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FoxO6 transcriptional activity is regulated by Thr26 and Ser184, independent
of nucleo-cytoplasmic shuttling
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Forkhead members of the ‘O’ class (FoxO) are transcription
factors crucial for the regulation of metabolism, cell cycle, cell
death and cell survival. FoxO factors are regulated by insulin-
mediated activation of PI3K (phosphoinositide 3-kinase)–PKB
(protein kinase B) signalling. Activation of PI3K–PKB signalling
results in the phosphorylation of FoxO factors on three conserved
phosphorylation motifs, which are essential for the translocation
of FoxO factors from the nucleus to the cytosol. FoxO6, however,
remains mostly nuclear due to the fact that its shuttling ability is
dramatically impaired. FoxO1, FoxO3 and FoxO4 all contain an
N- and C-terminal PKB motif and a motif located in the forkhead
domain. FoxO6 lacks the conserved C-terminal PKB motif, which
is the cause of the shuttling impairment. Since FoxO6 can be

considered constitutively nuclear, we investigated whether it is
also a constitutively active transcription factor. Our results show
that FoxO6 transcriptional activity is inhibited by growth factors,
independent of shuttling, indicating that it is not constitutively
active. The PKB site in the forkhead domain (Ser184) regulated the
DNA binding characteristics and the N-terminal PKB site acted as
a growth factor sensor. In summary, FoxO6 is not a constitutively
active transcription factor and can be regulated by growth factors
in a Thr26- and Ser184-dependent manner, independent of shuttling
to the cytosol.

Key words: cytosol, FoxO6, growth factor, nucleo-cytoplasmic
shuttling, transcriptional activity, translocation.

INTRODUCTION

Forkhead members of the ‘O’ class (FoxO) are transcription
factors that have been implicated in a multitude of biological
processes including cell cycle, protection against oxidative stress,
cell death and cell survival [1]. Their transcriptional activity is
under the negative control of insulin/insulin-like signalling via
the PI3K (phosphoinositide 3-kinase)–PKB (protein kinase B)
pathway [2–4]. Activated PKB phosphorylates multiple FoxO
residues, which results in the translocation of FoxO proteins from
the nucleus to the cytosol, thereby automatically terminating its
ability to induce target genes [1].

To date, the FoxO group has four mammalian members: FoxO1,
FoxO3, FoxO4 and FoxO6. The degree of homology between
these four members is high, especially in the forkhead do-
main, which contains the DNA-binding interface. FoxO members
contain an N-terminal PKB motif, a PKB motif in the forkhead
domain and a C-terminal PKB motif (Figure 1). The C-terminal
PKB recognition sequence is not conserved in FoxO6 [5]. Phos-
phorylation of the C-terminal PKB residue in FoxO1 primarily
depends on two neighbouring CK1 sites [6,7]. A constitu-
tively phosphorylated DYRK1A site is located adjacent to the
second CK1 site [8]. Together, this stretch of four phosphorylated
serine residues facilitates nuclear export [5–7]. Since FoxO6 lacks
all four serine residues, it is mainly nuclear under all conditions
tested [5]. Insertion of the C-terminal PKB site, the CK1 sites and
the DYRK1A site results in a gain of function mutant, which can
shuttle from the nucleus to cytosol upon growth factor addition
[5]. Shuttling is considered as the main negative regulator of
FoxO-mediated transcriptional activity, although there are sub-
stantial data pointing to a shuttling-independent regulation of
transcription activity [5,9].

Under conditions devoid of growth factors, the FoxO N- and
C-terminal PKB sites are inaccessible and are in a non-phos-
phorylated state [10,11]. Insulin stimulation results in PKB-
mediated phosphorylation of the PKB site in the forkhead domain,
disruption of DNA binding and unmasking of the N- and C-ter-
minal PKB sites [10–13]. Therefore the PKB site in the forkhead
domain is considered as a gatekeeper of FoxO phosphorylation.

PKB-mediated phosphorylation of the N-terminal PKB site cre-
ates a docking motif for 14-3-3 proteins [2,11,14]. It has been sug-
gested that a 14-3-3 dimer requires stable binding to the phos-
phorylated N-terminal PKB site before the other half of the
dimer can bind to the phosphorylated PKB motif in the forkhead
domain [1,15], which is not an optimal 14-3-3-binding motif
by itself. The binding of a 14-3-3 dimer to a FoxO protein has
several consequences as it blocks an intrinsic FoxO NLS (nuclear
localization sequence) [16,17], prevents DNA binding [14,15] and
mediates translocation to, and sequestration of FoxO factors in,
the cytosol [17].

The C-terminal PKB site is not involved in 14-3-3 binding,
but it is subjected to a sequence of hierarchical phosphorylation
events [10,11]. Phosphorylation of the four residues containing
the C-terminal PKB site increases the rate of export by media-
ting interactions with Ran-GTP and CRM1, possibly in co-opera-
tion with an NES (nuclear export sequence) located further
downstream [6].

In the present study, we investigated the effect of growth factors
on FoxO6-mediated transcriptional regulation. Since FoxO6 is
constitutively nuclear, we examined whether its transcriptional
activity was also constitutive. In addition, we focused on the role
of the N-terminal PKB site and the PKB site in the forkhead
domain in transcriptional regulation by growth factors. Since
FoxO6 possesses a non-conserved optimal PKB motif in the
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Figure 1 Schematic amino acid structure of FoxO6

FoxO6 contains two conserved PKB motifs and one putative PKB motif. FoxO6 contains
an N-terminal PKB site (Thr26), which is preferentially phosphorylated by SGK (serum and
glucocorticoid regulated kinase), and a PKB site in the forkhead domain (Ser184), which is
phosphorylated by PKB. Phosphorylation of Ser184 possibly obscures the NLS, which is located
around the PKB motif. In the FoxO6 C-terminal region, a putative optimal PKB motif is present
(Thr338) next to an NES. In the C-terminal region, FoxO6 contains an LXXLL motif implicated in
nuclear receptor interactions.

C-terminal part (Thr338), we also studied the role of this non-
conserved PKB motif.

Our results show that transcriptional activity of FoxO6 is
efficiently regulated independent of shuttling to the cytosol
and depends on intact FoxO DNA-binding sites. Transcriptional
activity is regulated by Thr26 and Ser184, where Thr26 controls
growth factor sensitivity and Ser184 determines the level of FoxO6
activity by regulating DNA-binding characteristics. Thr338 had
no apparent role in the control of transcriptional activity or
translocation. In summary, our results highlight the importance of
Thr26 and Ser184 in the translocation-independent transcriptional
regulation mediated by FoxO6 and suggests an additional level of
FoxO regulation.

EXPERIMENTAL

FoxO–GFP (where GFP stands for green fluorescent protein)
translational fusion

Mutations of Thr26, Ser184 and Thr338 to an alanine or aspartic
residue were generated using site-directed mutagenesis by the
same method as described in [5]. FoxO1, FoxO3, FoxO6 and
the FoxO6-4Ser mutant protein were obtained as described
previously [5].

Cell culture and transfection of HEK-293 cells
(human embryonic kidney 293 cells)

HEK-293 cells were cultured in DMEM (Dulbecco’s modified
Eagle’s medium) supplemented with 10% (v/v) hiFCS (heat-
inactivated fetal calf serum), 100 units/ml penicillin, 100 units/ml
streptomycin and 2 mM L-glutamine in a humidified atmosphere
with 5% CO2 at 37 ◦C. Cells were seeded in 12-well plates and
grown for 24 h on glass coverslips. Cells were transfected with
calcium phosphate precipitates containing 1.9 µg/well plasmid
DNA (0.12 µg of target construct/1.78 µg of pBlueScript
carrier DNA).

Forkhead translocation procedure

Twenty hours after transfection, cells were serum-starved for 24 h.
Translocation was induced by replacing the serum-free medium
with a medium supplemented with 10% hiFCS or 100 nM in-
sulin. After 2 h of incubation, cells were fixed using 4% (w/v)
paraformaldehyde in PBS for 10 min at room temperature
(20 ◦C). Slips were embedded in Dabco-Mowiol and analysed by
fluorescent microscopy. To ensure that the localization is analysed
under similar conditions as during luciferase assays, control

experiments after serum stimulation for 24 h were performed on
all constructs (results not shown).

Luciferase assays

Cells were grown in six-well plates and transfected with 5 µg of
plasmid DNA/well, including 1 µg of 6 × DBE-Luc (where DBE
stands for Daf-16 binding element; kindly provided by B. M.
Burgering, University Medical Centre, Utrecht, The Netherlands)
or 1 µg of the glucose-6-phosphatase-Luc or mutated glucose-6-
phosphatase-Luc (both kindly provided by A. Barthel, University
Hospital, Düsseldorf, Germany) with or without 0.3 µg of FoxO–
GFP or empty vector and the appropriate amount of carrier
plasmid. After transfection, cells were lysed and total GFP
fluorescence was measured in 96-well plates using a FujiFilm
FLA-5000 image reader to normalize the samples for transfection
efficiency as described previously [5]. Each experiment was
performed at least in triplicate.

FoxO6–DNA binding assay

Single-stranded oligosaccharides containing an optimal DBE
(aattcaggattcctaggTTGTTTACattttaag) were end-labelled with
[γ -32P]ATP and hybridized to the complementary oligosacchar-
ides. HEK-293T cells were transfected as described above, and
nuclear extracts were prepared as described previously [18]. Then,
40 fmol of probe was incubated with 1–5 µg of total protein for
30 min at 4 ◦C in 20 µl of binding buffer (40 mM Tris/HCl, pH 7.5,
5 mM MgCl2, 0.1 mM EDTA, 1 mM dithiothreitol, 50 mM KCl,
10%, v/v, glycerol and 0.1 % BSA) in the presence of 500 ng of
sonicated salmon sperm and 500 ng of poly(dI-dC) · poly(dI-dC).
Samples were loaded on to a 3.5% polyacrylamide gel containing
5% glycerol. Electrophoresis was performed in 0.25 × TBE
(90 mmol Tris/borate and 1 mmol EDTA) containing 5% glycerol
at 4 ◦C for 120 min. GFP load was quantified using the FujiFilm
FLA-5000 image reader. Gels were dried before autoradiography
to visualize FoxO6–GFP/DNA binding.

Western blotting

Cells were grown in six-well plates and transfected with a total of
5 µg of plasmid DNA/well as described above. Then, cells were
grown for 24 h in the presence of serum before they were starved
for 24 h. Serum-starved cells were treated for 1 h with or without
DMEM containing 10% FCS (fetal calf serum) before harvesting
with lysis buffer containing 50 mM Tris, 1 mM EDTA, 1 mM
EGTA, 0.5% Triton X-100, 1 mM PMSF, 100 mM sodium fluor-
ide and 1 mM sodium vanadate on ice. Insoluble material was
removed from the sample by centrifugation at 12000 g for 10 s.
Concentrated SDS sample buffer containing 66 mM Tris/HCl
(pH 6.8), 3 % (w/v) SDS, 5% glycerol, 0.001% (w/v) Bromo-
phenol Blue and 2% (v/v) 2-mercaptoethanol was added to the
samples before the samples were heated for 15 min at 100 ◦C.
Protein samples were separated by SDS/PAGE (9% poly-
acrylamide gel). After electrophoresis, protein was transferred
on to nitrocellulose membranes (Amersham Biosciences) using a
Bio-Rad Wet Blotting apparatus according to the manufacturer’s
instructions. Protein transfer and blotting efficiency were checked
with ponseau-S. Blots were blocked for 1 h at room temperature in
PBS-T (PBS containing 0.05 % Tween 20) and 5% milk powder.
Anti-phospho-Thr24/Thr32 FKHR/FKHRL1 (FOXO1/FOXO3)
antibody (Cell Signaling Technology, Beverley, MA, U.S.A.) was
diluted 1/1000 in PBS-T and incubated overnight. Secondary anti-
rabbit antibody–horseradish peroxidase conjugate was diluted
1/50000 in PBS-T and incubated for 45 min before visualization
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Figure 2 FoxO6 is mainly nuclear

Cells were transfected with FoxO6–GFP or FoxO6 mutants fused to GFP. After transfection, cells were serum-starved and subsequently treated with insulin or serum. Wild-type FoxO6 translocates,
to a low level, to the cytosol after insulin or serum treatment, which can be seen by the increase in cytosolic fluorescence. The mutation T26A, S184A or T26D completely prevents translocation. The
mutation S184D does not prevent growth factor-induced translocation, whereas a double mutation of T26D and S184D does prevent translocation. Mutants T338A and T338D were indistinguishable
from wild-type FoxO6.

with ECL® detection substrate (Amersham Biosciences) and
HyperFilm (Amersham Biosciences).

After detection of phospho-Thr26, blots were stripped with PBS
containing 2% SDS and 100 mM 2-mercaptoethanol for 10 min.
Blots were blocked as described above before incubation with
anti-GFP diluted 1/10000 in PBS-T for 1 h. The remainder of the
procedure is as described above.

RESULTS

FoxO6 contains three putative RXRXXS/T phosphorylation
motifs (where X denotes any amino acid and Ser/Thr denotes
the residue phosphorylated by PKB), and two of the motifs are
conserved among all other FoxOs. The two conserved PKB motifs
are located at the N-terminus (Thr26) and in the forkhead domain
(Ser184); the third FoxO6-specific PKB motif is located in the C-
terminus (Thr338) (Figure 1). To explore the role of each individual
PKB motif in FoxO6-mediated transcriptional activity, we created
alanine and aspartic acid mutants, to mimic a non-phosphorylated
or phosphorylated state respectively, and studied their response to
growth factors.

Thr26 regulates translocation

Before studying the individual role of each FoxO6 PKB site in
the regulation of transcriptional activity, we analysed their role
in the regulation of growth factor-induced translocation. FoxO6–
GFP-transfected cells were serum-starved for 24 h to inactivate
the PI3K–PKB pathway before treatment with either insulin or
FCS (serum). Subsequently, we analysed the intracellular FoxO6–
GFP localization. Serum starvation resulted in a fully nuclear

localization of wild-type FoxO6–GFP whereas insulin or serum
treatment resulted in an increase in cytosolic localization as
described in [5] (Figure 2). Mutation T26A (Thr26 → Ala) or
S184A (FoxO6 T26A and FoxO6 S184A) completely disrupted
insulin- or serum-induced translocation to the cytosol, which has
been reported earlier [5]. Mutation S184D (FoxO6 S184D) did
not disrupt translocation (Figure 2). Surprisingly, the mutation
T26D (FoxO6 T26D) abolished the effect of insulin or serum
on FoxO6 shuttling and FoxO6 remained exclusively nuclear. A
double mutation of T26D and S184D (FoxO6 T26D + S184D)
rendered FoxO6 nuclear, which suggests that the mutation T26D
is dominant over the mutation S184D (Figure 2).

A FoxO6-specific putative PKB motif is located next to the put-
ative NES. Possibly, phosphorylation of Thr338 influences the
functionality of this NES. To assess the role of Thr338 in growth
factor-induced translocation, we analysed the alanine and aspartic
acid mutants of this site. Mutation T338D or T338A did not affect
growth factor-induced translocation from the nucleus to cytosol,
nor did the serum-starved condition differ from wild-type FoxO6–
GFP (Figure 2).

In summary, FoxO6 and the PKB site mutants of FoxO6 are
localized mainly in the nucleus. Ser184 and Thr26 are both required
for the small extent of shuttling to the cytosol, whereas Thr338 has
no apparent function in shuttling.

Growth factor inhibition of transcriptional activity is mainly
independent of shuttling

To analyse the role of shuttling from the nucleus to cytosol
in the regulation of transcriptional activity, we compared wild-
type FoxO6 with a FoxO6–FoxO3 chimaeric protein that has
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Figure 3 Growth factor-induced inhibition of transcriptional activation is
independent of FoxO6 translocation

(A) Intracellular FoxO–GFP localization. Typical nuclear localization (upper panel) and a typical
cytosolic FoxO–GFP localization (lower panel). (B) Left panel: the activity of FoxO6 was compared
with a FoxO6–FoxO3 chimaeric protein that has the ability to shuttle extensively. Both wild-type
FoxO6 (WT) and the chimaeric protein (4Ser) had comparable levels of transcriptional activity
on the 6DBE reporter under serum (S) and serum-free (SF) conditions. Right panel: intracellular
localization of WT and 4Ser was quantified under serum-treated conditions. WT was almost
exclusively localized in the nucleus whereas the 4Ser mutant was mainly localized in the cytosol,
using the same criteria as shown in (A). Nucleus, mainly nuclear localization; cytosol, mainly
cytosolic localization.

superior shuttling capabilities [5]. Both wild-type FoxO6 and the
FoxO6-4Ser mutant have a comparable reduction in luciferase
activity after the application of growth factors; however, the
FoxO6-4Ser mutant translocates to the cytosol, whereas wild-
type FoxO6 remains nuclear (Figure 3). These results indicate
that profound shuttling is not required for the regulation of FoxO6
transcriptional activity.

Ser184 has a role in FoxO–DNA binding

Before investigating the role of Thr26 and Ser184 in the regulation
of FoxO6-mediated transcriptional activity, we examined DNA
binding capabilities of wild-type FoxO6 and mutants of FoxO6.
Wild-type FoxO6 bound to the specific FoxO-binding element to
a level comparable with that of FoxO6 T26A, FoxO6 T26D and
FoxO6 S184A (Figure 4). The FoxO6 S184D, however, displayed
strongly reduced binding, which suggests a role for Ser184 in the
regulation of FoxO6–DNA interactions. The apparent increased
binding observed with the T26A mutant was not reproducible, as
small variations in binding efficiency occur. Taken together, the
aspartic residue at position 184, mimicking phosphorylation of
Ser184, can cause dissociation from the target DNA.

Transcriptional activity of FoxO6 is dependent
on FoxO-binding sites

FoxO1 activity on the G-6-Pase (glucose-6-phosphatase) reporter
depends on a stretch of multiple IRUs (insulin response units)
[19,20]. Mutation of the IRUs within this promoter diminishes
FoxO1 activity on this promoter [19]. To address whether FoxO6
activated the G-6-Pase reporter identically with FoxO1 and
requires intact FoxO-binding sites, we monitored FoxO6 activity
on wild-type and mutated G-6-Pase reporter constructs. FoxO1,
FoxO3 and FoxO6 indeed have lower activity on the mutated
promoter, indicating that binding to the IRUs is necessary for
maximal activity (Figure 5A). Striking is the fact FoxO1 displays

Figure 4 FoxO6 S184D has decreased DNA-binding characteristics

Cells were transfected with GFP alone or alanine and aspartic acid FoxO6 mutants of Thr26.
Subsequently, nuclear extracts were analysed for their ability to bind to a 32P-labelled optimal
FoxO-binding element. Only the FoxO6 S184D mutant displays reduced DNA-binding abilities
when compared with wild-type FoxO6. The other mutants display similar binding com-
pared with wild-type FoxO6. The control lane (GFP) contains nuclear extract from cells transfected
with the GFP plasmid alone. Samples were analysed for total GFP content as described in the
Experimental section, which represents the total FoxO6–GFP present in the sample.

Figure 5 FoxO6 requires DNA binding for transcriptional activity

(A) FoxO1, FoxO3 and FoxO6 were transfected together with wild-type (left) and mutant (right)
G-6-Pase promoter-luciferase constructs. Serum application decreased FoxO activity on both
wild-type and mutant promoters. (B) FoxO6 Ser184 influences transcriptional activity. Wild-type
FoxO6 and FoxO6 S184D were transfected together with the wild-type or mutant G-6-Pase
reporter. Activity of FoxO6 was greatly reduced on the mutant reporter and was further reduced
by mutating S184D.

the lowest transcriptional activity on this reporter compared
with FoxO3 and FoxO6. Although the mutant promoter contains
mutated binding sites, FoxO6 still retains the ability to activate
this reporter, comparable with FoxO1 on the wild-type promoter,
suggesting that FoxO6 still retains the ability to bind to the mutant
G-6-Pase reporter. Since the mutant G-6-Pase reporter still showed
activity, we analysed the DNA-binding-deficient mutant FoxO6
S184D to validate that the activity is caused by FoxO6 binding to
the target DNA. Indeed, FoxO6 S184D had lowest activity when
compared with wild-type, suggesting that wild-type FoxO6 still
binds to the mutant G-6-Pase reporter (Figure 5B). This further
demonstrates that FoxO6 DNA binding is necessary to activate
this mutant G-6-Pase promoter.
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Figure 6 Ser184 regulates the level of FoxO6 activity

FoxO6 wild-type or alanine or aspartic acid mutants of Ser184 were transfected, together with a six
times optimal FoxO-binding site reporter fused to luciferase (6DBE) or the G-6-Pase promoter
fused to luciferase (G-6-Pase). Serum application (S) resulted in a decrease in transcriptional
activity of the wild-type FoxO6 and Ser184 mutants. Both 6DBE and G-6-Pase reporters used
showed comparable patterns of activity in response to FoxO6 and FoxO6 mutants. The S184A
mutant displayed higher activity under serum and serum-free (SF) conditions when compared
with wild-type FoxO6, whereas the S184D mutant showed lower activity. The GFP control does
not display any transcriptional activity.

The FoxO6 mutant S184A does not inhibit growth factor sensitivity

Next, we investigated the role of Ser184 in FoxO6-mediated trans-
cription, with and without serum stimulation. Mutation S184D
greatly reduced the activity of FoxO6 under serum-free and serum
conditions. This is consistent with the fact that this mutant is
impaired in its ability to bind DNA. Interestingly, the FoxO6
S184A mutant displayed a higher activity when compared with
wild-type FoxO6 (Figure 6). Moreover, this activity could be
inhibited by growth factor addition. This suggests that the S184A
mutant may still be regulated through phosphorylation.

Phosphorylation on the PKB site in the forkhead domain of
FoxO1 is required for phosphorylation of the N- and C-terminal
PKB sites to occur [9,10]. Therefore the PKB site in the
forkhead domain has been attributed as a ‘gatekeeper’ of FoxO
phosphorylation. Since FoxO6 S184A could still be regulated by
growth factors, we investigated whether Ser184 in FoxO6 also
functions as ‘gatekeeper’. Using a phospho-specific antibody
directed against phosphorylated Thr26, we studied the possible
‘gatekeeper’ function of Ser184 (Figure 7). Whereas no phosphoryl-
ation is observed under serum-free conditions, growth factor
addition results in a large increase in phosphorylation of Thr26 in
wild-type FoxO6. No phosphorylation of FoxO6 on Thr26 could be
measured when cells were transfected with FoxO6 T26A, which
confirms antibody specificity. Interestingly, the mutation S184A
indeed greatly diminishes growth factor-induced phosphorylation
of Thr26, but does not prevent it completely (Figure 7; S184A).
Moreover, the S184D mutant displays similar behaviour. In
conclusion, the mutation S184A or S184D diminishes the degree
of phosphorylation of Thr26. However, in both cases, a small
level of phosphorylation was observed, indicating that this may
underlie the inhibition of transcriptional activity after growth
factor addition.

Thr26 regulates growth factor sensitivity

Ser184 did not regulate FoxO6 growth factor sensitivity, but did
regulate phosphorylation of Thr26 to some extent. Therefore we
further examined the role of Thr26 in the regulation of FoxO6. A
FoxO6 T26A mutation resulted in a significant increase in FoxO6-
mediated transcriptional activity under serum-free conditions, as
compared with wild-type FoxO6 (Figure 8). Notably, under serum
conditions, this mutant did not display a lower activity compared
with serum-free conditions. Interestingly, FoxO6 T26D mutation
led to the same result. In conclusion, phosphorylation of FoxO6
Thr26 appears to mediate growth factor sensitivity and mediates the
inhibition of transcriptional activity independent of translocation.

Figure 7 The PKB site in the forkhead domain partly functions as a
gatekeeper of phosphorylation

Cells were transfected with wild-type (WT) FoxO6 or alanine or aspartic acid mutants of Thr26 and
Ser184. Cells were serum-starved for 24 h before treatment with serum for 1 h. FoxO6 proteins
were analysed for their phosphorylation on Thr26 using a phospho-specific antibody. Serum
application induced a large increase in phosphorylation of Thr26 when compared with serum-free
conditions. The antibody is specific for Thr26 since a mutation T26A is no longer recognized by
the antibody. Mutation S184A greatly diminished phosphorylation of Thr26. Mutation S184D,
however, also greatly diminished phosphorylation of Thr26. An increase in phosphorylation
can still be observed in both Ser184 mutants after the application of serum. The specific band
indicating Thr26 phosphorylation is indicated by an arrow. As a control, the same blot was
stripped and subsequently analysed for its content of FoxO–GFP using a specific GFP antibody
(arrow).

Figure 8 Mutation of Thr26 impairs growth factor-induced inhibition of
FoxO6 transcriptional activity

When compared with wild-type FoxO6, the mutation T26A or T26D disrupted the growth
factor-induced decrease in transcriptional activity. Activities on 6DBE and G-6-Pase reporters
were comparable.

Thr338 has no apparent function in transcriptional activity

Finally, we analysed the role of Thr338 in FoxO6-mediated
transcriptional activity. Thr338 displayed no apparent function in
FoxO6 translocation. Thr338 is located in the putative transactiv-
ation domain of FoxO6, which suggests that it may mediate effects
directly on FoxO6-mediated transcriptional activity. Although
FoxO6 T338A and FoxO6 T338D mutants had slightly higher
activity on both the 6DBE and G-6-Pase reporters, no clear
function in the regulation of FoxO6-mediated transcriptional
activity could be observed (Figure 9).

DISCUSSION

Phosphorylation of specific FoxO residues by PKB triggers trans-
location to the cytosol [1]. FoxO6, however, is mainly nuclear.
We have previously shown that the FoxO6 shuttling impairment
is due to the absence of a stretch of conserved phosphorylation
sites located in the C-terminal part. Since FoxO6 is mainly nuclear,
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Figure 9 Thr338 is not involved in the regulation of FoxO6 transactivation
activity

Alanine or aspartic acid mutants of Thr338 were analysed for their transcriptional activity on
a 6DBE or G-6-Pase luciferase construct. The T338A mutant displayed higher activity on the
6DBE and G-6-Pase reporter as compared with wild-type FoxO6 and activity of T338A could
be decreased by serum application. A T338D mutant displayed higher activity under serum
conditions on the 6DBE but not the G-6-Pase reporter. Overall, the Thr388 mutants behaved
similar to wild-type FoxO6 in response to serum application and serum starvation.

we tried to determine whether FoxO6-mediated transcriptional
activity is constitutive. In addition, we examined the role of the
FoxO6 PKB residues Thr26 and Ser184 in the regulation of trans-
criptional activity. Our results show that FoxO6-mediated
transcriptional activity is not constitutive and is regulated by
growth factors, independent of translocation to the cytosol.
Transcriptional activity is regulated by two phosphorylation sites:
Ser184, which regulates DNA binding, and Thr26, which is required
for growth factor-mediated inhibition of FoxO6.

Regulation of FoxO6 transcriptional activity does not require
nucleo-cytoplasmic shuttling

Shuttling has been suggested as the main regulator of FoxO
transcriptional activity. By physically removing the FoxO trans-
cription factor from the nucleus, it can no longer be transcri-
ptionally active. However, by comparing the activity profiles
of a mutant FoxO6–FoxO3 chimaeric protein with wild-type
FoxO6 on a FoxO reporter construct, we have clearly shown
that shuttling is not the main regulator of FoxO6 function (Fig-
ure 3). Apparently, phosphorylation of PKB residues in FoxO6 is
sufficient to suppress transcriptional activity without removal of
the protein from the nucleus. This suggests that all the components
needed for the negative regulation of FoxO6 are present in the
nucleus or can be recruited there after growth factor stimulation.

Ser184 partly functions as a gatekeeper of FoxO6 phosphorylation

Phosphorylation of the PKB site in the forkhead domain
inhibits FOXO1–DNA binding [12] and transcriptional activity.
Accordingly, we show that FoxO6 S184D has the lowest DNA-
binding capabilities. The low transcriptional activity of FoxO6
S184D presumably results from its low affinity for target DNA
(Figure 4). Besides regulating target DNA binding, the PKB
site in the forkhead domain has been shown to regulate the
phosphorylation of the N- and C-terminal PKB sites in FOXO1
and has therefore been referred to as the gatekeeper of FoxO
phosphorylation [9–12]. By mutating the PKB site in the forkhead
domain, FOXO1 does not respond to growth factors and its
transcriptional activity cannot be inhibited. In analogy, the
‘gatekeeper’ hypothesis partly applies to FoxO6. A FoxO6 S184A
mutant diminishes phosphorylation of Thr26, which confirms the
gatekeeper hypothesis (Figure 7). However, growth factor addition
causes a small increase in Thr26 phosphorylation in the Ser184

mutants. This may explain the decrease in transcriptional activity
of FoxO6 S184A after growth factor addition (Figure 6).

Figure 10 Role of PKB sites in the transcriptional regulation mediated by
FoxO6

Thr26 functions as a growth factor sensor, whereas Ser184 regulates DNA binding, thereby
functioning as a set point for the level of transcriptional activity. The function of Thr338 is
unknown.

Thr26 mediates growth factor sensitivity

Since the N-terminal PKB site forms a 14-3-3 docking motif and
negatively regulates CBP (CREB-binding protein)/p300 binding
(where CREB stands for cAMP-response-element-binding pro-
tein) [2,21,22], we investigated its role in FoxO6-mediated
transcriptional activity. Our results suggest that Thr26 is involved
in sensing growth factors and is the dominant residue in regulating
FoxO6 translocation and transcriptional activity (Figures 2 and 8).
The mutation T26A completely prevents growth factor-induced
translocation, which may be the result of its inability to bind
14-3-3 proteins (Figure 2). FoxO6 T26A-mediated transcriptional
activity could not be inhibited by growth factor application and,
as a consequence, transcriptional activity remained as high as
that under serum-free conditions (Figure 8). This suggests that
Thr26 functions as a growth factor sensor. Surprisingly, the T26D
mutant was indistinguishable from the T26A mutant. Possibly, the
aspartic residue may not fully mimic a phosphorylated residue and
thus provides an invalid binding motif for 14-3-3 proteins. In ad-
dition to this, an important cofactor in FoxO-mediated trans-
cription, CBP/p300, has been reported to interact specifically
with the FoxO N-terminal region encompassing the PKB phos-
phorylation site [21]. Since phosphorylation of the N-terminal
PKB site is required to disrupt the binding of CBP/p300 to this
region, a Thr26-Ala-FoxO6 mutant, should be constitutively active,
as is indeed observed in our experiments.

In conclusion, we have shown that inhibition of FoxO6-
mediated transcriptional activity does not depend on shuttling to
the cytosol, but is efficiently regulated in the nucleus. In addition
to this, we have elucidated the individual role of Thr26 and Ser184 in
mediating growth factor signals to FoxO6. Ser184 regulates DNA
binding and provides a set point for the level of transcriptional
activity (Figure 10). Thr26 senses the presence of growth factors
and is therefore required for growth factor-mediated regulation
of transcriptional activity (Figure 10). Presumably, Thr26 and
Ser184 control FoxO6 transcriptional activity by regulating 14-3-3
and CBP/p300 binding, importantly, without the requirement of
shuttling to the cytosol.
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