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The FOXO family of forkhead transcription factors has a vari-
ety of important functions in stress response, metabolism, cell
cycle, apoptosis, longevity, etc. The transcriptional activity and
subcellular localization of FOXO are tightly regulated by post-
translational modifications, including phosphorylation by vari-
ous kinases. Here, we report that the transforming growth
factor-�-activated kinase (TAK1)-Nemo-like kinase (NLK)
pathway negatively regulates FOXO1.We show that NLK binds
and phosphorylates FOXO1 at Pro-directed Ser/Thr residues in
the transactivation domain. The phosphorylation by TAK1-
NLKpathway inhibits the transcriptional activity of FOXO1and
excludes FOXO1 from the nucleus, which is independent of
phosphatidylinositol 3-kinase/Akt pathway. Consistently,
knockdown of TAK1-NLK pathway dephosphorylates FOXO1
and decreases phospho-Ser-329 FOXO1 level. It also induces
translocation of FOXO1 into the nucleus and leads to an
increase in mRNA levels of FOXO target genes and poly(ADP-
ribose) polymerase cleavage. In addition, we show the interac-
tion between NLK and FOXO1 is evolutionarily conserved in
Drosophila. Collectively, these findings provide the first evi-
dence that TAK1-NLK pathway is a novel regulator of FOXO1.

FOXO proteins belong to the O class of forkhead box tran-
scription factor superfamily, all of which have a forkhead box
domain for DNA binding (1). FOXO family proteins are regu-
lated by various signaling networks through post-translational
modifications such as phosphorylation, acetylation, and ubiq-
uitination.Complex regulation of FOXOmodulates the expres-
sion of target genes involved in apoptosis, cell cycle, stress
response, longevity, DNA repair, as well as glucose metabolism
(1).
The best known example of the upstream signaling pathways

of FOXO is the phosphatidylinositol 3-kinase (PI3K)3/Akt

pathway that is activated by growth factors such as insulin and
insulin-like growth factor-1 (2). DAF-16 of Caenorhabditis
eleganswas first identified as a target of the insulin pathway and
has three Akt phosphorylation sites, which are conserved from
worms to humans (3). The phosphorylation by Akt sequesters
FOXO in the cytoplasm and inhibits its functions, leading to
decreased expression of FOXO target genes (2). Recently, other
inhibitory phosphorylation sites on FOXO transcription fac-
tors have been identified. CDK2 can phosphorylate FOXO1 at
Ser-249 and Ser-298, resulting in not only inhibition of its tran-
scriptional activity but also its exclusion from the nucleus (4). In
addition, Ser-329 of human FOXO1 was shown to be phosphor-
ylated in vitro by the dual specificity tyrosine-phosphorylated
and -regulated kinase 1A (DYRK1A), and this phosphorylation
inhibits FOXO1 activity and decreases FOXO1 levels in the
nucleus (5). It is of note that both of these inhibitory phosphor-
ylation sites are Pro-directed Ser/Thr residues, raising the pos-
sibility that other Pro-directed kinases such asMAPKor cyclin-
dependent kinase family could phosphorylate these sites.
Drosophila nemo encodes a founding member of the NLK

family, which was identified as a gene required for photorecep-
tor cell rotation during eye morphogenesis (6), and its ortho-
logues were subsequently identified in worms and vertebrates
(lit-1 and NLK, respectively) (7, 8). NLK was proposed to be
classified into an atypical MAPK family along with ERK3/4,
because it has a high homology to ERK1 kinase domain but
lacks the tyrosine residue in the activation loop (9). In the past
decade, a number of transcription factors and co-factors have
been demonstrated to be phosphorylated and regulated by
NLK. The first and best characterized substrate of NLK is the
T-cell factor/lymphoid enhancer factor family that mediates
the Wnt-dependent signaling pathway (10). Genetic and bio-
chemical analyses have revealed that NLK associates and phos-
phorylates T-cell factor/lymphoid enhancer factor proteins
(10–15), which result in a blockade of binding to its target pro-
moters and a decrease in the nuclear level of T-cell factor/
lymphoid enhancer factormolecules (10). In addition, NLK has
been demonstrated to phosphorylate STAT3 (16), c-Myb (17),
A-Myb (18), Drosophila Mad (19), cAMP-response element-
binding protein-binding protein (18), and SET Domain Bifur-
cated 1 (SETDB1) (20). The results bring diverse consequences
such as mesoderm induction by STAT3 (16), degradation of
c-Myb (17), deacetylation ofA-Myb (18), nuclear export ofMad
(19), inhibition of cAMP-response element-binding protein-
binding protein activity (18), and histone methylation by
SETDB1 (20). These findings suggest that NLK regulates
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important gene expressions via its ability to phosphorylate
diverse transcription factors and co-factors.
In this study, we show a functional interaction between NLK

and FOXO1. NLK specifically associates with FOXO1 and
directly phosphorylates at least eight Pro-directed Ser/Thr res-
idues. This regulation affects the activity and localization of
FOXO1. Additionally, we show that TAK1, an upstream kinase
ofNLK, also inhibits FOXO1.Our results reveal that theTAK1-
NLK pathway is a novel upstream regulator of FOXO1.

EXPERIMENTAL PROCEDURES

cDNAConstructsandAntibodies—FOXO1-HAand8�FK1tkLuc
cDNAwere generous gifts fromDr.W.H. Biggs III (The Ludwig
Institute for Cancer Research). 3F10 anti-HA rat monoclonal
antibody was purchased from Roche Applied Science; anti-HA
mousemonoclonal antibody anti-PARP antibodywas fromCell
Signaling Technology; anti-FLAG M2 antibody was from
Sigma; anti-GST antibody was from Upstate Biotechnology,
Inc.; and 9E10 anti-Myc antibody was from Developmental
Studies Hybridoma Bank.
Quantitative Real Time PCR—The expression of FOXO1

target mRNA was measured by quantitative real time PCR
using an iCycler iQTM multicolor real time detection system
(Bio-Rad). Total RNA was isolated from HEK293T cells with
the Easy-BlueTM system (Intron Biotechnology, Korea), which

were transfected with control
(catalogue no. D-001210-01-20,
Dharmacon), human NLK siRNA
(catalogue no. MU-004763-01,
Dharmacon), or human TAK1
siRNA (catalogue no. D-003790-06,
Dharmacon) by X-tremeGENE
siRNA transfection reagent (Roche
Applied Science). After cDNA was
synthesized from 2�g of RNAusing
the Moloney murine leukemia virus
reverse transcriptase (Promega),
quantitative real time PCR was per-
formed using specific primer sets.
The primer sets were designed to
span intron-exon borders to dis-
tinguish amplified cDNA from
genomic DNA. The primer se-
quences used for PCR were as fol-
lows: human NLK-specific primers
(5�-CCAGTGACTTTGAGCCT-
GTC-3� for 5� and 5�-GAT-
GGCTGAGCAACAGTGG-3� for
3�), human Bim-specific primers
(5�-TCCCTACAGACAGAGCCA-
CAAGAC-3� for 5� and 5�-
AATACCCTCCTTGCATAGTA-
AGCG-3� for 3�), and human
p27Kip1 specific primers (5�-GCAA-
TGCGCAGGAATAAGGA-3� for
5� and 5�-TCCACAGAACCGGC-
ATTTG-3� for 3�). The expression
level from each sample was normal-

ized to the mRNA expression level of a housekeeping gene
�-actin.
Cell Culture and Transfection—HEK293T and COS1 cells

were grown in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum (Invitrogen) at 37 °C in a
humidified atmosphere with 5% CO2 and were transiently
transfected using the standard calcium phosphate protocol or
Lipofectamine Plus reagent (Invitrogen).
Preparation of Cell Lysates, Immunoprecipitation, and

Immunoblots—Cell stimulation was terminated by washing
cells with ice-cold PBS. Cell lysates were prepared in Lysis
buffer A (20mMTris, pH 7.5, 100mMNaCl, 1 mM EDTA, 2mM

EGTA, 50 mM �-glycerophosphate, 50 mM NaF, 1 mM sodium
vanadate, 2 mM dithiothreitol, 1 mM phenylmethylsulfonyl
fluoride, 10 �g/ml leupeptin, 1 �g/ml pepstatin A, and 1% Tri-
ton X-100) and subjected to immunoprecipitation and immu-
noblot according to the standard procedures (21).
Protein Kinase Assay—FLAG-NLK and FOXO1-HA were

immunoprecipitated by anti-FLAG monoclonal antibody and
12CA5 anti-HA antibody coupled to protein G-Sepharose
(Amersham Biosciences), respectively. The samples were
washed twice with Lysis buffer A and then twice with the buffer
containing 500 mM NaCl. Finally, the immune complexes were
washedwithNLKkinase assay buffer containing 10mMHEPES,
pH 7.0, 5 mM MgCl2, and 1 mM dithiothreitol. The phospho-

FIGURE 1. NLK interacts with FOXO1 and inhibits its transcriptional activity. A and B, COS1 cells were
transiently transfected with p8�FK1tkLuc and pRL-TK Renilla reporter plasmids. FOXO1-HA WT and FLAG-NLK
WT constructs (A) or siRNA of control and NLK (B) were co-transfected as indicated. Dual-Luciferase assays were
performed. The values in the graph represent the mean of three independent cell preparations � S.D. C, D, and
F, HEK293T cells were transiently transfected as indicated. After 36 h of transfection, the cells were lysed for
anti-FLAG (C), anti-HA (D), and anti-FLAG (F) immunoprecipitation (IP) assays. The precipitated proteins were
subjected to immunoblot (IB) analyses (top and middle panels). Anti-HA (C), anti-FLAG (D), and anti-GST (F)
immunoblots were completed for the whole cell lysates (bottom panels). The results shown are representative
of three independent experiments. E, diagram of FOXO1 and its deletion mutants used in experiments. Num-
bers refer to the amino acid positions of mouse FOXO1. TAD, transactivation domain. FH, forkhead; N, N-termi-
nal part of NLK; C, C-terminal part of NLK.
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transferase activities were assayed in a 30-�l reaction mixture
consisting of NLK kinase assay buffer, 1 �g of bacterially puri-
fied GST-FOXO1 C1 protein, 10 �M ATP, and 10 �Ci of
[�-32P]ATP at 30 °C for 20 min. To use a full-length
FOXO1-HA protein as a substrate, the immune complexes
containing FOXO1-HA isolated from HEK293T cell lysates
were combinedwith the FLAG-NLK-containing immune com-
plexes after kinase assay buffer wash, and the resulting immune
complex mixtures were subjected to phosphotransferase
assays. The kinase assay samples were subjected to SDS-PAGE
and subsequent autoradiography.
Luciferase Assay—Luciferase assays were performed using a

Dual-LuciferaseTM reporter assay kit (Promega) according to
the manufacturer’s instructions.
Immunocytochemistry—COS1 and HEK293T cells were

grown on poly-L-lysine (Sigma)-coated 8-well �-slide (ibidi)
and transiently transfected with GFP-NLK WT, KN, FOXO1-
HA, or GFP-FOXO1. Mouse anti-HA antibody and Alexa 568-
conjugated anti-rabbit antibody (Invitrogen) were used for cell
staining according to the manufacturer’s instructions. The
sampleswere observed by a laser scanning confocalmicroscope
(Carl Zeiss).

RESULTS

To investigate the relationship between NLK and FOXO1,
we tested whether NLK regulates the transcriptional activity of
FOXO1, using a luciferase assay system based on the 8�FK1Tk

FIGURE 2. NLK phosphorylates FOXO1 in vivo and in vitro. A, COS1 cells
were transfected with denoted plasmids. After 36 h of transfection, the cells
were lysed for anti-HA immunoprecipitation (IP) assays. The immune com-
plexes containing FOXO1 were incubated with �-phosphatase or buffer alone
and then subjected to immunoblot (IB) analyses using anti-HA antibody (top
panel). Anti-HA and anti-FLAG blots were also completed for the same whole
cell lysates (middle and bottom panels). B, COS1 cells were transfected with
FLAG-NLK, GST-FOXO1 N1, N2, C1, and C2 constructs. After 36 h of transfec-
tion, the cells were lysed for GST pulldown assays. The precipitated proteins
were subjected to immunoblot analyses using anti-GST antibody (top panel).
Anti-FLAG blots were also completed for the same whole cell lysates (bottom
panel). C, HEK293T cells were transfected with FLAG-NLK WT or KN constructs.
Expressed proteins were immunopurified with anti-FLAG antibody, and in
vitro kinase assays were performed using GST-FOXO1 C1 as a substrate. The
phosphorylated FOXO1 C1 proteins were visualized by autoradiography (top
panel), and the C1 protein levels were compared by Coomassie Blue staining
(middle panel). FLAG-NLK WT and KN protein levels were visualized by anti-
FLAG immunoblot (bottom panel). D, FLAG NLK WT, KN, and full-length
FOXO1-HA constructs were separately transfected in HEK293T cells. After 36 h
of transfection, the cells were lysed for anti-HA or anti-FLAG immunoprecipi-
tation. The immune complexes for NLK and FOXO1 were mixed together as
indicated to conduct in vitro kinase assays. The phosphorylated FOXO1-HA
proteins were visualized by autoradiography (top panel). FOXO1-HA and
FLAG-NLK protein levels were visualized by anti-HA (middle panel) and anti-
FLAG (bottom panel) immunoblots, respectively. The asterisk indicates NLK-
associated phosphorylation activity, which does not seem to be related to
FOXO1 phosphorylation. E and F, control or NLK siRNA was transfected with
(E) or without (F) FOXO1-HA construct in COS1 cells. After 72 h of transfection,
the cells were lysed for immunoblot analyses using anti-HA, anti-FOXO1, anti-
NLK, and anti-�-tubulin antibodies.

FIGURE 3. NLK inhibits FOXO1 independent of PI3K/Akt pathway. A and
B, COS1 cells were transiently transfected with p8�FK1tkLuc and pRL-TK
Renilla reporter plasmids. A, FOXO1-A3 (unphosphorylatable FOXO1 by Akt)
construct with NLK WT or KN construct was co-transfected as indicated.
B, FOXO1-HA WT and FLAG-NLK constructs were co-transfected, with or with-
out wortmannin (Wort), as indicated. Dual-Luciferase assays were performed.
The values in the graph represent the mean of three independent cell prep-
arations � S.D. C, COS1 cells were transfected as indicated. Wortmannin and
rapamycin (Rap) were treated for 30 min before cell lysates preparation. Cells
were lysed and then subjected to immunoblot analyses.
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reporter containing multiple FOXO-binding sequences (22).
Surprisingly, expression of NLK WT reproducibly suppressed
the FOXO1-induced luciferase activity to a near control level
(Fig. 1A). To examine the FOXO1 regulation in a more physio-
logical condition, we observed the FOXO1-induced luciferase
activity in an NLK knockdown condition. NLK knockdown by
siRNA increased the transcriptional activity of FOXO1 (Fig.
1B).
To understand the functional interaction between NLK and

FOXO1, we tested whether FOXO1 and NLK physically inter-
act with each other. We co-transfected FLAG-NLK and
FOXO1-HA, and the cell lysates were immunoprecipitated
with either anti-FLAG or anti-HA antibody. As a result, NLK
was co-immunoprecipitatedwith FOXO1 and vice versa (Fig. 1,
C andD). To determine the region of FOXO1 for NLK binding,
we divided FOXO1 into two fragments (FOXO1N andC), each
of which represents almost half of the protein (Fig. 1E). After
co-expression of NLK WT and the FOXO1 fragments, only
FOXO1Cwas co-immunoprecipitatedwithNLKWT (Fig. 1F).
Notably, when FOXO1 was co-expressed with NLK WT,

FOXO1 exhibited slow electrophoretic mobility on SDS-PAGE
(Fig. 1,C,D, and F, and Fig. 2A) but no change inmobility when

co-expressed with the NLK kinase-
inactive mutant (KN, supplemental
Fig. 1 and Fig. 2A). Similar results
were obtained in other cell lines
such asHEK293T,MCF7, and PC12
(supplemental Fig. 2). The slowly
migrating forms of FOXO1 were
almost completely eliminated by
�-phosphatase treatment after
immunoprecipitation of FOXO1
(Fig. 2A). These data strongly sug-
gest that NLK induces phosphory-
lation of FOXO1.
To further map the phosphoryla-

tion site(s) of FOXO1, we divided
FOXO1 into four fragments (Fig.
1E). Interestingly, only the C1
region of FOXO1 slowlymigrated in
SDS-PAGE when NLK was co-ex-
pressed (Fig. 2B). To determine
whether NLK kinase directly phos-
phorylates FOXO1, we performed
in vitroNLK assays using bacterially
purified GST-FOXO1 C1 as a sub-
strate. Consistent with the co-ex-
pression results (Fig. 2B), NLK WT
strongly phosphorylated the C1
protein, whereas NLK KN did not
(Fig. 2C). To verify that the FOXO1
full-length protein is also a sub-
strate of NLK, we isolated the
immune complexes from the cell
lysates containing either NLK or
FOXO1 and then mixed them
together to conduct kinase assays.
NLK WT, but not NLK KN, phos-

phorylated the FOXO1 full-length protein (Fig. 2D). Fur-
thermore, NLK knockdown by siRNA increased the gel
mobility of overexpressed and endogenous FOXO1 protein
in SDS-PAGE (Fig. 2, E and F, respectively). Collectively,
these results suggest that NLK can bind to FOXO1 and spe-
cifically phosphorylate it.
It has been well established that PI3K/Akt signaling pathway

inhibits FOXO1 via phosphorylation and subsequent nuclear
exclusion (2). To test whether the phosphorylation of FOXO1
by NLK is affected by PI3K/Akt pathway, we used an unphos-
phorylatable FOXO1 mutant by Akt (FOXO1-A3 (T24A/
S256A/S319A) (2). Although FOXO1-A3 was more active than
wild type, its transcriptional activity was almost completely
abrogated by NLK WT (Fig. 3A) similar to the inhibition of
FOXO1WT by NLKWT (Fig. 1A). NLK KN, however, did not
significantly inhibit FOXO1-A3 (Fig. 3A). In addition,NLKWT
was able to block FOXO1 transcriptional activity induced by
wortmannin, a potent inhibitor of PI3K (Fig. 3B), leading to the
conclusion that NLK modulates FOXO1 regardless of PI3K/
Akt activity. Moreover, consistent with Fig. 3,A and B, FOXO1
phosphorylation by NLK was not affected by wortmannin or
rapamycin, a specific inhibitor of target of rapamycin (Fig. 3C).

FIGURE 4. NLK phosphorylates multiple Ser/Thr residues of FOXO1. A, HEK293T cells were transfected with
FLAG-NLK WT or KN construct. The cells were lysed for anti-FLAG immunoprecipitation assays. The precipitated
proteins were subjected to in vitro kinase assay using GST-FOXO1 C1 or C1-8A as a substrate. The phosphory-
lated FOXO1 C1 and C1-8A proteins were visualized by autoradiography (top panel). The C1 and the C1-8A
protein levels were compared by Coomassie Blue staining (middle panel). FLAG-NLK WT and KN protein levels
were visualized by anti-FLAG immunoblot (bottom panel). B, FLAG-NLK WT, KN, FOXO1-HA WT, and 8A con-
structs were separately transfected in HEK293T cells. After 36 h of transfection, the cells were lysed for anti-
FLAG or anti-HA immunoprecipitation. The various immune complexes for NLK and FOXO1 were mixed
together as indicated and then subjected to in vitro kinase assays. The phosphorylated FOXO1-HA WT and 8A
proteins were visualized by autoradiography (top panel). FOXO1-HA WT, 8A, FLAG-NLK WT, and KN protein
levels were visualized by anti-HA (middle panel) and anti-FLAG (bottom panel) immunoblots, respectively.
C, HEK293T cells were transfected as indicated. The cells were lysed for anti-FLAG immunoprecipitation (IP)
assays. The precipitated proteins were subjected to immunoblot (IB) analyses using anti-HA antibody (top
panel). Anti-HA and anti-FLAG blots were also completed for the same whole cell lysates (middle and bottom
panels). D, control or NLK siRNA was transfected in COS1 cells. After 72 h of transfection, the cells were lysed for
immunoblot analyses using anti-Ser(P)-329 (�pS329) (FOXO1), anti-NLK, and anti-�-tubulin antibodies. E, COS1
cells were transiently transfected with p8�FK1tkLuc and pRL-TK Renilla reporter plasmids. FOXO1-HA WT, 8A,
and FLAG-NLK constructs were co-transfected as indicated. Dual-Luciferase assays were performed. The values
in the graph represent the mean of three independent cell preparations � S.D.
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These results suggest that FOXO1 phosphorylation induced by
NLK is different from that by Akt.
Given thatNLKbelongs to theMAPK family (8), we searched

Pro-directed Ser/Thr residues in the C1 region of FOXO1. We
found eight Ser/Thr residues (Ser-284, Ser-295, Ser-326, Ser-
380, Ser-391, Thr-399, Ser-413, and Ser-415 inmouse FOXO1)
as putative phosphorylation sites, which are all conserved

among human,mouse, and rat (sup-
plemental Fig. 3). To test whether
these sites are phosphorylated by
NLK, we replaced those Ser/Thr
residues with Ala, one at a time, but
the point mutants co-expressed
with NLK WT did not produce a
significant increase in mobility on
SDS-PAGE (data not shown).
Therefore, we decided to mutagenize
all eight candidate residues to Ala.
Subsequently, we performed in vitro
NLK kinase assays using the C1 pro-
tein or the C1-8A protein (the eight
residues were mutagenized to Ala) as
a substrate. Surprisingly, the C1-8A
protein was not phosphorylated by
NLK (Fig. 4A). In addition, NLKWT
barely phosphorylated the full-length
FOXO1-8A protein (Fig. 4B). More-
over, co-expression of FOXO1-8A
withNLKWTdid not show slow-mi-
grating forms (Fig. 4C, middle and
bottom panels). Because FOXO1-8A
still strongly associated with NLK
WT (Fig. 4C, top panel), we strongly
believed that the failure of the phos-
phorylation of FOXO1-8A by NLK is
not due to its inability to bind toNLK.
To further confirm the phosphoryla-
tion of FOXO1 by NLK at these
amino acid residues, we used a phos-
phospecific antibody against Ser-329
of FOXO1, one of the putative NLK
phosphorylation sites in FOXO1,
and we found decreased phospho-
FOXO1 signal when the cells were
transfected with NLK siRNA (Fig.
4D). These results strongly suggest
that someor all of these eight Ser/Thr
residues in the transactivation do-
main of FOXO1 aremajor phosphor-
ylation sites for NLK. However, we
did not exclude the possibility that
other Ser/Thr residues in regions
other than C1 were phosphorylated
by NLK.
To investigate whether the

FOXO1-8A mutation affects the
transcriptional activity of FOXO1,we
performed Dual-Luciferase reporter

assays and found that the activity of FOXO1-8A was higher than
that of FOXO1WT (Fig. 4E), implicating that these phosphoryla-
tion sites are physiologically relevant.Moreover,NLKdidnot sub-
stantially inhibit the transcriptional activity of FOXO1-8A,
whereas FOXO1WTactivitywas almost completely abrogated by
NLK (Fig. 4E), leading us to the conclusion that these phosphory-
lation sites mainly mediate the regulation of FOXO1 by NLK.

FIGURE 5. NLK regulates the transactivation activity and the localization of FOXO1. A, COS1 cells were
transiently transfected with pFR-luc, which contains five GAL4-binding sites, and pRL-TK Renilla reporter plas-
mids. GAL4-FOXO1 WT, 8A, and FLAG-NLK constructs were co-transfected as indicated. Dual-Luciferase assays
were performed. The values in the graph represent the mean of three independent cell preparations � S.D.
B, expression levels of NLK, Bim, and p27Kip1 transcripts in specific siRNA-transfected HEK293T cells were ana-
lyzed by reverse transcription-quantitative PCR. �-Actin was used as an internal control, n � 3. Bars indicate
mean � S.D. C, control or NLK siRNA was transfected in COS1 cells. After 72 h of transfection, the cells were lysed
for immunoblot analyses using anti-PARP, anti-NLK, and anti-�-tubulin antibodies. D, COS1 cells were tran-
siently transfected with FOXO1-HA alone, FOXO1-HA, and GFP-NLK WT, FOXO1-HA, and GFP-NLK KN con-
structs (top to bottom, respectively). After 24 h of transfection, the cells were fixed and subjected to immuno-
cytochemistry. E, quantification of COS1 cells with nuclearly localized FOXO1 shown in D. FOXO1-HA alone,
n � 54; FOXO1-HA and GFP-NLK WT, n � 54; FOXO1-HA and GFP-NLK KN, n � 40. Bars indicate mean � S.D.
F, HEK293T cells were transfected with siRNA of NLK and GFP-FOXO1 WT construct. After 72 h of transfection, cells
were stained with 4�,6-diamidino-2-phenylindole (DAPI) (nucleus, blue). FOXO1 was depicted in green (GFP). The
images shown are representative of three independent experiments. G, quantification of HEK293T cells with nucle-
arly localized FOXO1 shown in F. Control siRNA, n � 233; NLK siRNA, n � 153. Bars indicate mean � S.D.
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Next, to gain insight into the underlying mechanism of the
regulation of FOXO1 by NLK, we introduced a GAL4-based
luciferase assay system using pFR-luc, which contains five
GAL4-binding sites (23). We generated GAL4 DNA binding
domain-FOXO1 fusion constructs, of which activities are only
coupled to the activity of the transactivation domain of
FOXO1, but not the DNA binding domain of FOXO1. The lucif-

erase activity of GAL4 DNA binding
domain-FOXO1 WT was strongly
inhibited byNLK (Fig. 5A) but that of
FOXO1-8Awas not significantly hin-
dered (Fig. 5A). These results demon-
strate that the FOXO1 phosphoryla-
tion by NLK impedes the activity of
FOXO1 from activating transcrip-
tional machinery.
It has been already known that

FOXO1 regulates the transcrip-
tional level of Bim and p27Kip1, each
of which modulates apoptosis and
cell cycle arrest, respectively (24).
We examined the transcript levels
of both genes using reverse tran-
scription-quantitative PCR. Consis-
tent with the above data, the tran-
script levels ofBim and p27Kip1were
substantially increased in HEK293T
cells transfected with NLK siRNA
(Fig. 5B). In addition, we found that
the level of PARP cleavage was
increased in NLK knockdown con-
ditions (Fig. 5C), suggesting that
NLK modulates apoptosis through
FOXO1. Consistently, co-expres-
sion of NLK with FOXO1 WT
inhibited FOXO1-induced PARP
cleavage but co-expression of NLK
with FOXO1 8A mutant could not
(supplemental Fig. 4). To further
validate the regulation of FOXO1by
NLK, we examined the transcrip-
tion levels of dInR and Thor/4E-BP,
each of which is known to be regu-
lated by FOXO1 in Drosophila (25).
We found that the transcript levels
of dInR and Thor/4E-BP were sig-
nificantly increased in nemo null
mutant fly (nmoP1/nmoj147-1, see
supplemental Fig. 5). These results
strongly support that NLK regu-
lates FOXO1 transcriptional activ-
ity in vivo.
The phosphorylation of FOXO1

on the region C-terminal to the
forkhead domain has been linked to
its nuclear export (26). Notably, one
of the NLK target sites, Ser-326, has
been alreadyknown tobephosphor-

ylated by DYRK, and this phosphorylation keeps FOXO1 mol-
ecules in the cytoplasm (5). Therefore, we speculated that NLK
not only decreases the transcriptional activity of FOXO1 but
also changes its localization. To test this hypothesis, COS1 cells
were transfectedwith FOXO1WT in the presence ofGFP-NLK
WT or KN, and its subcellular localization was determined.
FOXO1 was mainly concentrated in the nucleus when

FIGURE 6. TAK1 regulates the transcriptional activity and the localization of FOXO1. A, COS1 cells were
transiently transfected with p8�FK1tkLuc and pRL-TK Renilla reporter plasmids. FOXO1-HA WT, 8A, and Myc-
TAK1 constructs were co-transfected as indicated. Dual-Luciferase assays were performed. The values in the
graph represent the mean of three independent cell preparations � S.D. B, COS1 cells were transfected with
siRNA of control or TAK1 and p8�FK1tkLuc and pRL-TK Renilla reporter plasmids as indicated. Dual-Luciferase
assays were performed. The values in the graph represent the mean of three independent cell preparations �
S.D. C, COS1 cells were transiently transfected with FOXO1-HA and Myc-TAK1 WT or KW constructs as indicated.
After 36 h of transfection, the cells were lysed for anti-HA and anti-Myc immunoblot analyses. D, COS1 cells
were transiently transfected with FOXO1-HA alone, FOXO1-HA, and Myc-TAK1 WT constructs. After 24 h of
transfection, the cells were fixed and subjected to immunocytochemistry. E, quantification of COS1 cells with
nuclearly localized FOXO1 shown in D. FOXO1-HA alone, n � 62; FOXO1-HA and Myc-TAK1 WT, n � 59. Bars
indicate mean � S.D. F, HEK293T cells were transfected with siRNA of TAK1 and GFP-FOXO1 WT construct. After
72 h of transfection, cells were stained with 4�,6-diamidino-2-phenylindole (DAPI) (nucleus, blue). FOXO1 was
depicted in green (GFP). The images shown are representative of three independent experiments. G, quantifi-
cation of HEK293T cells with nuclearly localized FOXO1 shown in F. Control siRNA, n � 74; NLK siRNA, n � 99.
Bars indicate mean � S.D. H, COS1 cells were transfected with siRNA of control or TAK1. After 72 h of transfec-
tion, the cells were lysed for immunoblot analyses using anti-Ser(P)-329 (�pS329) (FOXO1), �PARP, �TAK1, and
��-tubulin antibodies.
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expressed alone (Fig. 5, D and E). However, when FOXO1 was
co-transfected with NLK WT, it dramatically translocated to
the cytosol, especially in the perinuclear region, although NLK
WTwasmainly expressed in the nucleus (Fig. 5D). On the con-
trary, NLKKNdid not translocate FOXO1 to the cytosol (Fig. 5,
D and E) and FOXO1 8A mutant does not change its localiza-
tion in the presence of NLK (supplemental Fig. 6), indicating
that the phosphorylation by NLK is important for the nuclear
export of FOXO1. To further confirm the effect of NLK on
FOXO1 localization, HEK293T cells were transfected with
NLK siRNA (supplemental Fig. 7A) with GFP-FOXO1 or
FOXO1-HA. In this cell line, FOXO1 was mainly localized in
the cytoplasm (Fig. 5F and supplemental Fig. 8) (27). Remark-
ably, however, down-regulation ofNLK strongly induced trans-
location of FOXO1 to the nucleus (Fig. 5, F and G, and supple-
mental Fig. 8). Collectively, these results strongly suggest that
the FOXO1 phosphorylation by NLK inhibits FOXO1 tran-
scriptional activity and promotes its nuclear export.
Previously, several studies showed that TAK1 is an upstream

regulator of NLK (10, 13, 14, 16–18). Indeed, we found that
TAK1 suppressed the FOXO1-induced luciferase activity, but it
did not significantly suppress the FOXO1 8Amutant (Fig. 6A).
In accordance with the results usingNLK, knockdown ofTAK1
increased the FOXO1 activity (supplemental Fig. 7B and Fig.
6B), and TAK1 induced slow electrophoretic mobility of
FOXO1 on SDS-PAGE in a kinase activity-dependent manner
(Fig. 6C). Furthermore, FOXO1 was expelled from the nucleus
byTAK1 (Fig. 6,D andE). Consistentwith the above results, the
knockdown of TAK1 induced translocation of GFP-FOXO1 to
the nucleus (Fig. 6, F andG). Finally, TAK1 down-regulation by
siRNA decreased the phosphorylation of FOXO1 (Fig. 6H, top
panel) and increased apoptosis (Fig. 6H, upper middle panel).
These results led us to the conclusion that FOXO1 is regulated
by the TAK1-NLK pathway in vivo.

DISCUSSION

FOXO1 regulation is achieved by post-translational modifi-
cations, such as phosphorylation, acetylation, and ubiquitina-
tion (1). These post-translational modifications alter FOXO1
transcriptional activity, subcellular localization, protein levels,
and DNA-binding affinity (1). Among several upstream regula-
tors of FOXO1, the PI3K/Akt pathway, specifically Akt, is the
best known regulator of FOXO1 by phosphorylation (2). In this
study, we showed that the TAK1-NLK pathway is a novel reg-
ulator of FOXO1, phosphorylating on the residues distinct
from Akt phosphorylation sites (Figs. 3 and 4). FOXO1 regula-
tion by TAK1-NLK pathway inhibits its transcriptional activity
and exports it to the cytosol. In addition, we showed that down-
regulation ofNLK clearly up-regulated the transcription ofBim
and p27Kip1 (Fig. 5B), well known FOXO1 target genes (22).
These results strongly suggest that theTAK1-NLKpathway has
an important role in regulating FOXO1 in a manner indepen-
dent of the PI3K/Akt pathway.
NLK is involved in diverse signaling pathways by phosphor-

ylating several transcription factors (16–20). Consistently,
NLK null mice show complex phenotypes, such as growth
retardation, neurological abnormalities, and hematopoietic
defects (28). So far, it is not known which signaling pathway is

responsible for producing these phenotypes. Therefore, it is
necessary to further investigate the relationship between the
phenotypes and the interaction of NLK and FOXO1.
As we described earlier, the phosphorylation of various tran-

scription factors by NLK results in diverse biochemical conse-
quences, for example translocation to the cytoplasm (19), deg-
radation by ubiquitination (17), or decreased acetylation (18).
Although we elucidated that phosphorylation of FOXO1 by
NLK induced its nuclear export in this study, we also looked at
the degradation and acetylation status of FOXO1. FOXO1
immune complexes were probed with anti-ubiquitin and
-acetylation antibodies, but we did not see any difference in
these post-translational modifications in the presence or
absence of NLK (data not shown). Therefore, we strongly sug-
gest that FOXO1 phosphorylation by NLK does not further
induce ubiquitination and acetylation of FOXO1. The remain-
ing question is as follows.What are the underlyingmechanisms
of the transcriptional inhibition and nuclear exclusion of
FOXO1? It was revealed that 14-3-3 proteins bind to the Akt
target sites of FOXO1 after phosphorylation, leading to mask-
ing the nuclear localization signal of FOXO1 and translocating
it to the cytosol (2). However, it is not likely that 14-3-3 would
be involved in translocating the phosphorylated FOXO1 by
NLK because the motif recognized by 14-3-3 (RSXpSXP) is dif-
ferent from the NLK target sites on FOXO1. In this regard,
theremight be anovelmechanismof recognizing thephosphor-
ylated FOXO1 by NLK and exporting it to the cytoplasm.
In this study, we revealed that the TAK1-NLK pathway is a

novel negative regulator of FOXO1. Our findings will contrib-
ute to the expansion of our knowledge of FOXO1 regulation
and the physiological role of the TAK1-NLK pathway.
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