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Abstract

Forkhead box O (FOXO) transcription factors are emerging as key regulators of cell survival and growth. The transcriptional
activity and subcellular localization of FOXO are tightly regulated by post-translational modifications. Here we report that
IKBKE regulates FOXO3a through phosphorylation of FOXO3a-Ser644. The phosphorylation of FOXO3a resulted in its
degradation and nuclear-cytoplasmic translocation. Previous studies have shown that IKBKE directly activates Akt and that
Akt inhibits FOXO3a by phosphorylation of Ser32, Ser253 and Ser315. However, the activity of Akt-nonphosphorytable
FOXO3a-A3 (i.e., converting 3 serine residues to alanine) was inhibited by IKBKE. Furthermore, overexpression of IKBKE
correlates with elevated levels of pFOXO3a-S644 in primary lung and breast tumors. IKBKE inhibits cellular function of
FOXO3a and FOXO3a-A3 but, to a much less extent, of FOXO3a-S644A. These findings suggest that IKBKE regulates FOXO3a
primarily through phosphorylation of SerS644 and that IKBKE exerts its cellular function, at least to some extent, through
regulation of FOXO3a.
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Introduction

IKBKE (Inhibitor of nuclear factor kappa-B kinase subunit

epsilon, also called IKKe and IKKi) is an IkB kinase family

member [1,2]. Accumulating studies have shown that IKBKE and

IKKa/b are activated by inflammatory factor, interferon and viral

infection. The activation of IKBKE and IKKa/b subsequently

induces NF-kB nuclear accumulation and DNA-binding activity

by phosphorylation of IkB-Ser36 and –Ser32/Ser36, respectively,

which leads to increase of transcription of cell growth/survival

genes such as cyclin D1, Bcl-xL and Bcl2 etc [3,4]. However, the

kinase domain of IKBKE only exhibits 27% and 24% identity to

IKKa and IKKb, respectively [5], implying that IKBKE may

regulate different molecules from IKKa/b. A recent study

demonstrated that IKBKE but not IKKa/b phosphorylates

CYLD [6], which is a deubiquitinase of several NF-kB regulators,

including TRAF2, TRAF6, and NEMO, to activate the NF-kB
pathway [7–10]. Moreover, in response to inflammatory factor

and viral infection, IKBKE phosphorylates interferon response

factors 3 and 7 (IRF3 and IRF7) and STAT1 [1,11,12,13] as well

as induces phosphorylation of p65/RelA [14]. We and others have

independently shown IKBKE, but not IKKa/b, direct phosphor-
ylation of Akt-Thr308/Ser473 [15,16], leading to Akt activation

independent PI3K, PDK1, mTORC2 and PH domain of Akt

[15,16]. Unlike IKKa/b, IKBKE has been shown to be frequently

amplified/overexpressed in human malignancy and ectopic

expression of IKBKE results in malignant transformation [15,17].

We also showed that elevated expression of IKBKE is involved in

chemo- and tamoxifen-resistance [18].

FoxO transcription factor family is a key player in an

evolutionary conserved pathway, which consists of FOXO1, 3, 4

and 6 in mammals. Four members of FOXO share high similarity

in their structure, function and regulation. They are involved in

diverse cellular and physiological processes including cell survival,

proliferation, cell cycle and metabolism as well as reactive oxygen

species (ROS) response and longevity. A number of target genes of

FOXOs have been identified which include Bim and FasL for

inducing apoptosis [19,20]; p27kip1 and cyclin D for cell cycle

control [21,22], GADD45a for DNA repair [23] and G6Pase for

glucose metabolism [24,25]. Accumulating studies demonstrated

that these FOXOs are predominantly regulated by post-transla-

tional modifications, including phosphorylation, acetylation,

methylation and ubiquitination [6,26–28]. For instance, FOXO3a

has been shown to be phosphorylated by IKKa/b at Ser644 [26],

Akt at Ser32, Ser253 and Ser315 [29], and ERK1/2 at Ser294,

Ser344 and Ser425 [30,31], resulting in either decrease of

FOXO3a DNA binding activity or/and protein stability.

In the present study, we show that IKBKE inhibits FOXO3a

and FOXO3a-A3, an Akt-nonphosphorylatable form, function by

direct phosphorylation of FOXO3a. While the kinase domain of

IKBKE is distinct from IKKa and IKKb [5], it also phosphor-

ylates FOXO3a-Ser644. As a result, IKBKE induces FOXO3a

degradation and nuclear-cytoplasmic translocation leading to

abrogation of FOXO3a cellular function.
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Figure 1. IKBKE represses FOXO3a and Akt-nonphosphorylatable FOXO3a-A3. (A) Luciferase assay. H1299 cells were transfected with
pGL3-p27-Luc together with indicated plasmids. Following incubation for 48 h, luciferase activity was measured and normalized to b-galactosidase.
Results are the mean 6 S.E. of three independent experiments performed in triplicate. The left open bar is relative basal p27-promoter activity (1.0).
(B) FOXO3a- and FOXO3a-A3-induced p27 transcription was reduced by IKBKE. H1299 cells were transfected with indicated plasmids. The p27 mRNA
levels were determined by semi-quantitative RT-PCR (upper panels). GAPDH was used as control. Western blot shows the expression of transfected
plasmids (panels 3 and 4). Bottom panel is a loading control. (C) IKBKE inhibits FOXO3a and FOXO3a-A3 DNA-binding activity. H1299 cells were
transfected with indicated plasmids. ChIP assay was performed as described in ‘‘Experimental Procedures’’. Anti-HA antibody was used for chromatin
IP. IgG was served as negative control. The DNA prior to the IP was used as positive controls (input). (D) IKBKE inhibition of FOXO3a depends on its
kinase activity. MCF7 cells were transfected with pGL3-FHRE-Luc (e.g., 3 repeats of FOXO binding motif) and IKBKE or DN-IKBKE. Luciferase activity was
determined after 48 h of the transfection. Western blot shows expression of transfected plasmids (bottom). (E) Knockdown of IKBKE increases
FOXO3a transcription activity. H292 cells were transfected with 2 shRNA of IKBKE and pGL3-FHRE-Luc. After 48 h of incubation, cells were subjected to
luciferase assay (upper panel) and Western blot (bottom panel).
doi:10.1371/journal.pone.0063636.g001
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Materials and Methods

Cell Lines, Lung Tumor Specimens, Antibodies and
Recombinant Protein
The non-small cell lung cancer (NSCLC) cell lines were

provided by Moffitt Cancer Center Lung Cancer Cell Core.

Breast cancer cell lines (MCF7, MDA-MB435 and T47D),

HEK293 and HeLa were purchased from ATCC. These cells

were maintained in RPMI 1640 medium supplemented with 10%

fetal bovine serum and 100 units/ml penicillin/streptomycin.

Ikbke-knockout mouse fibroblast (MEF-Ikbke2/2) and wild type

MEF (MEF-W) were kindly provided by Tom Maniatis (Harvard

University). Doxycycline-inducible IKBKE cell line was established

by transfection of HeLa tet-on cell (Clontech) with pTRE-Tight-

IKBKE.

Fifty primary human NSCLC and 57 breast tumor specimens

were collected from 1998 to 2005 at the Moffitt Cancer Center,

approved by the Institutional Review Boards (IRB) of University of

South Florida (#17121). All participants provided written consent

and data were de-identified. Consent forms were kept on file and

the IRB approved of the consent procedure under Moffitt Cancer

Center Total Cancer Control protocol. The tissues were snap

frozen and stored at 270uC.
Antibodies against IKBKE, Myc and HA were purchased from

Sigma. Anti-FOXO3a and -p27 antibodies were from Santa Cruz

Biotechnology. Antibodies of Bim and GFP were from Cell

Signaling. Anti-phospho-FOXO3a-S644 antibody was kindly

provided by Mickey C.-T Hu (Stanford University). Recombinant

protein IKBKE was purchased from Cell Signaling.

Plasmids
The pCMV-Myc tagged IKBKEand DN-IKBKE-K38A were

described previously [18]. Myr-IKBKE was obtained from Dr.

William Hahn at Harvard Medical School [7]. The pLKO1-

shRNAs of IKBKE were from Open Biosystems. The GFP-

FOXO3a, HA-FOXO3a, HA-FOXO3a-A3 and GST-FOXO3a were

provided by Boudewijn M.T. Burgering (University Medical

Center Utrecht). FOXO3a-S644A was generated with Quik-

ChangeH Site-Directed Mutagenesis Kit (Stratagene). The report-

er plasmids pGL3-FHRE-Luc and pGL3-p27 were purchased from

Addgene. The truncation mutants of GST-FOXO3a (GST-

FOXO3a 1–300, 301–673, 301–391, 393–538, 532–578, 579–

625, 625–673, 530–673) were provided by Mien-Chie Hung

(M.D. Anderson Cancer Center).

In Vitro Kinase Assay and In Vivo [32P]Pi Cell Labeling
In vitro IKBKE kinase assay was performed as previously

described [18,32]. Briefly, recombinant IKBKE was incubated

with GST-FOXO3a in the presence of 10 mCi of [c-32P]ATP
(NEN) and 3 mM cold ATP in a kinase buffer. After incubation at

30uC for 30 min, the reaction was stopped and separated in SDS-

PAGE gels. Each experiment was repeated three times.

For in vivo labeling, H1299 cells were transfected with HA-

FOXO3a-A3 or HA-FOXO3a-A3-S644A together with and without

myr-IKBKE. After serum starvation overnight, cells werelabeled

with [32P]Pi (0.5 mCi/ml) in phenol red-free MEM without

phosphate for 4 hours. FOXO3a was immunoprecipitated with

HA antibody, separated on SDS-PAGE and transferred to

membrane. Phosphorylated FOXO3a was detected by autoradi-

ography and quantified.

Western Blot, Co-immunoprecipitation (co-IP) and
Immunofluorescence
Western blot, co-IP and immunofluorescence were performed

as previously described [33]. Briefly, cell lysates were prepared in a

lysis buffer and subject to immunoprecipitation and immunoblot

analysis. To determine if the FOXO3a band shift is due to the

phosphorylation, a part of cell lysate were treated with CIP

(1 unit/mg protein) for 30 min at 37uC prior to Western blot. For

immunofluorescence, MCF7 cells were transfected with myc-

IKBKE and GFP-FOXO3a using LipofectinH reagent (Invitrogen).

After 48 hours, cells were stained with Alexa FluorH 555

conjugated (red) Myc antibody and DAPI and observed under

fluorescence microscope.

Luciferase Reporter, Reverse Transcription-PCR (RT-PCR)
and Chromatin Immunoprecipitation (ChIP) Assay
The luciferase reporter assay was carried out as previously

described [33]. RT-PCR was performed with gene specific

primers of p27 (forward, 59-GCAATGCGCAGGAATAAGGA-

39; reverse, 59-TCCACAGAACCGGCATTTG-39) and GAPDH

(forward, 59-CATGTTCGTCATGGGTGTGAACCA-39; re-

verse, 59-AGTGATGGCATGGACTGTGGTCAT-39). ChIP as-

say was performed with anti-HA (FOXO3a) antibody and primers

flanking FOXO3a binding site of p27 promoter: forward 59-

GTCCCTTCCAGCTGTCACAT-39; reverse 59-GGAAAC-

CAACCTTCCGTTCT-3.

Cell Viability and Programmed Cell Death
Cell viability was evaluated using CellTiter-GloH Luminescent

Cell Viability Agent according to manufacturer’s protocol

(Promega). Apoptosis was determined by caspase 3/7 activity

and TUNEL assay [34]. Briefly, cells were plated into 96-well

plate with 16104 cells/well and then transfected with different

constructs. Following incubation for 48 hours, caspase 3/7 activity

was measured using the Caspase-Glo 3/7 Assay Systems

(Promega). TUNEL assay was performed with the TUNEL

Apoptosis Detection Kit (Millipore).

Statistic Analysis
For luciferase activity and cell survival, the experiments were

repeated at least three times in triplicate. The data are represented

by means 6 SD. Differences between control and testing cells

were evaluated by Student’s t test; the correlation of IKBKE

expression with phosphorylation of FOXO3a-S644 was analyzed

by Chi-square test, all analyses were completed with SPSS

software, version 10.0. P,0.05 was considered statistically

significant.

Results

IKBKE Represses Transcription and DNA-binding Activity
of FOXO3a and FOXO3a-A3
Previous studies showed that FOXO3a functions as a tumor

suppressor and inhibits cell survival and growth [35]. Akt was

identified as a key regulator of FOXO3a by phosphorylation of

three serine residues, Ser32, Ser253 and Ser315 [29]. We have

recently shown that IKBKE functions as an Akt-T308 and -S473

kinase and directly activates Akt independent of PI3K/PDK1 and

mTORC2 [15]. These findings prompted us to examine whether

IKBKE regulated FOXO3a function. As an initial step, we

assessed the effect of IKBKE on the transcription activity of

FOXO3a and FOXO3a-A3, an Akt-nonphosphorylatable form in

which 3 serine residues were converted to alanine. In agreement

IKBKE Phosphorylates/Inhibits FOXO3a
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with previous reports [29,35], p27 promoter activity was induced

by FOXO3a or FOXO3a-A3. Unlike Akt, which only inhibited

FOXO3a, IKBKE abrogated both FOXO3a- and FOXO3a-A3-

induced p27 promoter activities (Fig. 1A and Fig. S1). FOXO3a-

and FOXO3a-A3-induced p27 mRNA levels were also inhibited

by IKBKE (Fig. 1B). Moreover, ChIP assay showed that IKBKE

inhibited DNA binding activity of FOXO3a and FOXO3a-A3

(Fig. 1C). In addition to p27 promoter, we examined the effect of

IKBKE on FHRE-Luc, which is a luciferase reporter driven by the

promoter containing three repeats of FOXO3a binding consensus

motif [29]. Fig. 1D shows that constitutively active (Myr)-IKBKE

reduced whereas DN-IKBKE enhanced FOXO3a transcription

activity. Furthermore, knockdown of IKBKE increased FHRE-Luc

activity (Fig. 1E). Together, these findings suggest that IKBKE

inhibition of FOXO3a activity is independent of Akt.

Direct Phosphorylation of FOXO3a-S644 by IKBKE
We next investigated if IKBKE interacts with and phosphor-

ylates FOXO3a. Co-immunoprecipitation revealed no interaction

between IKBKE and FOXO3a (data not shown). However, when

IKBKE and FOXO3a were co-expressed in H1299 cells, we

observed remarkable mobility shift of FOXO3a as well as decrease

of FOXO3a and p27 protein levels (Fig. 2A). The mobility shift

was inhibited by treatment of cell lysate with calf intestinal alkaline

protein phosphatase CIP but not by treatment of cells with Akt

Figure 2. IKBKE phosphorylates FOXO3a. (A and B) IKBKE induces FOXO3a mobility shift which is inhibited by protein phosphatase CIP but not
MK2206. H1299 cells were transfected with indicated plasmids. Following treatment with and without MK2206, cells were lysed. A portion of cell
lysate was treated with CIP at 37uC for 30 min prior to SDS-PAGE electrophoresis (lane 5 of B). Immunoblots were probed with indicated antibodies.
(C) A diagram illustration of GST-FOXO3a fusion proteins. (D) C-terminal region of FOXO3a was phosphorylated by IKBKE. In vitro kinase was
performed by incubation of recombinant IKBKE with indicated GST-FOXO3a fusion proteins (top). Bottom panel is coomassie blue staining (CBS)
showing GST-FOXO3a fusion proteins used for in vitro IKBKE kinase assay.
doi:10.1371/journal.pone.0063636.g002
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inhibitor MK2206 (Fig. 2B). These data suggest that IKBKE could

phosphorylate FOXO3a via an Akt-independent manner.

To determine whether IKBKE directly phosphorylated

FOXO3a, in vitro IKBKE kinase assay was performed by

incubation of recombinant IKBKE and GST-FOXO3a fusion

proteins. Figs. 2C and 2D showed that three C-terminal

truncation GST-FOXO3a proteins (FO3-2, FO3-7 and FO3-8)

were phosphorylated by IKBKE with minimal region FO3-7.

To define the phosphorylation site(s), we mutated individual

serine/threonine residue into alanine within FO3-7 region. In

vitro kinase assay revealed that phosphorylation of GST-FO3-7/

S644A by IKBKE was significantly reduced compared to the

Figure 3. Direct phosphorylation of FOXO3a-S644 by IKBKE in vitro and in vivo. (A) Mutation of Ser644 into alanine reduced IKBKE
phosphorylation of C-terminal region of FOXO3a. In vitro IKBKE kinase assay was carried out using C-terminal region of FOXO3a (e.g. GST-FO3-7)
containing indicated Ser/Thr-Ala mutation as substrates. (B) Sequence alignment of FOXO3a-S644 with putative IKBKE phosphorylation consensus
motif (25). (C) IKBKE phosphorylates FOXO3a-S644 in vivo. H1299 cells were transfected with indicated plasmids and labeled with [32P]-
orthophosphate. Following immunoprecipitation with anti-HA antibody, the immunoprecipitates were separated by SDS-PAGE, transferred and then
exposed (top). Expression of transfected plasmids is shown in panels 2 and 3. (D and E) IKBKE induces endogenous FOXO3a-S644 phosphorylation
and reduces p27 and Bim expression Indicated cells were transfected with different forms of IKBKE and shRNA-IKBKE, and then immunoblotted with
indicated antibodies. (F and G) Expression of IKBKE positively correlates with pFOXO3a-S644 level in NSCLC specimens. Representative tumors were
lysed, immunoprecipitated and probed with indicated antibodies (F). Chi-square test analysis of IKBKE and pFOXO3a-S644 in 50 NSCLC specimens
examined. The correlation is significant (p= 0.006; G). (H) MCF7 cells were transfected with indicated plasmids. Following incubation for 48 h, cells
were treated with and without Akt inhibitor MK2206 for 2 h and then immunoblotted with indicated antibodies.
doi:10.1371/journal.pone.0063636.g003

IKBKE Phosphorylates/Inhibits FOXO3a
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wild-type and other mutant fusion proteins (Fig. 3A). Sequenc-

ing analysis revealed that FOXO3a-S644 partially fits a putative

IKBKE phosphorylation consensus motif [7] and is also

conserved among different species (Fig. 3B). To further examine

if FOXO3a-S644 was phosphorylated by IKBKE, in vivo

labeling was performed by transfection of wild type FOXO3a,

FOXO3a-A3 and FOXO3a-A3-S644A together with and without

myr-IKBKE. Fig. 3C showed that IKBKE phosphorylated

FOXO3a-A3 and that the phosphorylation level was signifi-

cantly reduced by mutation of Ser644 (FOXO3a-A3-S644A).

Western blot analysis with specific antibody against phospho-

FOXO3a-S644 further showed that IKBKE phosphorylated

FOXO3a (Fig. 3D and 3E). Furthermore, expression levels of

p27 and Bim, 2 representative targets of FOXO3a, were

reduced by expression of IKBKE or myr-IKBKE but were

increased by knockdown of IKBKE (Fig. 3E).

To determine if this event occurred in vivo, we examined 50

NSCLC specimens for protein expression of IKBKE and

pFOXO3a-S644 (Fig. 3F). Of the 50 lung tumors, 27 had

overexpression of IKBKE and 28 had elevated pFOXO3a-S644.

Of the 28 tumors with elevated pFOXO3a-S644, 20 (71.4%) also

had elevated IKBKE (p=0.006; Fig. 3G). The other 8 cases with

elevated pFOXO3a-S644 could result from activation of IKKa
or/and IKKb, which have been shown to also phosphorylate

FOXO3a-S644 [26]. Similar results were obtained by evaluating

additional 57 breast cancer specimens (Fig. S2). Collectively, these

data suggest that FOXO3a-S644 is directly phosphorylated by

IKBKE. In addition, we noted that IKBKE still induced

FOXO3a-S644A mobility shift which was not affected by Akt

inhibitor MK2206 (Fig. 3H). These data suggest that IKBKE-

induced FOXO3a mobility shift could result from IKBKE

regulation of other kinase(s) in addition to Akt.

IKBKE Phosphorylation of FOXO3a-S644 Results in
FOXO3a Nuclear-cytoplasmic Translocation and Loss of
Transcription Activity
We also examined the effects of phosphorylation of Ser644

on FOXO3a subcellular localization and transcription activity.

H1299 cells were transfected with GFP-FOXO3a or GFP-

FOXO3a-S644A together with constitutively active IKBKE.

Following incubation for 48 hours, the subcellular localization

of FOXO3a was determined and quantified. Figs. 4A and 4B

showed that GFP-FOXO3a and GFP-FOXO3a-S644A were

predominantly located in the nucleus. Expression of IKBKE led

to FOXO3a translocation from the nucleus to cytoplasm.

However, FOXO3a-S644A remained in the nucleus (Figs. 4A

and 4B). In addition, p27 reporter assay was carried out to

assess the effect of phosphorylation of Ser644 on FOXO3a

transcription activity. As shown in Fig. 4C, expression of myr-

IKBKE repressed FOXO3a-induced p27 promoter activity but

had insignificant effect on p27 promoter activity induced by

FOXO3a-S644A (e.g., 20% reduction; p.0.05). Based on these

Figure 4. Expression of IKBKE results in nuclear-cytoplasmic translocation and loss of transcription activity of FOXO3a but not
FOXO3a-S644A. (A and B) Expression of constitutively active IKBKE induces FOXO3a but not FOXO3a-S644A nuclear-cytoplasmic translocation.
MCF7 cells were transfected with indicated plasmids. After 48 h of transfection, cells were stained with Alexa FluorH 555 conjugated (red) Myc
antibody and DAPI (A). Scale bar is 25 mm. Cellular localization of FOXO3a was quantified by counting 400 cells (B). (C) IKBKE inhibition of FOXO3a
transcription activity depends on phosphorylation of Ser644. MCF7 cells were transfected with pGL3-p27-Luc, FOXO3a or FOXO3a-S644A together
with and without myr-IKBKE. Luciferase assay was performed after 48 h of transfection as described in Figure 1.
doi:10.1371/journal.pone.0063636.g004
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data, we concluded that IKBKE phosphorylation of Ser644

leads to FOXO3a nuclear-cytoplasmic translocation and loss of

its transcription activity.

IKBKEinduces FOXO3a Degradation in a p-Ser644-
dependent Manner
We also noticed that expression of IKBKE decreased FOXO3a

protein level (Figs. 2A, 2B and 3E). To further examine the effect

of IKBKE on FOXO3a expression, we transfected H1299 cells

with IKBKE and found that ectopic expression of IKBKE reduced

Figure 5. IKBKE phosphorylation of FOXO3a-S644 induces FOXO3a degradation. (A) Expression of constitutively active IKBKE reduces
FOXO3a expression at protein but not mRNA levels. H1299 cells were transfected with an increasing amount of myr-IKBKE and subjected to
immunoblot (upper panels) and RT-PCR (lower panels) analysis. (B) Knockdown of IKBKE increases FOXO3a protein levels. Two IKBKE-shRNAs were
introduced into MDA-MB435 cells. Following incubation for 72 h, immunoblot (upper panels) and RT-PCR (lower panels) analyses were performed. (C)
Immunoblot analysis of wild-type and Ikbke-knockout MEFs with indicated antibodies. (D–F) IKBKE induces FOXO3a protein degradation which
depends on phosphorylation of Ser644. H1299 cells were transfected with FOXO3a or FOXO3a-S644A together with and without IKBKE. After 48 h of
transfection, cells were treated with CHX for different times and then were immunoblotted with indicated antibodies (D and E). Degradation rates of
FOXO3a and FOXO3a-S644A in the presence and absence of IKBKE were quantified (F). (G) IKBKE induces FOXO3a degradation more significantly
than FOXO3a-S644A in IKBKE tet-on cells. The IKBKE tet-on HeLa cells were transfected with FOXO3a and FOXO3a-S644A. After 48 h of transfection,
cells were treated with doxycycline for indicated times and then immunoblotted with indicated antibodies. (H) IKBKE-induced FOXO3a degradation
was inhibited by proteasome inhibitor. T47D cells were transfected indicated plasmids, treated with and without MG132 and then were
immunoblotted with indicated antibodies.
doi:10.1371/journal.pone.0063636.g005

IKBKE Phosphorylates/Inhibits FOXO3a
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FOXO3a protein but not mRNA level in a dose-dependent

manner (Fig. 5A). Furthermore, increase of FOXO3a protein level

was detected in IKBKE-depletion cells (Figs. 5B and 5C).

To determine if the observed IKBKE-promoted reduction in

FOXO3a expression levels depends on the phosphorylation of

FOXO3a-S644, we compared the degradation rate of FOXO3a

and FOXO3a-S644A in the absence or presence of IKBKE.

Following transfection of FOXO3a or FOXO3a-S644A together

with and without IKBKE, H1299 cells were treated with

cycloheximide (CHX) for different times. Immunoblot analysis

unraveled that FOXO3a-S644A was more stable than FOXO3a

(Figs. 5D and 5F). Expression of IKBKE induced more significant

degradation of FOXO3a than FOXO3a-S644A (Figs. 5E and 5F).

Similar result was observed in doxycycline-inducible IKBKE cell

line (Fig. 5G). Moreover, IKBKE-induced FOXO3a degradation

was largely abrogated by treatment with proteasome inhibitor

MG132 (Fig. 5H). Based on these results, we conclude that

IKBKE induces FOXO3a protein degradation primarily via

phosphorylation of Ser644.

IKBKE Protects Cells from FOXO3a-induced Apoptosis
Primarily through Phosphorylation of FOXO3a-S644
Since IKBKE directly phosphorylates FOXO3a-S644 leading

to FOXO3a nuclear-cytoplasmic translocation and protein

degradation, IKBKE could suppress FOXO3a cellular function

via a Ser644 phosphorylation-dependent manner. To this end, cell

viability was assessed in H1299 cells following transfection of

FOXO3a, FOXO3a-S644A or FOXO3a-A3 together with and

without myr-IKBKE. As shown in Fig. 6A, expression of FOXO3a

alone induced cell death. The effects of FOXO3a and FOXO3a-

A3 on cell death were largely abrogated by expression of

constitutively active IKBKE. In addition, caspase 3/7 and

TUNEL assays revealed that myr-IKBKE inhibited the pro-

grammed cell death induced by FOXO3a and FOXO3a-A3

(Figs. 6B and 6C). However, FOXO3a-S644A induced cell death

was only inhibited by IKBKE at approximately 20%, which did

not reach statistical significance (p.0.05; Figs. 6A and 6B). These

data indicate that IKBKE inhibits FOXO3a largely through

phosphorylation of Ser644 and, to a much less extent, through

IKBKE-activated Akt phosphorylation of Ser32, Ser253 and

Ser315 (Fig. 7).

Discussion

IKBKE has essential role as a regulator of innate immunity by

modulating interferon and NF-kB signaling [1,2]. Recent studies

have also implicated IKBKE in malignant transformation [15,17].

We and others have shown IKBKE induction of cell survival,

growth and chemoresistance [16,18,36]. However, underlying

Figure 6. IKBKE inhibition of FOXO3a-induced cell death depends on phosphorylation of FOXO3a-S644. H1299 cells were transfected
with indicated plasmids. After incubation for 48 h, cell viability (A) and caspase 3/7 activity (B) as well as TUNEL (C; scale bar is 20 mm) assays were
performed as described in ‘‘Experimental Procedure’’.
doi:10.1371/journal.pone.0063636.g006
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molecular mechanism remains elusive. In this study, we show that

IKBKE directly mediates phosphorylation of FOXO3a-S644 and

induces FOXO3a nuclear-cytoplasmic translocation and protein

degradation. As a result, FOXO3a cellular function was inhibited

by IKBKE. Furthermore, overexpression of IKBKE significantly

correlated with phospho-FOXO3a-S644 in primary lung tumors

examined. These findings indicate that FOXO3a is a bona fide

substrate of IKBKE and that negative regulation of FOXO3a by

IKBKE is a key mechanism for promoting cell survival.

Accumulating studies show that FOXO3a regulates a wide

range of biological processes, including inhibition of cell survival

and proliferation, protection against oxidative stress, and metab-

olism [37,38,39]. The biological activity of FOXO3a is regulated

predominantly by post-translational modifications, including

phosphorylation, acetylation, and ubiquitination. Consistent with

this notion, one of the first and potentially most important control

mechanisms characterized for FOXO3a is its regulation by Akt,

where the phosphorylation of FOXO3a at Ser32, Ser253 and

Ser315 by Akt results in the cytoplasmic accumulation and

subsequent degradation of this transcription factor [29]. We

recently reported that IKBKE activated Akt by direct phosphor-

ylation of Akt-T308 and -S473, which is independent of PDK1

and mTORC2 [15]. Thus, IKBKE could regulate FOXO3a

through both indirect (e.g., Akt) and direct (e.g., phosphorylation

of Ser644) mechanism. Interestingly, our data show that IKBKE

phosphorylation of Ser644 residue, while it locates in transactiva-

tion domain (Fig. 2C), is sufficient to promote FOXO3a nuclear-

cytoplasmic translocation and degradation (Figs. 4 and 5).

Moreover, IKBKE inhibits Akt-nonphosphorylatable FOXO3a-

A3 transcription and DNA binding activities as well as FOXO3a-

A3-induced cell death. While IKBKE also suppresses FOXO3a-

S644A function towards p27 and apoptosis (approximately

,20%), it did not reach statistical significance (Figs. 4C and

6A/B). These findings suggest that IKBKE represses FOXO3a

primarily through direct phosphorylation of Ser644 and that

phosphorylation of FOXO3a by IKBKE-Akt axis has a less

important role.

While IKBKE is a member of IKK family, its kinase domain

shares ,27% amino acid identity to IKKa and IKKb [5]. Even

though a majority of IKBKE substrates could not be phosphor-

ylated by IKKa and IKKb, which include Akt, IRF3/7 and

STAT1 [13,15], IKKa/b andIKBKEshare some common sub-

strates including IkB. IKKa/b have been shown toactivate NF-kB
by phosphorylation of IkB at Ser32/Ser36 whereas IKBKE

induces NF-kB by phosphorylation of IkB-Ser36 [40]. Previous

studies have shown that FOXO3a-S644 is phosphorylated by

IKKa and IKKb, which leads to FOXO3a cytoplasmic accumu-

lation and degradation in a manner of independent of Akt and

ERK signaling [26]. Thus, our study provided an additional

substrate that is shared by IKBKE and IKKa/b. Furthermore, a

recent study shows that IKKa and IKKb inhibit Akt through

phosphorylation of p85a in response to starvation [41]. However,

we observed activation of Akt by IKBKE but not by IKKa/b in

normal condition, which induces p-FOXO3a-S253, -S32 and -

S315 (Fig. S3 and data not shown), while IKBKE and IKKa/b all

phosphorylate FOXO3a-S644 (Fig. S3).

Based on our findings, we propose a model IKBKE-dependent

repression of FOXO3a that promotes cell survival, growth and

tumorigenesis. While IKBKE directly activates Akt, IKBKE

phosphorylation of Ser644 plays a predominant role in repression

of FOXO3a (Fig. 7). Our study suggests that restoration of

FOXO3a activity could be an attractive therapeutic strategy for

Figure 7. Proposed model of regulation of FOXO3a by IKBKE. IKBKE regulates FOXO3a subcellular localization, protein stability and
transcription activity predominantly through direct phosphorylation of Ser644. In addition, IKBKE could modulate FOXO3a function through
activation of Akt and other kinase(s).
doi:10.1371/journal.pone.0063636.g007
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human tumors expressing elevated levels of IKBKE. In addition, a

recent report showed that phosphorylation of FOXO3a by

IKBKE regulates INFb expression suggesting the role of FOXO3

in immune response control [42]. Further investigation is required

for defining the mechanism by which Ser644 regulates FOXO3a

subcellular localization as well as the significance of Ser644 in

FOXO3a tumor suppressor function in animal model.

Supporting Information

Figure S1 Expression of transfected plasmids. Western

blot analysis was performed in H1299 cells transfected with

indicated plasmids.

(TIF)

Figure S2 Expression of IKBKE correlates with
pFOXO3a-S644 in breast cancer. (A) Immunoblot analysis

of representative breast tumors with indicated antibodies. (B) Chi-
square test analysis of IKBKE and pFOXO3a-S644 in 57 breast

cancer specimens examined. Elevated p-FOXO3a-S644 was

observed in 24 of 36 specimens with high levels of IKBKE and

the correlation is significant (p = 0.034).

(TIF)

Figure S3 IKBKE and IKKa/b regulate FOXO3a and
Akt. MCF7 cells were transfected with Myc-IKBKE, Flag-IKKa
and Flag-IKKb and then immunoblotted with indicated antibodies.

(TIF)

Acknowledgments

We are grateful for Tissue Procurement, DNA Sequence, Proteomics and

Image Core Facilities at H. Lee Moffitt Cancer Center for providing

cancer specimens, sequencing and cell apoptosis analysis. We also thank

Moffitt Cancer Center Lung Cancer SPORE for providing NSCLC cancer

cell lines.

Author Contributions

Conceived and designed the experiments: JPG WT JQC. Performed the

experiments: JPG WT SS YX. Analyzed the data: JPG WT CCS.

Contributed reagents/materials/analysis tools: CCS. Wrote the paper:

JPG JQC.

References

1. Peters RT, Liao SM, Maniatis T (2000) IKKepsilon is part of a novel PMA-

inducible IkappaB kinase complex. Molecular cell 5: 513–522.

2. Keen JC, Cianferoni A, Florio G, Guo J, Chen R, et al. (2006) Characterization

of a novel PMA-inducible pathway of interleukin-13 gene expression in T cells.

Immunology 117: 29–37.

3. Hinz M, Krappmann D, Eichten A, Heder A, Scheidereit C, et al. (1999) NF-

kappaB function in growth control: regulation of cyclin D1 expression and G0/

G1-to-S-phase transition. Mol Cell Biol 19: 2690–2698.

4. Heckman CA, Mehew JW, Boxer LM (2002) NF-kappaB activates Bcl-2

expression in t(14;18) lymphoma cells. Oncogene 21: 3898–3908.

5. Shen RR, Hahn WC (2011) Emerging roles for the non-canonical IKKs in

cancer. Oncogene 30: 631–641.

6. Brunet A, Park J, Tran H, Hu LS, Hemmings BA, et al. (2001) Protein kinase

SGK mediates survival signals by phosphorylating the forkhead transcription

factor FKHRL1 (FOXO3a). Mol Cell Biol 21: 952–965.

7. Hutti JE, Shen RR, Abbott DW, Zhou AY, Sprott KM, et al. (2009)

Phosphorylation of the tumor suppressor CYLD by the breast cancer oncogene

IKKepsilon promotes cell transformation. Mol Cell 34: 461–472.

8. Trompouki E, Hatzivassiliou E, Tsichritzis T, Farmer H, Ashworth A, et al.

(2003) CYLD is a deubiquitinating enzyme that negatively regulates NF-kappaB

activation by TNFR family members. Nature 424: 793–796.

9. Yoshida H, Jono H, Kai H, Li JD (2005) The tumor suppressor cylindromatosis

(CYLD) acts as a negative regulator for toll-like receptor 2 signaling via negative

cross-talk with TRAF6 AND TRAF7. The Journal of biological chemistry 280:

41111–41121.

10. Kovalenko A, Chable-Bessia C, Cantarella G, Israel A, Wallach D, et al. (2003)

The tumour suppressor CYLD negatively regulates NF-kappaB signalling by

deubiquitination. Nature 424: 801–805.

11. Tenoever BR, Ng SL, Chua MA, McWhirter SM, Garcia-Sastre A, et al. (2007)

Multiple functions of the IKK-related kinase IKKepsilon in interferon-mediated

antiviral immunity. Science 315: 1274–1278.

12. Harris J, Oliere S, Sharma S, Sun Q, Lin R, et al. (2006) Nuclear accumulation

of cRel following C-terminal phosphorylation by TBK1/IKK epsilon. Journal of

immunology 177: 2527–2535.

13. Fitzgerald KA, McWhirter SM, Faia KL, Rowe DC, Latz E, et al. (2003)

IKKepsilon and TBK1 are essential components of the IRF3 signaling pathway.

Nat Immunol 4: 491–496.

14. Adli M, Baldwin AS (2006) IKK-i/IKKepsilon controls constitutive, cancer cell-

associated NF-kappaB activity via regulation of Ser-536 p65/RelA phosphor-

ylation. The Journal of biological chemistry 281: 26976–26984.

15. Guo JP, Coppola D, Cheng JQ (2011) IKBKE protein activates Akt independent

of phosphatidylinositol 3-kinase/PDK1/mTORC2 and the pleckstrin homology

domain to sustain malignant transformation. The Journal of biological chemistry

286: 37389–37398.

16. Xie X, Zhang D, Zhao B, Lu MK, You M, et al. (2011) IkappaB kinase epsilon

and TANK-binding kinase 1 activate AKT by direct phosphorylation.

Proceedings of the National Academy of Sciences of the United States of

America 108: 6474–6479.

17. Boehm JS, Zhao JJ, Yao J, Kim SY, Firestein R, et al. (2007) Integrative

genomic approaches identify IKBKE as a breast cancer oncogene. Cell 129:

1065–1079.

18. Guo JP, Shu SK, He L, Lee YC, Kruk PA, et al. (2009) Deregulation of IKBKE

is associated with tumor progression, poor prognosis, and cisplatin resistance in

ovarian cancer. Am J Pathol 175: 324–333.

19. Yang JY, Xia W, Hu MC (2006) Ionizing radiation activates expression of

FOXO3a, Fas ligand, and Bim, and induces cell apoptosis. Int J Oncol 29: 643–

648.

20. Tran H, Brunet A, Griffith EC, Greenberg ME (2003) The many forks in

FOXO’s road. Sci STKE 2003: RE5.

21. Dijkers PF, Medema RH, Pals C, Banerji L, Thomas NS, et al. (2000) Forkhead

transcription factor FKHR-L1 modulates cytokine-dependent transcriptional

regulation of p27(KIP1). Mol Cell Biol 20: 9138–9148.

22. Schmidt M, Fernandez de Mattos S, van der Horst A, Klompmaker R, Kops GJ,

et al. (2002) Cell cycle inhibition by FoxO forkhead transcription factors involves

downregulation of cyclin D. Mol Cell Biol 22: 7842–7852.

23. Tran H, Brunet A, Grenier JM, Datta SR, Fornace AJ Jr, et al. (2002) DNA

repair pathway stimulated by the forkhead transcription factor FOXO3a

through the Gadd45 protein. Science 296: 530–534.

24. Barthel A, Schmoll D, Unterman TG (2005) FoxO proteins in insulin action and

metabolism. Trends Endocrinol Metab 16: 183–189.

25. Onuma H, Vander Kooi BT, Boustead JN, Oeser JK, O’Brien RM (2006)

Correlation between FOXO1a (FKHR) and FOXO3a (FKHRL1) binding and

the inhibition of basal glucose-6-phosphatase catalytic subunit gene transcription

by insulin. Mol Endocrinol 20: 2831–2847.

26. Hu MC, Lee DF, Xia W, Golfman LS, Ou-Yang F, et al. (2004) IkappaB kinase

promotes tumorigenesis through inhibition of forkhead FOXO3a. Cell 117:

225–237.

27. Wang F, Nguyen M, Qin FX, Tong Q (2007) SIRT2 deacetylates FOXO3a in

response to oxidative stress and caloric restriction. Aging Cell 6: 505–514.

28. Bakker WJ, Blazquez-Domingo M, Kolbus A, Besooyen J, Steinlein P, et al.

(2004) FoxO3a regulates erythroid differentiation and induces BTG1, an

activator of protein arginine methyl transferase 1. J Cell Biol 164: 175–184.

29. Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, et al. (1999) Akt promotes cell

survival by phosphorylating and inhibiting a Forkhead transcription factor. Cell

96: 857–868.

30. Yang JY, Zong CS, Xia W, Yamaguchi H, Ding Q, et al. (2008) ERK promotes

tumorigenesis by inhibiting FOXO3a via MDM2-mediated degradation. Nat

Cell Biol 10: 138–148.

31. Chapuis N, Park S, Leotoing L, Tamburini J, Verdier F, et al. (2010) IkappaB

kinase overcomes PI3K/Akt and ERK/MAPK to control FOXO3a activity in

acute myeloid leukemia. Blood 116: 4240–4250.

32. Woronicz JD, Gao X, Cao Z, Rothe M, Goeddel DV (1997) IkappaB kinase-

beta: NF-kappaB activation and complex formation with IkappaB kinase-alpha

and NIK. Science 278: 866–869.

33. Sun M, Paciga JE, Feldman RI, Yuan Z, Coppola D, et al. (2001)

Phosphatidylinositol-3-OH Kinase (PI3K)/AKT2, activated in breast cancer,

regulates and is induced by estrogen receptor alpha (ERalpha) via interaction

between ERalpha and PI3K. Cancer Res 61: 5985–5991.

34. Guo B, Cheng G (2007) Modulation of the interferon antiviral response by the

TBK1/IKKi adaptor protein TANK. J Biol Chem 282: 11817–11826.

35. Myatt SS, Lam EW (2007) The emerging roles of forkhead box (Fox) proteins in

cancer. Nat Rev Cancer 7: 847–859.

IKBKE Phosphorylates/Inhibits FOXO3a

PLOS ONE | www.plosone.org 10 May 2013 | Volume 8 | Issue 5 | e63636



36. Guo J, Kim D, Gao J, Kurtyka C, Chen H, et al. (2013) IKBKE is induced by

STAT3 and tobacco carcinogen and determines chemosensitivity in non-small
cell lung cancer. Oncogene 10: 32: 151–9.

37. Kops GJ, Dansen TB, Polderman PE, Saarloos I, Wirtz KW, et al. (2002)

Forkhead transcription factor FOXO3a protects quiescent cells from oxidative
stress. Nature 419: 316–321.

38. Shiota M, Yokomizo A, Kashiwagi E, Tada Y, Inokuchi J, et al. (2010) Foxo3a
expression and acetylation regulate cancer cell growth and sensitivity to cisplatin.

Cancer Sci 101: 1177–1185.

39. Khatri S, Yepiskoposyan H, Gallo CA, Tandon P, Plas DR (2010) FOXO3a
regulates glycolysis via transcriptional control of tumor suppressor TSC1. J Biol

Chem 285: 15960–15965.

40. Kishore N, Huynh QK, Mathialagan S, Hall T, Rouw S, et al. (2002) IKK-i and

TBK-1 are enzymatically distinct from the homologous enzyme IKK-2:

comparative analysis of recombinant human IKK-i, TBK-1, and IKK-2. J Biol

Chem 277: 13840–13847.

41. Comb WC, Hutti JE, Cogswell P, Cantley LC, Baldwin AS (2012) p85alpha

SH2 domain phosphorylation by IKK promotes feedback inhibition of PI3K

and Akt in response to cellular starvation. Mol Cell 45: 719–730.

42. Luron L, Saliba D, Blazek K, Lanfrancotti A, Udalova IA (2012) FOXO3 as a

new IKK-epsilon-controlled check-point of regulation of IFN-beta expression.

Eur J Immunol 42: 1030–1037.

IKBKE Phosphorylates/Inhibits FOXO3a

PLOS ONE | www.plosone.org 11 May 2013 | Volume 8 | Issue 5 | e63636


