOXO) proteins are a subgroup of the fork-
head transcription factors characterized by the conserved
DNA-binding forkhead domain (1). FOXO3a is one of the four
FOXO isoforms identified in mammals, and accumulated evi-
dence shows that FOXO3a regulates a wide range of biological
processes, including proliferation, apoptosis, protection
against oxidative stress, and metabolism (2). It is now evi-
dent that the biological activity of FOXO3a is regulated pre-
dominantly by post-translational modifications, including
phosphorylation, acetylation, and ubiquitination. Consis-
tent with this notion, one of the first and potentially most
important control mechanisms characterized for FOXO3a is
its regulation by the PI3K/Akt (PKB) pathway (3), where the
phosphorylation of FOXO3a by Akt results in the cytoplas-
mic accumulation and subsequent degradation of this tran-
scription factor (4).

The MAPK pathways consist of a cascade of evolutionarily
conserved kinases, which integrate a wide range of extracellular
signals from the cell surface receptors with the transcription
machinery in the nucleus. The p38 MAPK signaling cascade is
one of the three canonical MAPK (i.e. ERK, p38, and JNK) path-
ways activated by stress signals (5, 6). Four p38 isoforms (p38«,
p38pB, p388, and p38y) exhibiting differential tissue-specific
expression patterns have been identified (7). Genetic ablation
of specific p38 isoforms reveals the existence of functional
redundancy between different p38 isoforms, and the serine/
threonine kinase activities of the p38 members have been
shown to regulate a broad spectrum of biological processes,
including transcription and translation (8-10). The tumor-
suppressive functions of p38 have also been demonstrated by
studies using both cell lines and knock-out mouse models (11,
12). In addition, accumulated evidence has demonstrated that
p38 is involved in cell cycle arrest (13), as well as the induction
of apoptosis (14) and cellular senescence (15). Pharmacological
inhibition of p38 has been shown to reduce the anti-tumor
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activities of a number of chemotherapeutic drugs, including
doxorubicin, an anthracycline derivative (16 -19).

Currently, anthracycline derivatives such as doxorubicin and
epirubicin are the preferred treatment options for advanced or
metastatic cancer. Anthracyclines are also used widely to treat
malignancies, such as breast and ovarian cancers, when they are
resistant to, or not suitable for, hormonal or molecular targeted
therapy. Doxorubicin and epirubicin have been shown to func-
tion through inducing cell cycle arrest and cell death by apopto-
sis in different cancer cells (20 -22). However, most anthracy-
cline-based treatments will eventually fail and the patients will
relapse because of acquired drug resistance (23, 24). The anti-
cancer cytotoxicity of doxorubicin has been attributed to their
ability to inhibit topoisomerase II and to promote the produc-
tion of intracellular free radicals, but the exact mechanism of
action still remains elusive. Converging evidence indicates that
FOXO3a has a central role in mediating doxorubicin sensitivity
and resistance in cancer (20, 25-29). Previously it has been
demonstrated that JNK plays an essential role in mediating the
cytotoxic function of paclitaxel in breast cancer cells by target-
ing FOXO3a. Accordingly, JNK can activate FOXO3a indirectly
by repressing PI3K-AKT activity and directly through phos-
phorylating FOXO proteins, leading to their nuclear relocaliza-
tion and transcriptional activation (30). Moreover, there is also
evidence that activation of JNK can result in ERK and Akt inac-
tivation, leading to FOXO3a nuclear translocation (31) and reg-
ulation of target genes, including p27*"*" and Bim, important
for cell cycle arrest and apoptosis (30, 32—35). Conversely, ERK
has been reported to phosphorylate FOXO3a, resulting in its
degradation through a MDM2-mediated ubiquitin-protea-
some pathway and transcriptional inhibition (36). However, no
information is yet available on the regulation of FOXO proteins
by the p38 MAPK. In the present study, we explored the role of
p38 in FOXO3a regulation in response to doxorubicin and
characterized one of the major p38 phosphorylation sites
involved.

EXPERIMENTAL PROCEDURES

Cell Culture—The human breast carcinoma cell line MCF-7,
and HEK293 originated from the American Type Culture Col-
lection were acquired from the Cell Culture Service, Cancer
Research UK (London, UK), where they were tested and
authenticated. Primary WT and p38a ™'~ mouse embryo fibro-
blasts (MEFs)* were immortalized using the 3T3 protocol and
maintained as described previously (37). Cell lines used in the
present study were in culture for less than 6 months. All of the
cells used were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, 2 mm glu-
tamine, and 100 units/ml penicillin/streptomycin at 37 °C.
SB202190 was obtained from Merck Biosciences, dissolved in
Me,SO, and used at a final concentration of 1 um. Doxorubicin
was purchased from Sigma-Aldrich.

Plasmids and Transfections—The pCMV-FLAG-tagged
human FOXO3a expression vector has previously been
described. For transfections, the cells were seeded to a conflu-

2 The abbreviations used are: MEF, mouse embryo fibroblast; NLS, nuclear
localization signal; NES, nuclear export signal.
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ency of ~50-70% and incubated with a mix of transfection
reagents containing FUGENE 6 (Roche Applied Science) and
the plasmid DNA. Site mutagenesis was performed using a
Stratagene QuikChange site-directed mutagenesis kit with the
sense oligonucleotides (5'-GACAAGGCAGAGGCACCAGC-
TGCGCCGGCCCCGCTCTCTCCG-3") and the antisense oli-
gonucleotides (5'-CGGAGAGAGCGGGGCCGGCGCAG-
CTGGTGCCTCTGCCTTGTC-3').

Western Blotting and Antibodies—W estern blotting was per-
formed on whole cell extracts as described previously (55). Pri-
mary antibodies used were FOXO3a (antibody 06-951)
(Upstate, Dundee, UK); P-FOXO3a-Thr-32 (antibody 9464),
JNK (antibody 9252), P-JNK-Thr-183/Tyr-185 (antibody
9251), ERK1/2 (antibody 9102), P-ERK1/2-Thr-202/Tyr-204
(antibody 9101), p38 (antibody 9212), P-p38-Thr-180/Tyr-182
(antibody 9211), and P-c-Jun-Ser-73 (antibody 9164) (Cell Sig-
naling Technologies, Hitchin, UK); and lamin B (antibody
C-20) and B-tubulin (antibody H-235) (Santa Cruz Biotechnol-
ogy, Wiltshire, UK). The sheep anti-P-FOXO3a-Ser-7 antibody
was prepared by immunizing sheep with the peptide EAPAp-
SPVPL, and the subsequent phosphorylation specific antibody
was purified from serum by affinity chromatography. The pri-
mary antibodies were detected using horseradish peroxidase-
linked anti-mouse, anti-rabbit, or anti-sheep conjugates as
appropriate (DAKO, Ely, UK) and visualized using the ECL
detection system (Amersham Biosciences).

Nuclear and Cytoplasmic Lysate Extraction—Nuclear and
cytoplasmic extracts were prepared as previously described
(56). The fractionation was done by using NE-PER nuclear and
cytoplasmic extraction reagents (Thermo Fisher, Horsham,
UK) following the manufacturer’s protocol.

Immunofluorescent Staining—Briefly, the cells were fixed
with 4% paraformaldehyde (Sigma) and permeabilized with
0.1% Triton X-100 in PBS for 10 min. The samples were then
blocked with 5% goat serum for 30 min and then incubated
overnight with either the rabbit anti-FOXO3a (Cell Signaling),
sheep anti-P-FOXO3a (Ser-7), or the mouse anti-FLAG anti-
body. Following washes with PBS, secondary goat anti-rabbit or
rabbit anti-mouse or donkey anti-sheep IgG-FITC (1:500;
Invitrogen) was added to the samples for an hour. The cells
were then counterstained with DAPI (Sigma) before mounting.
The images were captured using the Zeiss Axiovert 100 confo-
cal laser scanning microscope and software Zeiss LSM 500 or
ImageXpress (Molecular Devices) using the Nikon, Eclipse
E400 fluorescent microscope (UK Labs-Direct, Ltd, Kilnhurst,
UK).

Kinase Assays—GST-FOXO3a-HIS6 (2 ng) was incubated
with 10 milliunits of active p38« in 50 mm Tris-HCI, pH 7.5, 0.1
mMm NazVO,, 0.1% (v/v) 2-mercaptoethanol, and 0.1 mm
[y-3P]ATP at 30 °C for the indicated time. The reaction was
stopped by the addition of 4X LDS + 200 mm DTT, and the
proteins were subjected to SDS-PAGE. The proteins were
stained with Coomassie Blue, and incorporation of phosphate
into GST-FOXO3a-HIS6 was determined by autoradiography
followed by Cerenkov counting of excised protein bands in a
Wallac 1409 liquid scintillation counter (Pegasus Scientific Inc.,
Rockville, MD).
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Phosphopeptide Analysis—Tryptic phosphopeptides were
separated on a Vydac (Hesperia, CA) 218TP54 C18 reverse
phase column eluted with a linear gradient of increasing aceto-
nitrile in 0.1% trifluoroacetic acid. Phosphorylation site deter-
mination was esssentially carried out as in Ref. 38, in which the
identity of the peptide was determined by mass spectrometry
(using an Applied Biosystems 4700 MALDI ToF ToF system),
and the position of **P labeling was identified by solid phase
Edman sequencing (using an Applied Biosystems 494C ProCise
sequencer (Carlsbad, CA)).

Statistical Analysis—Statistical analysis was performed using
Student’s ¢ test and was considered significant at p = 0.05 and
very significant at p = 0.01 All of the statistical analyses were
performed with SPSS v.16 (SPSS Inc., Chicago, IL).

RESULTS

Doxorubicin Treatment of MCF-7 Cells Results in FOX03a
Nuclear Relocation and p38 Induction—We have shown previ-
ously that FOXO3a plays an important role in mediating the
cytotoxic effects of doxorubicin (21, 22). To investigate whether
p38 has a role in the regulation of FOXO3a activity, we first
investigated the expression patterns of FOXO3a and p38 in
MCE-7 breast carcinoma cells following doxorubicin treat-
ment. The results showed that doxorubicin caused a down-
regulation of FOXO3a phosphorylation on Thr-32 (one of the
sites phosphorylated by Akt), whereas there was an induction in
activity of the three canonical MAPKs: p38, JNK, and ERK (Fig.
1A). Notably, INK and ERK activity was induced earlier, peak-
ing at 4 h and declining by 24 h, whereas p38 was induced later
and persisted for at least 24 h. We next studied the subcellular
distribution of FOXO3a by Western blotting the cytoplasmic
and nuclear extracts from MCF-7 cells treated with doxorubi-
cin for 0, 4, and 24 h (Fig. 1B). To control for cross-contamina-
tion of nuclear and cytoplasmic fractions, the extracts were also
probed for B-tubulin and lamin B, which are cytoplasmic and
nuclear markers, respectively. FOXO3a was detected in both
the cytoplasmic and nuclear fractions at 0 and 4 h after doxo-
rubicin treatment. Although comparable levels of FOXO3a
were detected in both the cytoplasmic and nuclear fractions, it
is likely that higher levels of FOXO3a resided in the cytoplasm,
because the total amounts of protein yielded from cytoplasm
were much higher compared with the nucleus. However, by
24 h, FOXO3a was only detected in the nuclear fractions, sug-
gesting its nuclear relocalization in response to doxorubicin. In
agreement, the phosphorylated FOXO3a (Thr-32; Akt site) was
found predominantly in the cytoplasm, and its expression level
decreased with doxorubicin treatment at 24 h. To confirm this
further, we examined the subcellular distribution of the endog-
enous FOXO3a in response to doxorubicin by immunofluores-
cence staining. MCF-7 cells were treated with or without doxo-
rubicin for 24 h, followed by staining for FOXO3a expression
(Fig. 1C). Consistent with the cytoplasmic and nuclear fraction-
ation results, FOXO3a was detected in both the cytoplasm and
nucleus in the untreated MCF-7 cells but was detected predom-
inantly in nucleus following doxorubicin treatment. Because
p38 was activated with kinetics similar to those of the nuclear
relocation of FOXO3a in response to doxorubicin, we investi-
gated the possibility that p38 may directly regulate FOXO3a.
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FIGURE 1. Doxorubicn treatment induces p38 MAPK activity and FOX0O3a
nuclear accumulation in MCF-7 breast carcinoma cell line. A, MCF-7 cells
were treated with 1 umol/liter of doxorubicin for 0, 1, 2, 4, 8, 16, and 24 h. At
the indicated time, the cells were collected and analyzed by Western blotting
using the antibodies indicated. B, MCF-7 cells were treated with 1 wmol/liter
of doxorubicin. At 0, 4, and 24 h, cells were collected for the preparation of
nuclear and cytoplasmic extracts. 50 ng of nuclear and cytoplasmic lysates at
different time points were then analyzed for FOXO3a, P-FOXO3a (Thr-32),
lamin B, and B-tubulin expression by Western blotting. C, MCF-7 cells were
seeded onto chamber slides and incubated with media in the absence or
presence of doxorubicin for 24 h. Immunofluorescent staining was then per-
formed using the pan-FOXO3a antibody and DAPI. All of the images shown
are typical results obtained from at least 10 different fields.

Doxorubicin Promotes the Association between FOXO3a and
p38a—We next studied the potential interaction between p38«a
and FOXO3a in response to doxorubicin in a co-immunopre-
cipitation assay. HEK293 cells were co-transfected with the
plasmids pCMV-FLAG-FOXO3a and pEGFP-p38a, with or
without doxorubicin treatment. Immunoprecipitation was
then performed using an anti-FLAG antibody or IgG as a neg-
ative control. The results showed that p38a complexes with
FOXO3a in the absence as well as in the presence of doxorubi-
cin treatment (Fig. 24).

p38a Mediates FOXO3a Phosphorylation at Ser-7 in vitro—
We next questioned whether p38a can directly phosphorylate
FOXO3a. To address this, in vitro, p38a kinase assays were
performed using a bacterially expressed GST-FOXO3a fusion
protein as substrate. The results showed that recombinant
p38a was able to catalyze the increased incorporation of y->>P
into GST-FOXO3a in a time-dependent manner (Fig. 2B), thus
demonstrating that p38a can phosphorylate FOXO3a in vitro.
This finding also suggested that p38« interacts directly with
FOXO3a. The abilities of other p38 isoforms (namely p38p,
p38y, and p386) in phosphorylating FOXO3a were also tested,
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and a similar trend was observed (data not shown). To deter-
mine the site(s) of phosphorylation in FOXO3a by p38e, the
v-*?P-phosphorylated GST-FOXO3a protein was subjected to
in-gel tryptic digestion, and the resultant tryptic peptides were
separated by HPLC, revealing five major phosphopeptide-con-
taining peaks (Fig. 2C). The same five phosphopeptide-contain-
ing peaks were also observed when GST-FOXO3a was y->*P-
phosphorylated in vitro by p38, p38y, and p386 (supplemental
Fig. S1). Subsequent mass spectrometric analysis together with
solid phase Edman sequencing identified a major novel phos-
phorylation site in FOXO3a that mapped to the residue Ser-7
(Fig. 2, Cand D, and supplemental Fig. S2). Although additional
p38 phosphorylation sites (i.e. Ser-12, Ser-294, Ser-344, and
Ser-425) were also identified (supplemental Figs. S2 and S3),
these sites were also targeted by JNK (Ser-294 and Ser-425)
(supplemental Fig. S4) and ERK (Ser-294, Ser-344, and Ser-425)
(36). As a consequence, we focused on characterizing the bio-
logical consequence of FOXO3a-Ser-7 phosphorylation in
response to doxorubicin treatment. We next examined
whether the endogenous p38 interacts with FOXO3a in MCF-7
cells. Co-immunoprecipitation assays showed that p38 and
FOXO3a exist in a complex before and after doxorubicin treat-
ment, further supporting the idea that p38 binds to and phos-
phorylates FOXO3a in vivo (Fig. 2, E and F).

Phosphorylation of FOXO3a at Ser-7 in vivo—To study
FOXO3a-Ser-7 phosphorylation and its functional significance
in vivo, we generated and validated a phospho-specific anti-
body, anti-P-FOXO3a-(Ser-7) that recognizes FOXO3a when
Ser-7 is phosphorylated (supplemental Fig. S5). On the basis of
in vitro phosphorylation studies shown in Fig. 2B, we predicted
that an elevated level of p38a would be accompanied by an
increase in FOXO3a-Ser-7 phosphorylation. To confirm that
p38 mediates FOXO3a phosphorylation on Ser-7 in vivo,
MCE-7 cells were co-transfected with pPCMV-FLAG-FOXO3a
and increasing amounts of pEGFP-p38a. The transfected cells
were then collected 24 h later, and lysates were immunoblotted
with anti-P-FOXO3a-(Ser-7) (Fig. 3A). To confirm that the
p38a transfection induces its kinase activity, we also monitored
the level of MAPKAPK2 (Mitogen-Activated Protein Kinase-
Activated Protein Kinase 2) phosphorylation by using a phos-
pho-specific antibody that recognizes Thr-334 residue on
MAPKAPK2, which is directly phosphorylated by p38a. As pre-
dicted, the level of MAPKAPK2-Thr-334 phosphorylation
increased with the level of the transfected EBFP-p38q;, indicat-
ing that the transfected p38a was biologically active. Impor-
tantly, the level of FOXO3a-Ser-7 phosphorylation was also up-
regulated in a p38a-dependent manner, demonstrating that
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FIGURE 3. Doxorubicin activates p38 MAPK to induce FOXO3a Ser-7 phos-
phorylation in MCF-7 cells. A, MCF-7 cells were transfected with pCMV-
FLAG-FOXO3a and an increasing amount of pEGFP-p38e, followed by West-
ern blot analyses using the indicated antibodies. B, MCF-7 cells transfected
with pCMV-FLAG-FOX03a or pCMV-FLAG-FOXO3a-A7 and treated with
doxorubicin for 24 h were immunoprecipitated with the FLAG antibody fol-
lowed by immunoblotting with the FOXO3a and P-FOXO3a (Ser-7) antibod-
ies. C, MCF-7 cells were transfected with pCMV-FLAG-FOXO3a followed by
doxorubicin treatment for the indicated times. The doxorubicin-treated cells
were collected, and lysate samples were prepared and analyzed by Western
blot analyses using the indicated antibodies. D, MCF-7 cells were transfected
with pCMV-FLAG-FOX03a, followed by doxorubicin treatment at the indi-
cated times in the absence or presence of the p38 chemical inhibitor,
SB202190. Cells lysate samples were then prepared and analyzed by Western
blot analyses using the indicated antibodies. The results showed that p38
inhibition impedes doxorubicin-induced FOXO3a-Ser-7 phosphorylation and
p27%"P" accumulation and pRB hypophosphorylation in MCF-7 cells.

FOXO3a-Ser-7 phosphorylation is induced by p38« in cells. In
addition, we also examined the ability of this P-FOXO3a(Ser-7)
antibody to recognize a transfected wild-type FOXO3a or a
FOXO3a mutant with Ser-7 converted to alanine in MCEF-
7 cells treated with doxorubicin. As predicted, this P-
FOXO3a(Ser-7) antibody only recognized the wild-type but not
the mutant FOXO3a in both Western blot analysis (Fig. 3B) and
immunofluorescent staining (supplemental Fig. S6). Using the
anti-P-FOXO3a(Ser-7) antibody, we next investigated the
kinetics of FOXO3a-Ser-7 phosphorylation in response to

FIGURE 2. p38ainteracts with FOXO3a and phosphorylates the transcription factor at Ser-7. HEK293 cells were transfected with pCMV-FLAG-FOX03a and
pEGFP-p38¢, followed by immunoprecipitation (/P) using anti-FLAG antibody. Whole cell lysates (Input), mock immunoprecipitation control (IgG), and immu-
noprecipitated samples were analyzed by Western blotting (WB) using the indicated antibodies. B, purified GST-FOXO3a-HIS6 (2 g) protein was incubated
with 10 milliunits of active recombinant p38a in the presence of [y->*P]ATP at 30 °C for the times indicated. Incorporation of radiolabeled phosphate into
GST-FOX03a-HIS6 was determined following SDS-PAGE and autoradiography. The protein bands were stained, excised, and Cerenkov counted. C, the in vitro
p38a-phosphorylated GST-FOX03a-HIS6 was subjected to SDS-PAGE, excised from the gel, and digested with trypsin. The resultant peptides were then
separated by HPLC on a Vydac C, 5 column developed with an acetonitrile gradient, as described. 32P radioactivity was detected using an online radioactivity
detector. Peaks 1-5 are indicated. D, peak 5 fraction was analyzed by Edman degradation and mass spectrometry as described under “Experimental Proce-
dures.” Amino acid residues 1-12 correspond to the N terminus of the GST tag. The analysis showed that Ser-7 is the residue phosphorylated by p38a.
E, FOX03a and p38 co-precipitation experiments were performed in MCF-7 after treatment with 1 umol/liter doxorubicin for the times indicated. The
precipitates were also blotted for P-MAPKAPK-2 and MAPKAPK-2 expression to gauge for the p38 kinase activity. F, co-precipitation experiments were also
performed in MCF-7 with pCMV-FLAG-FOXO3a transfection using the anti-FLAG antibody after treatment with 1 wmol/liter doxorubicin for the times indicated.
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doxorubicin treatment in the MCE-7 breast cancer cells. To
this end, MCF-7 cells expressing FLAG-FOXO3a were treated
with doxorubicin over a time course of 24 h, and Western blot
analysis was then carried out on cell lysates collected at the
various time points indicated (Fig. 3C). Doxorubicin treatment
resulted in the activation of both p38 and JNK in MCEF-7 cells, as
indicated by the induction of MAPKAPK2-Thr-334 and c-Jun-
Ser-73 phosphorylation, respectively. Importantly, an up-regu-
lation of FOXO3a-Ser-7 phosphorylation was also observed at
8 h post-stimulation, demonstrating doxorubicin induces
FOXO3a-Ser-7 phosphorylation in MCEF-7 cells. Furthermore,
the kinetics of FOXO3a-Ser-7 phosphorylation mirrored that
of MAPKAPK2-Thr-334, and not c-Jun-Ser-73, suggesting that
p38 is the predominant kinase responsible for phosphorylating
FOXO3a on Ser-7 in vivo. To further examine the relationship
between p38 and FOXO3a-Ser-7 phosphorylation, we moni-
tored the effects of doxorubicin on FOXO3a-Ser-7 phosphory-
lation and some of the key cell cycle regulatory events in the
absence or presence of the specific p38 inhibitor, SB202190.
Consistent with the earlier results shown in Fig. 2B, doxorubi-
cin treatment caused an increase in FOXO3a-Ser-7 phosphor-
ylation; however, the induction of FOXO3a-Ser-7 phosphory-
lation in response to doxorubicin was markedly reduced in the
presence of SB202190 (Fig. 3D). Moreover, the doxorubicin-
induced FOXO3a activation, as indicated by the up-regulation
of its target p27°'P!, was also impeded by p38 inhibition. Con-
versely, SB202190 partially restored pRb phosphorylation at
Ser-807/Ser-811, suggesting the inverse relationship between
FOXO3a-Ser-7 phosphorylation and cell cycle progression.
Notably, the presence of basal FOXO3a-Ser-7 phosphorylation
in the p38 inhibitor SB202190-treated lysates also suggests that
this FOXO3a residue may also be targeted by kinases other than
p38, and it is not known whether this represents a functional
compensatory mechanism as a result of the loss of p38 activity.
Taken together, these results suggest that doxorubicin induces
p38 to mediate FOXO3a Ser-7 phosphorylation and activation,
contributing to a cell proliferation arrest.

Ser-7 Phosphorylation Promotes FOXO3a Relocation to
Nucleus—The findings that doxorubicin promotes FOXO3a-
Ser-7 phosphorylation and its nuclear translocation led us to
speculate that Ser-7 phosphorylation on FOXO3a by p38 has a
role in relocating FOXO3a to the nucleus. To test this conjec-
ture, we first examined the subcellular distribution of total and
Ser-7 phosphorylated FOXO3a by Western blotting the cyto-
plasmic and nuclear extracts from FLAG-FOXO3a-expressing
MCE-7 cells left untreated or treated with doxorubicin (Fig.
4A). B-Tubulin and lamin B were again used as markers to con-
trol for nuclear/cytoplasmic fraction cross-contamination. As
expected, higher levels of Thr-32-phosphorylated FOXO3a
were detected in the cytoplasmic fractions. By contrast, Ser-7-
phosphorylated FOXO3a localized almost entirely in the
nuclear fractions, and its level increased following doxorubicin
treatment. Next, immunofluorescence microscopy was used to
study the subcellular distribution of the endogenous total and
Ser-7-phosphorylated FOXO3a in response to doxorubicin.
MCE-7 cells were treated with or without doxorubicin for 24 h,
followed by double staining for total and Ser-7-phosphorylated
FOXO3a. As shown in Fig. 4B, a marked increase in nuclear
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FIGURE 4. Association of FOX0O3a Ser-7 phosphorylation with nuclear
localization in vivo. A, MCF-7 cells were transfected with pCMV-FLAG-
FOXO3a, followed by doxorubicin treatment for 8 h. Whole cells were col-
lected, and cytosolic (Cyto)/nuclear fractionation (Nuclear) procedures were
performed. The resultant fractions were standardized according to protein
content, followed by Western blot analyses using the indicated antibodies.
B, MCF-7 cells were seeded into slide chamber and incubated with media in
the absence or presence of doxorubicin for 16 h. Immunofluorescent staining
was then performed using FOXO3a and P-FOXO3a (Ser-7) antibodies and
DAPI. All of the images shown are typical results obtained from at least 10
different fields.

Tubulin

Lamin B

FOXO3a was observed after doxorubicin treatment. Impor-
tantly, Ser-7-phosphorylated FOXO3a was only detected in the
nuclei of the stimulated cells. Despite the presence of nuclear
FOXO3a in the untreated cells, no Ser-7-phosphorylated
FOXO3a was detected, suggesting that Ser-7 phosphorylation
is synonymous with doxorubicin-activated and nuclear local-
ized FOXO3a. Together, these subcellular localization studies
indicate that Ser-7 phosphorylation is associated with doxoru-
bicin-induced nuclear FOXO3a.

Phosphorylation-defective FOXO3a (Ala-7) Mutant Fails to
Localize to Nucleus upon Doxorubicin Treatment—To directly
evaluate the functional significance of FOXO3a-Ser-7 phos-
phorylation, we compared the nuclear translocation efficiency
between wild-type FOXO3a and a Ser-7 phosphorylation-defi-
cient FOXO3a mutant in response to doxorubicin. MCF-7
cells transfected with pCMV-FLAG-FOXO3a-WT or pCMV-
FLAG-FOXO3a-A7 (with Ser-7 mutated to Ala-7) were left
untreated or stimulated with doxorubicin. Immunofluorescent
staining was then performed using the FLAG antibody, and the
positively stained nuclei were scored against the total trans-
fected population. The results showed that although a propor-
tion of nucleus-localized wild-type FOXO3a and FOXO3a-A7
was comparable in untreated cells, there were significantly
higher levels of wild-type FOXO3a compared with the mutant
FOXO3a-A7 in the nucleus upon doxorubicin treatment at 8 h
(Fig. 5). These results revealed the phosphorylation at Ser-7
plays a key role in relocating FOXO3a to the nucleus.
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FIGURE 5. Mutation of Ser-7 to Ala significantly affects the nuclear trans-
location of FOXO3a upon doxorubicin treatment. MCF-7 cells transfec-
ted with pCMV-FLAG-FOX03a-WT or pCMV-FLAG-FOXO3a-A7 (Ala-7) were
seeded into slide chambers, followed by doxorubicin stimulation for the
times indicated. Immunofluorescent staining was then performed using
FLAG antibody and DAPI. The subcellular localization of FLAG-FOXO3a was
then examined by fluorescent microscopy. A, two representative fields of
each type of transfection after 8 h of doxorubicin treatment from three inde-
pendent experiments are shown. B, over 200 FLAG-positive transfected cells
from three independent experiments were analyzed, and nuclear FLAG-
FOXO3a staining was scored and expressed as a percentage against the total
transfected populations. Representative data from three independent exper-
iments are shown. Statistical analyses were done using Student's ttest. *, p <
0.05 significant; **, p =< 0.01 very significant. Significant differences in the
nuclear localization of FLAG-FOX03a-WT or FLAG-FOX03a-A7 in the doxoru-
bucin-treated MCF7 cells were detected at 8 h.

p38 Is Required for FOXO3a Nuclear Translocation upon
Doxorubicin Treatment—To examine whether p38 is required
for the nuclear translocation of FOXO3a in response to doxo-
rubicin treatment, MCF-7 cells transfected with FLAG-
FOXO3a (WT) were cultured for 30 min in the absence or pres-
ence of the p38 inhibitor SB202190, before treatment with
either the vehicle (control) or doxorubicin for 16 h. Immuno-
fluorescent staining results showed that the transfected
FOXO3a resided predominantly in the cytoplasm in both the
untreated and the SB202190-pretreated MCE-7 cells (Fig. 6).
Following doxorubicin treatment, FOXO3a accumulated
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FIGURE 6. Nuclear accumulation of FOX0O3a upon doxorubicin treatment
can be blocked by the p38 chemical inhibitor. MCF-7 cells transfected with
pCMV-FLAG-FOX03a were cultured on sterile coverslips and treated with
1 um doxorubicin or remained untreated for 16 h in the absence or presence
of the 10 um p38 chemical inhibitor, SB202190. The cells were fixed in 4%
paraformaldehyde after treatment, and the transfected FOXO3a was recog-
nized by a mouse anti-FLAG antibody. FLAG-FOXO3a was visualized by the
addition of Alexa 488 (red) labeled anti-mouse antisera. P-FOXO3a (Ser-7) was
detected by donkey anti-sheep IgG-FITC (green) and DAPI (blue) was applied
to visualize the nuclei.

Vehicle (Control)

SB202190

almost exclusively in the nuclei of the MCE-7 cultured without
SB202190, whereas substantial amounts of FOXO3a remained
in the cytoplasm of the SB202190 and doxorubicin-treated
cells. The result also revealed that doxorubicin caused an accu-
mulation of P-FOXO3a (Ser-7) in the nucleus of control MCF-7
cells, whereas SB202190 treatment blocked the P-FOXO3a
(Ser-7) accumulation. These results suggested that p38 has a
role in the nuclear accumulation and Ser-7 phosphorylation of
FOXO3a in response to doxorubicin. To demonstrate further
that p38 has a role in the nuclear translocation of FOXO3a in
response to doxorubincin treatment, we next compared the
ability of doxorubicin to mediate FOXO3a nuclear relocation in
WT and p38a null MEFs. To this end, we first studied the
expression of p38 upon doxorubicin treatment in both the WT
and p38a~’~ MEFs (Fig. 7A). Western blot results showed that
p38 and its active form P-p38 were detected as a single species
in the WT but not in the p38a™’~ MEFs. In contrast, the
expression levels of the related INK-MAPK and FOXO3a were
at comparable levels in both the WT and p38a™/~ MEFs.
Moreover, the activated phosphorylated P-JNK was induced
with similar kinetics in both cell types. These results suggest
that p38a« is the predominant p38 species in both the WT and
p38a~'~ MEFs and that p38 depletion does not have a discern-
ible effect on JNK activity and FOXO3a expression in response
to doxorubicin in these cells. Interestingly, whereas the levels of
P-FOXO3a (Ser-7) accumulated in response to doxorubicin in
the WT MEFs, the level of P-FOXO3a (Ser-7) was substantially
depleted in the p38a~/~ MEFs, further indicating that p38
mediates FOXO3a Ser-7 phosphorylation and that p38« is the
predominant p38 species in MEFs. This is also consistent with
the data from Fig. 6, which shows that inhibition of p38 using
the pharmacological inhibitor SB202190 reduced the nuclear
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FIGURE 7. Doxorubicin induces the nuclear accumulation of FOX03a in
wild-type but not p38« null fibroblasts. Wild-type and p38a~/~ MEFs were
cultured with 1 um doxorubicin for the times indicated and used for Western
blot analysis and immunofluorescent staining. A, protein lysates were pre-
pared at the times indicated, and protein expression levels were analyzed by
Western blotting using antibodies against p38, P-p38, JNK, P-JNK, FOXO3a,
P-FOXO3a (Ser-7), and B-tubulin. B, MEFs were cultured on sterile slide cham-
bers and either left untreated or treated for 16 h with 1 um doxorubicin,
before being fixed in 4% paraformaldehyde. FOXO3a was visualized with a
rabbit polyclonal antibody followed by the addition of ALEX488 (green)
labeled anti-rabbit antisera. DAPI (blue) were also applied to visualize the
nuclei.

accumulation of P-FOXO3a (Ser-7) induced by doxorubicin.
Confocal microscopy was next used to monitor the subcellular
localization of FOXO3a in response to doxorubicin treatment.
(Fig. 7B). In WT MEFs, endogenous FOXO3a was detectable in
both the cytoplasmic and nuclear compartments of untreated
cells but accumulated almost exclusively in the nuclei upon
doxorubicin treatment. Similarly, FOXO3a also resided in the
cytoplasm and nuclei of untreated p38-deficient MEFs but was
not translocated predominantly to the nuclei upon doxorubicin
treatment. Comparable results were also obtained from WT
and p38a~’~ MEFs transfected with ectopic FOXO3a (supple-
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mental Fig. S7). Together, these data demonstrate that p38 is
involved in the nuclear translocation of FOXO3a following
doxorubicin treatment.

DISCUSSION

FOXO3a has a central role in mediating the stress signals
induced by numerous chemotherapeutic agents; however, the
mechanistic information involved remains elusive. Treatment
of breast cancer cells with doxorubicin induced cell cycle arrest
and cell death, which is associated with induction of p38 activity
and nuclear relocation of FOXO3a. In this study, we provide
evidence that the doxorubicin-induced FOXO3a nuclear local-
ization is mediated by the stress-activated protein kinase p38
through phosphorylation of the transcription factor on Ser-7.
The substitution of Ser-7 with alanine markedly impairs the
nuclear translocation of FOXO3a, thus highlighting the biolog-
ical importance of this single phosphorylation event. We have
made attempts but were unable to delineate the proliferative
function of Ser-7 phosphorylation using phosphorylation mim-
icking and defective FOXO3a mutants (supplemental Fig. S8).
This could be due to the fact that the overexpression approach
could distort the subcellular localization of a proportion of the
transfected FOXO3a, resulting in a substantial proportion of
FOXO3a (A7) mutant mislocating to the nucleus, as shown in
Fig. 5. Consistent with this idea, the FOXO3a (A7) mutant
appeared to be marginally less effective in inducing the accu-
mulation of p27*"P! and cleaved PLAP, a marker for apoptosis.
In addition, it is possible that other p38 phosphorylation sites
also contribute toward FOXO3a nuclear relocalization. Indeed,
our original phospho-mapping assay showed that p38 can
potentially phoshorylate FOXO3a on four other sites, and some
of these are also shared by JNK and ERK. Protein sequence
alignment analysis shows that Ser-7 on FOXO3a is conserved
between human and other mammals, indicative of an evolu-
tionarily conserved function. The induction of Ser-7 phosphor-
ylation by doxorubicin appears to be a universal event because
itoccurs all the cell lines examined (supplemental Fig. S9) Inter-
estingly, other mammalian members of the FOXO family
(FOXO1, FOX04, and FOXO6) do not harbor this phosphory-
lation site, indicating that the mechanism identified is specific
to FOXO3a. This could explain why FOXO3a, and not other
FOXO proteins, is a key mediator of chemotherapeutic drug
action, as well as certain environmental stress signals. The Ser-7
phosphorylation is specifically targeted by p38, because studies
using kinase inhibitors showed that JNK, PI3K, and ERK inhi-
bition has no effect on Ser-7 phosphorylation upon doxorubi-
cin treatment (supplemental Fig. S10). In particular, the results
suggested that doxorubicin does not modulate PI3K activity
and inhibition of PI3K by LY294002 does not affect Ser-7 phos-
phorylation. As a result, Ser-7 phosphorylation FOXO3a relo-
cation does not depend on previous phosphorylation by AKT.
At present there is still little detailed knowledge available as to
how FOXO3a cytosolic/nuclear translocation is regulated.
Domains within FOXO3a that could function as nuclear local-
ization signal (NLS) or nuclear export signal (NES) have been
assigned but are supported by limited experimental evidence.
However, it has been demonstrated that the nuclear export of
FOXOL1 is sensitive to leptomycin B treatment, indicating a
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Crml-dependent export mechanism (4, 39). Moreover, phos-
phorylation of Ser-193 located within the atypical NLS (Gly-
180 to Gly-221) of FOXO4 has been shown to impair the
nuclear translocation of the transcription factor (40). This sug-
gests that phosphorylation of residue(s) within and possibly in
close proximity to the NLS/NES is likely to have a direct regu-
latory impact on the subcellular distribution of FOXO mem-
bers. As for FOXO3a, Ser-7 is not located within the predicted
NLS (Lys-242 to Lys-271) nor NES (Leu-369 to Leu-396). At
present, only the DNA-binding domain of FOXO3a has been
structurally resolved (41). However, when the crystal structure
of full-length FOXO3a becomes available in the future, it will be
interesting to examine the spatial arrangement of Ser-7 in rela-
tion to the NLS/NES domains, which should provide clues as to
how Ser-7 phosphorylation affects FOXO3a structural confor-
mation and subcellular distribution at the molecular level.

Our findings identify FOXO3a as a novel substrate of p38
MAPK in response to genotoxic and environmental stress;
however, FOXO3a is not the only tumor suppressive transcrip-
tion factor targeted by p38 in response to stress signals. For
example, p38 has also been shown to phosphorylate and acti-
vate the tumor suppressors p53 and p73 in response to UV
radiation and chemotherapeutic drugs (8, 19, 42). Although our
results definitively show that p38-mediated FOXO3a-Ser-7
phosphorylation promotes the nuclear translocation of the
transcription factor, we cannot exclude the possibility that this
phosphorylation may also have other biological functions. For
instance, p38-mediated phosphorylation of USF-1 at Thr-153
has been shown to facilitate acetylation, which in turn alters the
transcriptional activity of USE-1 (43). Given that acetylation is
one of the post-translational modifications that can influence
FOXO3a transcriptional output (44, 45), it will be of interest to
investigate the relationship between FOXO3a-Ser-7 phosphor-
ylation and its acetylation in future studies.

Unchecked p38 activity has been linked to inflammatory dis-
orders in humans. Consequently, p38 inhibitors have been one
of the most intensively studied classes of therapeutics for
inflammatory diseases, such as rheumatoid arthritis, psoriasis,
and asthma (5). Conversely, in terms of cancer treatment, p38
inhibitors could promote drug insensitivity and have adverse
effects. Consistent with this notion, the dependence of chemo-
therapeutic-induced cell death on p38 activation has been doc-
umented in previous studies. For instance, pharmacological
inhibition of p38 is known to impede the anti-proliferative/pro-
apoptotic effects of doxorubicin, cisplatin, paclitaxel, arsenite,
and all-trans-retinoic acid in a wide range of cancer cell types
(16, 46—48). In concordance, our results show that specific
inhibition of p38 by SB202190 can alleviate doxorubicin-in-
duced cell cycle inhibition. Accordingly, SB202190 also mark-
edly down-regulates doxorubicin-induced FOXO3a-Ser-7
phosphorylation and p27*'*! induction. Collectively, these data
demonstrate Ser-7 on FOXO3a is a biologically relevant target
of p38 in response to doxorubicin. In many cell types, the stress
signals induced by reactive oxygen species have been shown to
activate the MAP kinase pathways (57, 58). At the molecular
level, the ability of reactive oxygen species in activating apopto-
sis signal-regulating kinase 1 (ASK1), an upstream activator of
both p38 and JNK, has been documented in numerous studies
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(59 -61). Given that doxorubicin is a potent inducer of reactive
oxygen species in tumor cells (62— 64), it is likely that the ASK1/
p38 signaling axis may play a key role in relaying the doxorubi-
cin signal to FOXO3a.

To date, the majority of the known FOXO3a phosphoryla-
tion sites have been shown to have inhibitory effects on its
activity. Accordingly, phosphorylation mediated by Akt (PKB)/
SGK (Thr-32, Ser-253, and Ser-315), IKKS (Ser-644), ERK1/2
(Ser-294, Ser-344, and Ser-425), and DYRK1A (Ser-325), all
promote the cytoplasmic accumulation of FOXO3a (49, 50).
Although AMPK-mediated phosphorylation (Thr-179, Ser-
399, Ser-413, Ser-555, Ser-588, and Ser-626) has been shown to
activate FOXO3a, AMPK phosphorylation does not affect the
cytoplasmic/nuclear distribution of the transcription factor
(51, 52). Despite the fact that Akt phosphorylation is regarded
as a marker for cytoplasmic localized FOXO (53), our data and
that of others show that a significant level of Akt-phosphory-
lated FOXO3a resides in the nucleus (54). Furthermore,
although Akt phosphorylation has been shown to promote
FOXO protein cytoplasmic relocalization, its role in the nuclear
relocation of FOXO proteins in response to stress signals
remains unknown. To our knowledge, Ser-7 is the only phos-
phorylation site associated with the nuclear enrichment of
FOXO3a, thus providing a useful molecular marker for nuclear
FOXO3a.

In conclusion, our findings identify FOXO3a as a direct sub-
strate of the stress-activated kinase p38 and Ser-7 as the novel
p38 phosphorylation site for FOXO3a. This study also provides
new information on the molecular mechanism of action of
doxorubicin. Inaddition, we find that FOXO3a-Ser-7 phosphor-
ylation is synonymous with the nuclear accumulation of the
transcription factor and propose that this phosphorylation site
can be exploited as a marker for nuclear FOXO3a and doxoru-
bicin response in future investigations.
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