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Glucocorticoid-induced Leucine Zipper (GILZ) Promotes the
Nuclear Exclusion of FOXO3 in a Crm1-dependent Manner*
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GILZ (glucocorticoid-induced leucine zipper) is an ubiqui-
tous protein whose expression is induced by glucocorticoids in
lymphoid cells. We previously showed that GILZ expression is
rapidly induced upon interleukin 2 deprivation in T-cells, pro-
tecting cells from apoptosis induced by forkhead box subgroup
03 (FOXO03). The aim of this work is to elucidate the molecular
mechanism of FOXO factor inhibition by GILZ. We show in the
myeloid cell line HL-60 and the lymphoid CTLL-2 T-cell line
that GILZ down-regulates the expression of p27*™* and Bim,
two FOXO targets involved in cell cycle regulation and apopto-
sis, respectively. GILZ inhibits FOXO1, FOXO0O3, and FOXO4
transcriptional activities measured with natural or synthetic
FOXO-responsive promoters in HL-60 cells. This inhibitory
effect is independent of protein kinase B and I«B kinase phos-
phorylation sites. GILZ does not hinder FOXO3 DNA-binding
activity and does not physically interact with FOXO3. However,
using fluorescence microscopy, we observe that GILZ expres-
sion provokes a Crm-1-dependent nuclear exclusion of FOXO3
leading to its relocalization to the cytoplasm. Moreover, GILZ
exclusive cytoplasmic localization is a prerequisite for FOXO3
inhibition and relocalization. We propose that GILZ is a general
inhibitor of FOXO factors acting through an original mecha-
nism by preventing them from reaching target genes within the
nucleus.

Forkhead box subgroup O1 (FOXO1 or FKHR), FOXO3a
(FKHRL1), FOXO4 (AFX), and FOXO6 constitute the mam-
malian FOXO family of transcription factors and achieve
important functions in the regulation of genes involved in cell
cycle regulation, apoptosis, DNA repair, stress response, energy
metabolism, and control of lifespan (for review, see Ref. 1).
These highly related members are ubiquitously expressed in all
mammalian tissues, interact with the same core consensus
DNA sequence, and display overlapping patterns of transcrip-
tional activities (2). Interest about FOXO factors in the hema-
topoietic system is increasing due to their role in regulation of
immune responses. [n vitro, FOXO3 has been shown to partici-
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pate in cytokine withdrawal-induced apoptosis of lymphocytes
through up-regulation of Bim (3) or Puma (4). Moreover, the
Fas Ligand gene has been described as a downstream target of
FOXO3 in Jurkat T-lymphocytes (5). Pinkl was recently
described as an anti-apoptotic FOXO3 target gene whose
induction upon growth factor deprivation paradoxically pro-
longs lymphocyte survival (6). In vivo, FOXO3 appears to be
predominant in peripheral lymphoid organs and to regulate
lymphoid and myeloid homeostasis. Indeed, mice bearing a
mutated FOXO3 allele presented spontaneous T-cell activation
and a multisystemic inflammatory syndrome associated with
lymphadenopathy (7). Moreover, adult mice with conditional
deletion of FOXO1, FOXO3a, and FOXO4 showed hematopoi-
etic stem cells with increased cell cycling and apoptosis and
defective long term repopulating activity in the bone marrow
(8). Somatic disruption of the three FOXO genes in mice
resulted in thymic lymphomagenesis (9).

Nuclear import of FOXO factors follows stress signals such
as oxidative stress or growth factor deprivation, whereas
nuclear export results from interaction with the exportin Crm1
(chromosomal region maintenance) and Ran-GTP and from
the phosphorylation by the serine/threonine kinase Akt (also
called protein kinase B (PKB)),? generating two binding sites for
the 14-3-3 family of proteins. These post-translational modifi-
cations also impair DNA binding (5) and promote proteasomal
degradation (10). FOXO factors have been recently shown to be
regulated by Akt-independent pathways such as phosphory-
lation, acetylation, or interaction with numerous signaling
molecules, suggesting that multiple mechanisms can regulate
FOXO transcriptional activity. Indeed, IkB kinase (IKKf) has
been shown to interact with and to phosphorylate FOXO3a at
Ser-644, promoting nuclear exclusion and proteasomal degra-
dation independently of PKB phosphorylation (11).

Glucocorticoid-induced leucine zipper (GILZ) is a ubiqui-
tous 17-kDa protein belonging to the TSC-22 family of proteins
characterized by the presence of common domains termed the
TSC box and leucine zipper. GILZ has been described as a reg-
ulator of gene transcription through protein-protein interac-
tions resulting in inhibition of AP-1 (12) and NF-«B (13, 14)
transcriptional activities, thereby regulating transduction path-
ways essential to inflammation and immune response. GILZ

3 The abbreviations used are: PKB, protein kinase B; GILZ, glucocorticoid-in-
duced leucine zipper; IL, interleukin; MAPK, mitogen-activated protein
kinase; ERK, extracellular signal-regulated kinase; EGFP, enhanced green
fluorescent protein; IRS, insulin response sequence; MLP, major late pro-
moter; N/C, nuclear/cytoplasmic ratio; NES, nuclear export signal.
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was initially identified as a dexamethasone-responsive gene
from a thymus subtraction library (15) and was further shown
to be regulated by glucocorticoids in immune cells (15-17) and
in human airway epithelial cells (18), appearing as an important
mediator of glucocorticoid immunomodulatory and anti-in-
flammatory actions. GILZ expression is also regulated by IL-4
and IL-10 in monocytes, macrophages, and dendritic cells (17).
We previously demonstrated that GILZ expression was rapidly
induced upon IL-2 deprivation of T-lymphocytes, protecting
these cells from the onset of apoptosis (19). This protection was
conferred through inhibition of FOXO3 transcriptional activ-
ity, resulting in down-regulation of the pro-apoptotic Bim pro-
tein (19). The objective of this work was to determine whether
GILZ is a general inhibitor of FOXO transcription factors and
to investigate the mechanism of FOXO3 inhibition by GILZ in
hematopoietic cells.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—The dual luciferase reporter assay
system was purchased from Promega (Madison, WI). G418 sul-
fate was from PAA Laboratories (Pasching, Austria). Leptomy-
cin B was purchased from Sigma.

Cell Culture and Transfection—CTLL-2, an IL-2-dependent
murine cytotoxic T-cell line, CTLL-2-Myc clone 1, and CTLL-
2-Myc-GILZ clone 6 stably transfected with empty vector or
pcDNA3-Myc-GILZ, respectively, were previously described
(19). The human HL-60 cell line, established from a patient
with acute promyelocytic leukemia, was stably transfected with
empty vector or pcDNA3-Myc-GILZ. Selection of stably trans-
fected cells was initiated 48 h after electroporation using 800
png/ml of G418 for 2 weeks. Cells were then cloned by limiting
dilution. The clones were selected based on GILZ expression
(HL-60-Myc-GILZ clones 27 and 32). HL-60-Myc clones 3 and
7 were randomly selected. HL-60 cells and HL-60 clones were
cultured in RPMI 1640 medium containing 0.1 mg/ml of strep-
tomycin, 100 units/ml of penicillin, 1% sodium pyruvate, 10%
fetal calf serum (Fisher Scientific). Transient transfections were
performed using electroporation as previously described (20).
The total amounts of transfected DNA were kept constant by
addition of empty control vector. Cells were then cultured for
24 h before harvesting.

Plasmid Constructs—Expression vectors pcDNA3-Myc-
GILZ, pcDNA3-Myc-FOXO3-WT (wild type) (19), and
pcDNA3-Myc-FOXO3-TM (T32A,5253A,5315A) were previ-
ously described (19). pcDNA3-Flag-FKHR-WT (FOXO1-WT)
and pcDNA3-Flag-FKHR-AAA (FOXO1-TM) were a kind gift
from Dr. Tang (University of Michigan Medical School, Ann
Arbor, MI). pMT2-AFX-WT (FOXO4-WT) was a kind gift
from Dr. Burgering (University Medical Center, Utrecht, The
Netherlands). pMT2-FOXO4-TM was obtained by site-di-
rected mutagenesis of pMT2-FOXO4-WT (T28A,S193A,
S258A). pcDNA3-Myc-NES-GILZ and pcDNA3-Myc-NLS-
GILZ plasmids were obtained by insertion of double-stranded
oligonucleotides from the NES sequence of MAPK/ERK kinase
(MEK) (5'-GGATGAACCTGGTGGACCTCCAAAAGAA-
GCTGGAGGAGCTGGAGCTGGACGAGCAGCAGG-3') or
the NLS sequence of the simian virus 40 large-T antigen (5’'-
GGATCGATCCAAAAAAGAAGAGAAAGGTAGATCCA-
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AAAAAGAAGAGAAAGGTAGATCCAAAAAAGAAGAG-
AAAGGTAG-3') in Sacll/BamHI-digested pcDNA3-Myc-
GILZ. pEGFP-FOXO3-WT was a kind gift from Dr. Hung (11)
(University of Texas, Houston, TX). pEGFP-FOXO3-TM was
generated by site-directed mutagenesis of pEGFP-FOXO3-WT
(Thr-32, Ser-253, and Ser-315 were replaced by alanine). The
EcoRI-blunt GILZ fragment was subcloned into the
pDsRed-N1 vector (Clontech Laboratories) to obtain pDsRed-
GILZ. pcDNA3-Myc-FOXO3-TM-NESm  (L390A,L391A,
I394A) was obtained by site-directed mutagenesis of
pcDNA3-Myc-FOXO3-TM. The sequences of the primers
were as follows: 1394 forward (5'-GGATAACGCCACGCTC-
CCGCCATC-3'), 1394 reverse (5'-GGATGGCGGGAGCGT-
GGCGTTATC-3’), L390 forward (5'-CCTCATGGACGA-
CGCGCTGATGGATAAC-3"), L390 reverse (5'-GTTAT-
CCAGCGCGTCGTCCATGAGG-3'), L391 forward (5'-ATG-
GACGACGCGGCGGATAACG-3'), and L391 reverse
(5'-CGTTATCCGCCGCGTCGTCCAT-5").

Reporter Plasmids—pBim-Luc (3.6 kb) was a kind gift from
Dr. Bouillet (WEHI, Melbourne, Australia), p27-Luc was a kind
gift from Dr. Coffer (University Medical Center, Utrecht, The
Netherlands), and pFasL-Luc was a kind gift from Dr. Green (La
Jolla, CA). p3xIRS-MLP-Luc contains three copies of the insu-
lin response sequence (IRS) upstream of the adenovirus major
late promoter (MLP) and was a kind gift from Dr. Fukamizu
(University of Tsukuba, Japan).

Dual Luciferase Reporter Assay—Reporter assays were per-
formed as previously described (16). Normalized relative lucif-
erase units were calculated as follows: firefly luciferase units/
Renilla luciferase units. Results were expressed as percentages
relative to the FOXO3-normalized relative luciferase units
(100%). Data represent the mean * S.E.M. of three independent
experiments, each performed in duplicate or triplicate.

Antibodies, Western Blot—Cells were harvested 24 h after
transfection and Western blotting was performed as described
previously (16) using the following antibodies: polyclonal anti-
GILZ (19), monoclonal anti-B-tubulin (T4026, Sigma), poly-
clonal anti-FOXO3 (07-702, Millipore, Billerica, MA), poly-
clonal anti-FOXO4 and anti-FOXO1 (9472 and 9462
respectively, Cell Signaling Technology, Danvers, MA). Anti-
Bim (sc-11425), anti-14-3-3 (sc1657) and anti-p27*'"* (sc-528)
were purchased from Santa Cruz Biotechnologies (Santa Cruz,
CA). Monoclonal anti-Myc 9E10 antibody was produced in the
laboratory. Densitometric analysis of the blots was performed
using the ImageQuant® software (GE Healthcare, Saclay,
France). Nuclear extracts were performed using a Kontes all-
glass Dounce homogenizer (kimble/kontes, Vineland, NJ) as
described previously (16).

Immunofluorescence—HL-60-Myc and HL-60-Myc-GILZ
cells were transfected with 10 pug of pEGFP-FOXO3-WT or
pEGFP-FOXO3-TM and fixed in buffer containing 2%
paraformaldehyde and 1.5% sucrose for 15 min. Cells were then
quenched with 50 mm NH,Cl for 10 min. Permeabilization was
performed using 0.05% Triton in phosphate-buffered saline
medium for 4 min followed by two washes with 1X phosphate-
buffered saline. Cells were then blocked with 5% bovine serum
albumin for 1 h, stained with the anti-Myc antibody for 90 min
at room temperature, and washed 3 times with buffer before
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incubation with a secondary anti-mouse IgG antibody conju-
gated with Alexa 546 (Molecular Probes) in darkness for 90 min
at room temperature. Cells were stained with 4',6-diamidino-
2-phenylindole (bibenzimide H 33258, Sigma) for nucleus
labeling. Dako mounting medium was used (Glostrup, Den-
mark). The immunolabeled cells were examined with a Zeiss
Imager Z1, camera Axio Cam R3. The fluorescence intensity of
the nuclear and cytoplasmic compartments was quantified
using Image] software, and at least 200 cells were counted to
calculate the nuclear/cytoplasmic ratio (N/C) of either EGFP-
FOXO3-WT or EGFP-FOXO3-TM. The fluorescence of the
EGFP-FOXO3 protein was higher in the nucleus than in
the cytoplasm (N/C > 1) and the fluorescence was higher in the
cytoplasm than in the nucleus (N/C < 1), but fluorescence was
similar in the two compartments (N/C = 1). Results were
expressed as percentages.

DNA Affinity Precipitation of FOXO3 Proteins—HL-60 cells
transfected with 5 ug of pcDNA3-FOXO3-TM and with or
without 10 ug of pcDNA3-Myc-GILZ were harvested 24 h after
transfection. Double-stranded 5'-biotinylated IRS oligonucleo-
tides of the IGFBP-1 promoter were coupled to streptavidine-
agarose beads (Sigma) and nuclear and cytoplasmic extracts
were incubated with the precoated beads. Beads were then
washed and boiled in a reducing sample buffer containing 40%
glycerol, 125 mm Tris (pH 6.8), 4% SDS, 5% B-mercaptoethanol,
and 0.025% bromophenol blue to elute bound proteins. West-
ern blots were performed using the anti-FOXO3 antibody.

Co-immunoprecipitation Assay—Cells were transfected with
2.5 pg of pcDNA3-Myc-GILZ and/or 5 pg of pcDNA3-
FOXO3-WT plasmids and then cultured overnight before har-
vesting. Cells were lysed in a lysis buffer containing 50 mm
Hepes (pH 7.3), 150 mM sodium chloride, 1 mMm EDTA, 1.5 mm
magnesium chloride, 100 mMm sodium fluoride, 10 mm sodium
pyrophosphate, 200 um sodium orthovanadate, 10% glycerol,
1% Triton X-100, 1 mMm phenylmethylsulfonyl fluoride, 1 pg/ml
of aprotinin, and 1 ug/ml of leupeptin. A total of 600 ug of total
protein extract was precleared by incubation with 30 ul of Pro-
tein G-Sepharose 4 fast flow beads (GE Healthcare) at 4 °C for
45 min with preimmune serum. Precleared samples were then
incubated for 3 h with 30 ul of protein G-Sepharose beads and
5 ug of anti-FOXO3 or anti-GILZ antibodies at 4 °C. The beads
were washed 5 times with lysis buffer containing 0.1% Triton
X-100 supplemented with proteases and phosphatases inhibi-
tors and boiled in reducing sample buffer before performing
Western blotting.

Statistical Analysis—Experiments were performed at least
three times and presented as mean * S.E.M. p values were
determined using the Student’s test. Results were considered
significant for p < 0.05. For microscopy statistical analysis, data
were analyzed with one-way analysis for variance and regres-
sion analysis for correlations using GraphPad InStat 3 (San
Diego, CA). Statistical significance was set at p < 0.05.

RESULTS

GILZ Overexpression Down-regulates p27<""" and Bim Pro-
tein Expression in IL-2-deprived CTLL-2 Cells and HL-60 Cells
Transiently Expressing FOXO3—Withdrawal of IL-2 in
CTLL-2 cells results in up-regulation of Bim expression. We
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FIGURE 1. GILZ expression down-regulates p2 and Bim protein in
IL-2-deprived CTLL-2 cells and in HL-60 cells. A, CTLL-2-Myc 1 or CTLL-2-
Myc-GILZ 6 clones were deprived of IL-2 and lysed for the indicated periods of
time. Western blot was performed using anti-p27"'*" and anti-Bim antibodies.
After stripping, membranes were reblotted with an anti-p-tubulin antibody
as aloading control. A representative experiment of three is shown. M, CTLL-
2-Myc 1; G, CTLL-2-Myc-GILZ 6. B, HL-60 cells were transiently transfected with
10 g of pcDNA3-FOXO3-WT, pcDNA3-Myc-GILZ, or pcDNA3-Myc (empty
vector) and lysed after 24 h of incubation. Western blot was performed using
anti-p27'"" ‘and anti-Bim antibodies. After stripping, membranes were
reblotted with an anti-B-tubulin antibody as a loading control. A representa-
tive experiment of three is shown.

7KIP1

previously described that in GILZ-overexpressing CTLL-2
cells, Bim expression was delayed (19), protecting these cells
from IL-2 deprivation-induced apoptosis. This effect was medi-
ated through inhibition of FOXO3 transcriptional activity,
explaining the inhibition of Bim expression. p27*'"! is a cyclin-
dependent kinase inhibitor known to be regulated by FOXO3
upon growth factor deprivation and involved in cell cycle reg-
ulation (21). To determine whether GILZ could affect the levels
of p27*'** in CTLL-2 cells, control or GILZ-overexpressing
clones were deprived of IL-2 for 4, 8, and 12 h. p27*'®* expres-
sion was induced in a time-dependent manner between 4 and
12 h after IL-2 deprivation in the control clone (Fig. 14). In
GILZ-overexpressing cells, p27*'*! expression was down-reg-
ulated compared with control clones. These results were
observed in all clones tested. Comparable results were obtained
for Bim as previously described (Fig. 14) (19).

To evaluate whether these results were specifically related to
FOXO3 inhibition, we used the HL-60 cell line, a hematopoietic
cell line independent of cytokines for proliferation and survival.
FOXO proteins were undetectable in this cell line under normal
growing conditions (first lanes of Figs. 2E, 3E, and 4.B). HL-60
cells were cotransfected with the expression vectors for
FOXO3-WT and/or GILZ (Fig. 1B). FOXO3 and GILZ expres-
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FIGURE 2. GILZ inhibits FOXO3-WT transcriptional activity in HL-60 cells. HL-60 cells were transiently trans-
fected with 10 pug of pcDNA3-FOXO3-WT and/or 10 ug of pcDNA3-Myc-GILZ or pcDNA3-Myc and with 10 ug
of the reporter plasmid pBim-Luc (A), 10 ng of p27-Luc (B), or pFasL-Luc (C). The transcriptional activity was
analyzed after 24 h of culture. Results are expressed as the percentage of the reporter activity, with 100%
representing the activity of the construct in the presence of FOXO3-WT. Data represent the mean * S.E.M. of
three independent experiments performed in triplicate. *, p < 0.05. D, HL-60 cells were transiently transfected
with 5 ug of the reporter plasmid p3xIRS-MLP-Luc and with either 1 g of pcDNA3-FOXO3-WT and/or 5 ug of
pcDNA3-Myc-GILZ or pcDNA3-Myc. Results are expressed as a percentage of p3xIRS-MLP-Luc activity, with
100% representing the activity of the construct in the presence of FOXO3-WT. Data represent the mean *
S.E.M. of three independent experiments performed in triplicate. E, HL-60 cells were transiently transfected
with 10 ug of pcDNA3-FOXO3-WT and/or 10 ug of pcDNA3-Myc-GILZ or pcDNA3-Myc and cells were harvested
after 24 h of culture. Western blot (/B) was performed using anti-FOXO3 and anti-GILZ antibodies. B-Tubulin

was used as an internal control for protein levels. Error bars, S.E.

sions are shown on Fig. 2E. Western blot analysis showed that
GILZ inhibited FOXO3-induced Bim and p27*'** expression in
HL-60 cells. These observations suggested that the inhibitory
effect of GILZ was not restricted to endogenous FOXO factors
activated by IL-2 deprivation in the CTLL-2 cell line but could
also be observed using exogenous FOXO3 in another hemato-
poietic cell line. The HL-60 model will then be used to study the
mechanisms of FOXO inhibition by GILZ.

GILZ Inhibits FOX0O3, FOXO4, and FOXO1 Transcriptional
Activities in HL-60 Cells—HL-60 cells were cotransfected with
expression vectors for FOXO3-WT and/or GILZ, along with
reporter plasmids measuring BIM, p27<""*, and FASL promoter
activities. Results showed that GILZ significantly inhibited BIM
promoter transactivation in FOXO3-WT-expressing HL-60
cells (Fig. 24), confirming results previously described in the
CTLL-2 cell line. GILZ also inhibited FOXO3-induced p27°"*
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between the two expression vectors
(data not shown).

FOXO factors are known to inter-
act with the same core consensus
DNA sequence to modulate com-
mon target gene expression (2).
Nevertheless, functional as well as
structural differences exist between
these family members. We then
asked whether the inhibitory effect
of GILZ was conserved among the
FOXO family of transcription factors. HL-60 cells were
cotransfected with expression vectors for FOXO4 and/or GILZ,
along with reporter plasmids (pBim-Luc, p27-Luc, pFasL-Luc,
and p3xIRS-MLP-Luc). As shown in Fig. 3, GILZ significantly
reduced BIM (Fig. 3A), p27<"* (Fig. 3B), FASL (Fig. 3C), and
p3xIRS (Fig. 3D) promoter transactivation in FOXO4-WT-ex-
pressing HL-60 cells without affecting FOXO4 protein levels
(Fig. 3E). We were not able to measure the transactivation of
FOXO1-induced BIM and FASL in HL-60 cells, despite obvious
expression of the FOXO1 protein in this cell line upon trans-
fection (Fig. 4B), suggesting that FOXO1 alone cannot transac-
tivate these natural promoters in HL-60 cells. However,
FOXO1 expression significantly increased p3xIRS-MLP-Luc
activity (Fig. 44) and GILZ expression strongly inhibited
FOXO1-WT transcriptional activity (Fig. 44) without affecting
FOXOL1 protein levels (Fig. 4B). Altogether, these results sug-
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FIGURE 3. GILZ inhibits FOXO4-WT transcriptional activity in HL-60 cells. HL-60 cells were transiently trans-
fected with 10 ng of pMT2-FOXO4-WT and/or 10 ng of pcDNA3-Myc-GILZ or pcDNA3-Myc and with either 10
g of the reporter plasmid pBim-Luc (A) or 10 ug of p27-Luc (B) or pFasL-Luc (C). The transcriptional activity was
analyzed after 24 h of culture. Results are expressed as the percentage of reporter activity, with 100% repre-
senting the activity of the construct in the presence of FOXO4-WT. Data represent the mean = S.E.M. of 3
independent experiments performed in triplicate. *, p < 0.05. D, HL-60 cells were transiently transfected with
the reporter plasmid p3xIRS-MLP-Luc and either 1 ug of pMT2-FOXO4-WT and/or 5 ug of pcDNA3-Myc-GILZ or
pcDNA3-Myc. Results are expressed as the percentage of p3xIRS-MLP-Luc activity, with 100% representing the
activity of the construct in the presence of FOXO4-WT. Data represent the mean =+ S.E.M. of three independent
experiments performed in triplicate. *, p < 0.05. E, HL-60 cells were transiently transfected with 10 ug of
pcDNA3-FOXO04-WT and/or 10 ug of pcDNA3-Myc-GILZ or pcDNA3-Myc, and cells were harvested after 24 h of
culture. Western blot was performed using anti-FOXO4 and anti-GILZ antibodies. B-Tubulin was used as an

internal control for protein levels. IB, immunoblot. Error bars, S.E.

gest a common mechanism for inhibition of FOXO transcrip-
tion factors by GILZ.

GILZ Inhibition of FOXO-mediated Transcription Is Not
Dependent on PKB and IKK Phosphorylation Sites—FOXO
proteins are regulated by growth factor signaling through the
phosphatidylinositol 3-kinase-PKB pathway. PKB phosphory-
lation of the two N-terminal residues (7' and S1, Fig. 5A) gen-
erates binding sites for 14-3-3 proteins, resulting in nuclear
exclusion of the FOXO-14-3-3 complex. This raised the possi-
bility that the inhibitory effect of GILZ might be related to PKB-
mediated phosphorylation of FOXO, resulting in inactivation
of FOXO activity by translocation from the nucleus to the cyto-
plasm. To test this hypothesis, we used FOXO-TM mutants in
which the three PKB phosphorylation sites were mutated to
alanine (Fig. 54). Due to these substitutions, these constitu-
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still significantly inhibited by GILZ
(Fig. 5, E and F) suggesting that Ser-
644 phosphorylation did not play a
role in the mechanism of FOXO3
inhibition by GILZ.

FOXO3 Is Mainly Cytoplasmic in
the Presence of GILZ—We then
tested the hypothesis that GILZ
could reduce the amount of FOXO3
in the nucleus. HL-60 cells were
transiently  transfected with
pcDNA3-Myc-GILZ and/or pcDNA3-FOXO3-TM. Western
blotting and DNA affinity precipitation experiments were per-
formed with nuclear and cytoplasmic extracts. In the absence of
GILZ, FOXO3-TM was predominantly located in the nucleus
and bound to the IRS probe as described in the literature (Fig.
6). In the presence of GILZ, FOXO3-TM expression was
decreased in the nucleus concomitantly with an increase in
the cytoplasm, suggesting a cytoplasmic relocalization of
FOXO3-TM (Fig. 6) that has never been described before. DNA
binding experiments confirmed the Western blot with a
decrease of FOXO3 DNA binding in nuclear extracts in the
presence of GILZ, probably related to relocalization of
FOXO3-TM in the cytoplasm. Altogether, these results sug-
gested that GILZ did not hinder FOXO3 from binding in vitro
to the IRS probe. It is also interesting to note that GILZ was
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FIGURE 4. GILZ inhibits FOXO1-WT transcriptional activity in HL-60 cells.
A, HL-60 cells were transiently transfected with the reporter plasmid
p3xIRS-MLP-Luc and either 1 ug of pcDNA3-FOXO1-WT and/or 5 ng of
pcDNA3-Myc-GILZ or pcDNA3-Myc, and transcriptional activity was analyzed
after 24 h of culture. Results are expressed as the percentage of p3xIRS-MLP-
Luc activity, with 100% representing the activity of the construct in the pres-
ence of FOXO1-WT. Data represent the mean = S.E.M. of three independent
experiments performed in triplicate. *, p < 0.05. B, HL-60 cells were tran-
siently transfected with 10 pug of pcDNA3-FOXO1-WT and/or 10 pg of
pcDNA3-Myc-GILZ or pcDNA3-Myc and cells were harvested after 24 h of
culture. Western blot was performed using anti-FOXO1 and anti-GILZ anti-
bodies. B-Tubulin was used as an internal control of protein levels. /B, immu-
noblot. Error bars, S.E.M.

localized in the cytoplasm independently of FOXO3-TM
expression. The B-tubulin revelation was used to exclude a pos-
sible nuclei contamination with cytoplasmic material.

GILZ Expression Regulates FOXO3-WT and FOXO3-TM
Nucleocytoplasmic Trafficking—Results presented above sug-
gested an effect of GILZ on FOXO subcellular localization. To
address this hypothesis, we performed immunofluorescence
experiments in GILZ-expressing HL-60 clones and in randomly
selected control clones transiently transfected with pEGFP-
FOXO3-WT (Fig. 7, A and B) or pEGFP-FOXO3-TM (Fig. 7, C
and D). In all clones tested, GILZ was localized in the cytoplasm
(Fig. 7, A and C). As expected, FOXO3-WT was distributed
throughout the cell (Fig. 7A) and FOXO3-TM was predomi-
nantly localized in the nucleus in HL-60-Myc clones (Fig. 7C).
However, in the presence of GILZ, FOXO3-WT was clearly
relocalized to the cytoplasm (Fig. 7A). Quantification is shown
on Fig. 7B, and statistical differences are found between control
and GILZ clones. GILZ also had a profound and statistically
significant effect (Fig. 7D) on subcellular distribution of EGFP-
FOXO3-TM (Fig. 7C), causing the majority of fluorescence to
be retained in the cytoplasm and excluded from the nucleus.
These experiments confirmed the results obtained with nuclear
and cytoplasmic extracts (Fig. 6) and showed that GILZ-in-
duced FOXO3 cytoplasmic relocalization was independent of
PKB phosphorylation.
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Cytoplasmic Localization of GILZ Is Required for Efficient
Inhibition of FOXO-mediated Transcription—We then won-
dered whether the cytoplasmic localization of GILZ was neces-
sary for FOXO3 inhibition. We constructed a NES-GILZ
mutant (Fig. 84), where the potent NES of MEK was fused to
the GILZ protein, resulting in an exclusive cytoplasmic distri-
bution of the fusion protein as assessed by Western blot on
nuclear and cytoplasmic extracts (Fig. 8B8). A NLS-GILZ
mutant was also constructed, where the NLS of the SV40 T
antigen was fused to GILZ, targeting GILZ in the nucleus (Fig.
8B). Results showed that NES-GILZ mainly behaves like wild-
type GILZ with the inhibitory effect of this mutant comparable
with GILZ-WT (Fig. 8, C and E). However, the NLS-GILZ pro-
tein failed to inhibit FOXO3-WT (Fig. 8D) and FOXO3-TM
(Fig. 8F) transcriptional activities, suggesting that cytoplasmic
localization of GILZ was mandatory for inhibition of FOXO3
transcriptional activity. Interestingly, despite the strong NLS
sequence used, a minor fraction of NLS-GILZ was still cytoplas-
mic, but the level was probably insufficient for FOXO3 inhibi-
tion. Levels of FOXO3-WT, FOXO3-TM, GILZ, NLS-GILZ,
and NES-GILZ were assessed by Western blot (supplemental
Fig. S1). Results showed that NES-GILZ and NLS-GILZ did not
affect FOXO3-WT or FOXO3-TM expression. Interestingly,
NLS-GILZ, which no longer inhibits FOXO3 transcriptional
activity (Fig. 8F), only caused a discrete cytoplasmic relocaliza-
tion of GFP-FOXO3-TM as assessed by fluorescence micros-
copy (Fig. 8G) after transient transfection of pcDNA3-
NLS-GILZ and pEGFP-FOXO3-TM. The majority of
GFP-FOXO3-TM remained in the nucleus in the presence of
NLS-GILZ and these results were confirmed by Western blot
after nuclear and cytoplasmic fractionation (data not shown).

GILZ Inhibitory Effect Requires a Functional Crml-depen-
dent Export of FOXO3—A functional Crm1-dependent hydro-
phobic leucine-rich nuclear export signal is located C-terminal
to the DNA-binding domain of FOXO3. We wondered whether
the cytoplasmic localization of FOXO3 in the presence of GILZ
could be due to inhibition of nuclear import or an acceleration
of nuclear export. We performed fluorescence microscopy
experiments with HL-60 cells transiently transfected with
DsRed-GILZ and GFP-FOXO3-TM. Within 30 min of treat-
ment with 5 ng/ml of leptomycin B, a specific inhibitor of
Crml-dependent nuclear export, GFP-FOXO3-TM rapidly
accumulated in the nucleus, in the presence or absence of
GILZ (Fig. 9A). These results suggest that FOXO3-TM nuclear
import is not impeded by GILZ, that GILZ does not trap
FOXO3-TM in the cytoplasm, and that the effect of GILZ on
FOXO3-TM cytoplasmic localization requires a functional
Crm1l-dependent export of FOXO3-TM that is interestingly
not dependent on PKB phosphorylation.

We then wondered whether the NES sequence of FOXO3
was necessary for the inhibitory effect of GILZ to occur. The
FOXO3-TM NES sequence was invalidated by site-directed
mutagenesis (Fig. 9B). Leucines 390 and 391 and isoleucine 394
of NES were replaced by alanines (FOXO3-TM-NESm). Using
fluorescence microscopy, we observed that EGFP-FOXO3-
TM-NESm was localized in the nucleus of HL-60 cells, in the
absence and also in the presence of DsRed-GILZ (Fig. 9C), as
previously demonstrated for leptomycin B treatment. We then

JOURNAL OF BIOLOGICAL CHEMISTRY 5599


http://www.jbc.org/cgi/content/full/M109.068346/DC1
http://www.jbc.org/cgi/content/full/M109.068346/DC1

Mechanisms of FOXO Factors Inhibition by GILZ

<

B 1201

(Akt/PKB)

1004

>
() &) 62 3 g 801

[ rroscoman] ] | S 60 1 .

&
FOXO1-TM 247 s256A | [s319A Q40 1
FOXO3-TM T32A s253A | | s315A 20 4
FOXO4-TM T28A S193A | | s258A 04

compared the effect of GILZ on the
transcriptional activity of FOXO3-
TM-NESm and FOXO3-TM.
HL-60 cells were transiently trans-
fected with pcDNA3-FOXO3-
TM, pcDNA3-FOXO3-TM-NESm,
and/or pcDNA3-Myc-GILZ, along

FOXO3-WT-S644A S644A Vectol + with the p3xIRS-MLP-Luc reporter
FOXO3-TM-S644A  T32A S253A  S315A S644A FOXO3-TM + + plasmid, and the transcriptional
Gtz v activity was analyzed after 24 h cul-
(o4 120+ D 190.- ture (Fig. 9D). Interestingly, results
100 100 ] [—‘ showed that GILZ had no signifi-
2 80 o 80 | cant effect on the transcriptional
% 60 4 . g * activity of FOXO3-TM-NESm, sug-
§ 40 4 % 40 | gesting that this functional export
204 c ] sequence played an important role
04 N in inhibition of FOXO3 by GILZ.
+

\F/gc>t<%r4-TM — + \lég;)t(%LTM T T DISCUSSION
GiLz * ciLz T In the present study, we showed
E F that GILZ inhibited expression of
120 | 120 FOXO3 targets Bim and p27*'** in
o 0 | o 100 CTLL-2 cells, as well as in HL-60
g 80 g 80 cells expressing exogenous FOXO3
g 60 . g 60 * and GILZ. We demonstrated that
o 40 . o 40 * expression of GILZ in HL-60 cells
20 Jﬁ 20 inhibited FOXO3 and FOXO4 tran-
Vect?)rl N Vec?or' N scriptional activities measured with
FOXO3-WT T ¥ FOXO3-TM " m the natural promoters BIM, p27KIp1,
FOXO3-WT-S644A + + FOXO3-TM-S644A  + + and FASL. GILZ also down-regu-
clLz oo el o lated FOXO1, FOXO3, and FOXO4

FIGURE 5. GILZ inhibition of FOXO-mediated transcription is not dependent on PKB and IKK phosphor-
ylation sites. A, schematic representation of FOXO1-TM, FOXO3-TM, and FOXO4-TM. HL-60 cells were tran-
siently transfected with reporter plasmid p3xIRS-MLP-Luc, with 5 ug of pcDNA3-Myc-GILZ or pcDNA3-Myc,
and/or 0.5 ug of pcDNA3-FOXO03-TM (B), T ug of pMT2-FOX04-TM (C), 0.5 g of pcDNA3-FOXO1-TM (D), 1 ng
of pcDNA3-FOX03-WT-S644A (E), 0.5 g of pcDNA3-FOX03-TM-S644A (F), and transcriptional activity was
analyzed after 24 h of culture. Results are expressed as the percentage of p3xIRS-MLP-Luc activity, with 100%
representing the activity of the construct in the presence of FOXO-TM. Data represent the mean = S.E. of three
independent experiments performed in triplicate. *, p < 0.05. Error bars, S.E.M.
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FIGURE 6. FOXO3 is mainly cytoplasmic in the presence of GILZ. HL-60
cells transfected with 5 ug of pcDNA3-FOXO3-TM, with or without 10 ug
of pcDNA3-Myc-GILZ were harvested 24 h after transfection, and nuclear
and cytoplasmic extracts were performed. The 5’'-biotinylated IRS probe
coupled to streptavidine-agarose beads was incubated with cell extracts.
Bound proteins were identified by Western blotting using the specific
anti-FOX03 antibody. A representative experiment of three is shown. /B,
immunoblot.
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transcriptional activities, as mea-
sured with a synthetic promoter
composed of 3 IRS sequences.
These observations suggest that IRS
responsive elements are sufficient
for the inhibitory effect of GILZ to
occur and that GILZ specifically
inhibits FOXO factors independently of the promoter context.
These results also rule out a mechanism where GILZ-mediated
inhibition would occur through interference with specific fac-
tors loading on the BIM, p27™"!, and FASL natural promoters.
Indeed, the BIM promoter is known to be regulated by multiple
signaling pathways, including those activating FOXO (5, 23),
Myb (24), and AP-1 (25). Specific transcription factors have also
been described to control FASL expression: Spl (26), NF-AT
(27), Egr (early growth response protein) (28), IRF-1 (29),
NEF-«B (30), and AP-1 (31). Among them, AP-1 and NF-«B
were reported to physically interact with GILZ, resulting in
modulation of their transcriptional activities.

The ubiquitin-proteasome system has been shown to be crit-
ical for regulation of the levels of FOXO factors in cells. Indeed,
PKB phosphorylation and polyubiquitylation of FOXO1 and
FOXO3 lead to their degradation by the proteasome (10). Our
results exclude an effect of GILZ on FOXOs degradation result-
ing from enhanced proteasomal degradation.

To analyze the mechanisms underlying the inhibition of
FOXO factors by GILZ, we adopted a strategy to focus on
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FIGURE 7. GILZ expression provokes FOXO3-WT and FOXO3-TM accumulation within the cytoplasm. HL-60-Myc and HL-60-Myc-GILZ clones were
transiently transfected with 10 ug of pEGFP-FOXO3-WT plasmid (A) or 10 ug of pEGFP-FOXO3-TM plasmid (C). After overnight expression of exogenous
proteins, cells were fixed in paraformaldehyde and stained with anti-Myc antibody and 4',6-diamidino-2-phenylindole (DAPI) for nuclei detection. Cells were
analyzed using fluorescence microscopy. 200 cells were scored according to the nuclear/cytoplasmic ratio of EGFP-FOXO3-WT (B) or EGFP-FOXO3-TM (D)
fluorescence as described under “Experimental Procedures.” Percentages of HL-60-Myc-GILZ clones 27 or 32 with a N/C < 1 were compared with percentages
of HL-60-Myc control clones 3 or 7 with a N/C < 1.*, p < 0.05 compared with HL-60-Myc clone 3. #, p < 0.05 compared with HL-60-Myc clone 7.

FOXO3 and used the HL-60 hematopoietic cell line. In this
model, GILZ inhibited the activity of natural or synthetic
FOXO-responsive promoters in reporter tests systems, as well
as the endogenous expression of Bim or p27"'"'. In addition,
FOXO3 was not detectable at the protein level in this cell line.

Results obtained with NES- and NLS-GILZ mutants showed
that the GILZ inhibitory effect on FOXO3 required cytoplas-
mic localization of GILZ. This observation rules out a mecha-
nism where GILZ would behave as a transcriptional repressor
in the nucleus by binding to a tandem repeat of CCAAT/en-
hancer-binding protein (C/EBP) binding sites as previously
described for the PPARy2 promoter (32). We also found that in
CTLL-2 and HL-60 cells GILZ was exclusively cytoplasmic, as
evaluated either by immunofluorescence or Western blot
detection after nuclear and cytoplasmic fractionation. The
localization of GILZ is still a matter of debate. In the murine
T-cell hybridoma 3DO transfected with a GILZ expression vec-
tor, GILZ was detected in the nucleus (15). In adipocytes, GILZ
was described as a nuclear protein binding specifically to DNA
(32). However, in COS-7 cells transfected with Myc-GILZ and
analyzed by fluorescence microscopy, GILZ was found in the
cytoplasm (33).

Our observations clearly showed that GILZ inhibited FOXO
factors, independently of PKB and IKK phosphorylation sites.

S
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This is a surprising result because inactivation of FOXO factors
by PKB is the major mechanism described in the literature.
FOXO3-WT-S644A and TM-S644A mutants displayed a lower
transcriptional activity, which could be attributed to localiza-
tion of the Ser-644 in the acidic transactivation domain in close
proximity to the core region. This was also observed with a
FOXO3 ACter mutant in which a STOP codon was inserted
after amino acid 604, deleting most of the transactivation
domain (including Ser-644). Despite a weak transcriptional
activity, this mutant was still inhibited by GILZ* confirming
that IKK was not involved in the mechanism of FOXO3 inhi-
bition by GILZ. Nevertheless, FOXO isoforms are also sub-
ject to numerous other post-translational modifications that
could be affected by GILZ. Recently, phosphorylation of
FOXO3 on different regulatory sites by the AMP-activated
protein kinase was shown to activate FOXO3 transcriptional
activity without affecting its subcellular localization (34).
MST1 has been described to interact with FOXO3 and phos-
phorylate Ser-207, promoting nuclear translocation (35).
FOXO1 phosphorylation on Ser-249 by cyclin-dependent
kinase 2 has also been shown to result in cytoplasmic local-

4 P. Latre de Late, unpublished data.
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FIGURE 8. Localization of GILZ in the cytoplasm is necessary for inhibition of FOXO3-WT and FOX0O3-TM transcriptional activities. A, schematic
representation of NES-GILZ and NLS-GILZ constructions. B, expression of GILZ, NES-GILZ, and NLS-GILZ in the cytoplasm and nucleus of HL-60 cells. Western
blot was performed using anti-GILZ and anti-B-tubulin antibody. C, cytoplasmic extract; N, nuclear extract. A representative experiment of three is shown.
HL-60 cells were transiently transfected with the reporter plasmid p3xIRS-MLP-Luc (5 ng) and/or increasing amounts of pcDNA3-Myc-GILZ (2.5 and 5 pg),
pcDNA3-Myc-NES-GILZ (2.5 and 5 pg), and/or pcDNA3-FOXO3-WT (5 ng) (C) or pcDNA3-FOXO3-TM (0.5 ng) (E). HL-60 cells were transiently transfected with
p3xIRS-MLP-Luc (5 ng) and/or increasing amounts of pcDNA3-Myc-GILZ (2.5 and 5 ug), pcDNA3-Myc-NLS-GILZ (2.5 and 5 ng), and/or pcDNA3-FOXO3-WT (5
1ng) (D) or pcDNA3-FOXO3-TM (0.5 wg) (F). Results are expressed as the percentage of p3xIRS-MLP-Luc activity with 100% representing the activity of
FOXO3-WT or TM. Data represent the mean = S.E.M. of three independent experiments performed in duplicate. *, p < 0.05 compared with cells transfected
with pcDNA3-FOXO3-TM. G, HL-60 cells were transiently transfected with pEGFP-FOXO3-TM plasmid (10 ng) and pcDNA3-NLS-GILZ (10 ng) or pcDNA3-Myc.
After overnight expression of exogenous proteins, cells were fixed in paraformaldehyde and stained with the anti-Myc antibody and 4’,6-diamidino-2-phen-
ylindole (DAPI). Cells were analyzed by fluorescence microscopy. Error bars, S.E.
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FIGURE 9. GILZ inhibition of FOXO3 activity requires a FOXO3 functional NES sequence. A, HL-60 cells were transiently transfected with pEGFP-FOXO3-TM
plasmid (10 wg) and pDsRed-GILZ (10 wg). After overnight expression, cells were treated with or without 5 ng/ml of leptomycin B, maintained at 37 °C, and
analyzed by confocal microscopy for 30 min. The images presented were acquired at 30 min after leptomycin B addition. B, schematic representation of
FOXO3-TM-NESm. C, HL-60 cells were transiently transfected with pEGFP-FOXO3-TM-NESm plasmid (10 ng) and pDsRed-GILZ (10 ng) or pcDNA3-Myc. After
overnight expression of exogenous proteins, cells were fixed in paraformaldehyde and stained with 4’,6-diamidino-2-phenylindole (DAPI). Cells were analyzed
by fluorescence microscopy. D, HL-60 cells were transiently transfected with the reporter plasmid p3xIRS-MLP-Luc, with either 0.5 ug of pcDNA3-FOXO3-TM or
pcDNA3-FOXO3-TM-NESm, 5 g of pcDNA3-Myc-GILZ or pcDNA3-Myc, and the transcriptional activity was analyzed after 24 h of culture. Results are expressed
as the percentage of p3xIRS-MLP-Luc activity, with 100% representing the activity of the construct in the presence of FOXO3-TM. Data represent the mean =
S.E. of three independent experiments performed in duplicate. *, p < 0.05. Error bars, S.E.

ization and inhibition of FOXO1 transcriptional activity
(36). Interestingly, in the experiments described in Fig. 6,
FOXO3 was mainly cytoplasmic in the presence of GILZ and
the cytoplasmic FOXO3 band was shifted, suggesting the
existence of a phosphorylated form of FOXO3. Our hypoth-
esis is that inhibition of FOXO3 by GILZ is due to relocal-
ization of FOXO3 to the cytoplasm. GILZ may promote
phosphorylation of FOXO factors on regulatory sites affect-
ing their nucleocytoplasmic localization.

GILZ expression in HL-60 cells transfected with EGFP-
FOXO3-TM caused the cytoplasmic localization of FOXO3-
TM, thus independently of PKB phosphorylation on Thr-32,
Ser-253, and Ser-315. Cytoplasmic localization of transcrip-
tion factors in the presence of GILZ was also described for
NF-kB (13), but as the consequence of altered nuclear trans-
location resulting from formation of GILZ-NF-kB com-

S
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plexes. The proline-rich as well as the leucine zipper regions
of GILZ were shown to be crucial for this protein-protein
interaction (14). GILZ can also form a ternary complex with
activated Ras and Raf, resulting in inhibition of ERK and
AP-1 signaling pathways (37). In summary, GILZ has been
described to possess various dimerization partners resulting
in modulation of transcription factor activity and signaling
pathways (13, 37, 38). However, in HL-60 cells, FOXO3 and
GILZ, although clearly colocalized in the cytoplasm, did not
physically interact as assessed by coimmunoprecipitation
experiments (supplemental Fig. S2) or by fishing with a GST-
GILZ fusion protein (data not shown) despite high levels of
GILZ and FOXO3 expression. As a positive control, we were
able to detect in the same experimental conditions the pre-
viously described interaction of FOXO3 with 14-3-3. Alto-
gether, our results suggest that GILZ would not directly
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interact with FOXO3, but could rather interact and/or mod-
ulate the activity of another partner involved in regulation of
FOXO3 localization.

The mechanism of inhibition could rely on a cytoplasmic
retention, a reduced import, or an accelerated export of
FOXO3 in the presence of GILZ. Our results obtained with
the FOXO3-TM-NESm mutant favor a mechanism where
GILZ would promote and/or accelerate the export of
FOXO3 from the nucleus to the cytoplasm. When seques-
tered in the nucleus by invalidation of its export sequence,
FOXO3 transcriptional activity was preserved despite the
presence of GILZ. Upon inhibition of FOXO3 nuclear export
by leptomycin B, import of FOXO3 was rapidly completed,
ruling out a role for GILZ on FOXO3 nuclear import and
consistent with the absence of physical interaction between
GILZ and FOXO3. GILZ could modulate Crml-NES
interactions either through promotion of conformational
changes in the NES region or by enhancing the affinity of
Crm1 for FOXO3. This could occur through post-transla-
tional modifications such as phosphorylations. For example,
Engel et al. (39) have observed that the MAPK AP kinase 2 is
phosphorylated in the nucleus and is rapidly translocated to
the cytoplasm due to unmasking of its NES upon conditions
of stress such as ultraviolet light or H,O,. It is interesting to
note that our results were obtained with FOXO3-TM, sug-
gesting that these post-translational modifications would
occur on residues distinct from the classical PKB phosphor-
ylation sites. In support for this hypothesis, Clavel et al. (40)
recently described that activation of the c-Jun NH,-terminal
kinase (JNK) signaling pathway in C2C12 muscle cells could
induce nuclear export of FOXO3 through Crm1 and inde-
pendently of PKB.

Our results suggest that GILZ is a natural inhibitor of FOXO
factor transcriptional activities in hematopoietic cells with an
original mechanism of action. Our hypothesis is an inhibitory
effect of GILZ requiring its cytoplasmic localization and pro-
moting nuclear exclusion of FOXO3 in a Crml-dependent
manner. The regulation of nucleocytoplasmic distribution of
transcription factors is emerging as one of the most efficient
mechanisms to adjust gene expression to the cell environment.
This mechanism allows to finely control access of the transcrip-
tional regulators to their target genes as shown here with FOXO
factors. More importantly, these findings strongly suggest that
expression of GILZ could lead to the general inhibition of
FOXO signaling pathways affecting functions such as cell cycle
regulation or cell death.
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