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Abstract
Aims/hypothesis Forkhead box protein O1 (FOXO1) is a tran-
scription factor essential for beta cell fate. Protein kinase
B-dependent phosphorylation of FOXO1 at S256
(P-FOXO1) enables its binding to 14-3-3 dimers and nuclear
export. Dephosphorylated FOXO1 enters nuclei and activates
pro-apoptotic genes. Since our previous observations suggest
that protein kinase C delta (PKCδ) induces nuclear accumu-
lation of FOXO1, the underlying mechanism was examined.
Methods In human islets, genetically modified mice and INS-
1E cells apoptosis was assessed by TUNEL staining. Subcel-
lular translocation of proteins was examined by confocal mi-
croscopy and signalling pathways were analysed by western
blotting and overlay assay.
Results In PKCδ-overexpressing (PKCδ-tg) mouse islet cells
and INS-1E cells FOXO1 accumulated in nuclei, surprisingly,

as P-FOXO1. PKCδ-tg decelerated IGF-1-dependent stimula-
tion of nuclear export, indicating that changes in export caused
nuclear retention of P-FOXO1. Nuclear accumulation of
P-FOXO1 was accompanied by increased phosphorylation
of 14-3-3ζ at S58 and reduced dimerisation of 14-3-3ζ.
Palmitic acid further augmented phosphorylation of 14-3-3ζ
and triggered nuclear accumulation of FOXO1 in both INS-
1E and human islet cells. Furthermore, the overexpression of a
phosphomimicking mutant of 14-3-3ζ (S58D) enhanced nu-
clear FOXO1. In accordance with the nuclear accumulation of
P-FOXO1, PKCδ overexpression alone did not increase apo-
ptotic cell death. Additionally, insulin secretion and glucose
homeostasis in PKCδ-overexpressing mice remained
unaffected.
Conclusions/interpretation These results suggest that PKCδ-
mediated phosphorylation of 14-3-3ζ contributes to the nucle-
ar retention of FOXO1, even when FOXO1 is phosphorylated
as under non-stress conditions. P-FOXO1 does not induce
pro-apoptotic genes, but may rather exert beneficial effects
on beta cells.
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FOXO1 Forkhead box protein O1
HFD High-fat diet
HRP Horseradish peroxidase
JNK c-Jun N-terminal kinase
PKB Protein kinase B, Akt
PKC Protein kinase C
PKCδKN Kinase-negative protein kinase C δ
PP2A Protein phosphatase 2A
RIPA Radioimmunoprecipitation assay
TBS TRIS-buffered saline
TXNIP Thioredoxin-interacting protein

Introduction

Type 2 diabetes mellitus correlates with insufficient insulin
secretion and reduction of beta cell mass [1]. Numerous stud-
ies suggest that the reduced beta cell mass originates from
enhanced beta cell death. Factors of the diabetogenic milieu,
including NEFA, hyperglycaemia and cytokines, induce apo-
ptosis via distinct signalling pathways: NEFA induce endo-
plasmic reticulum (ER) stress; hyperglycaemia triggers oxida-
tive stress and mitochondrial dysfunction, whereas cytokines
activate death receptor pathways [2–4]. The transcription fac-
tor forkhead box protein O1 (FOXO1) plays a unique role in
the induction of apoptosis [5]. The inhibition or downregula-
tion of FOXO1 counteracts beta cell apoptosis, indicating the
pro-apoptotic role of FOXO1 [6, 7]. On the contrary, Accili
and co-workers showed that FOXO1 deficiency in mice in-
duces dedifferentiation, suggesting that FOXO1 is necessary
for the maintenance of beta cell identity under non-stress con-
ditions [8, 9]. Indeed, mice with beta cell specific deletion of
FOXO1 display reduced insulin secretion without beta cell
loss [10]. FOXO1, together with FOXO3 and FOXO4, regu-
lates genes linked to mitochondrial oxidative phosphorylation
which in turn ensures proper beta cell function [11]. In
humans, a single nucleotide polymorphism of FOXO1 asso-
ciates with reduced insulin secretion, impaired glucose ho-
meostasis and type 2 diabetes [12].

Post-translational modifications of FOXO1 enable the reg-
ulation of opposing cellular processes, including proliferation,
apoptosis, cell cycle progression and metabolism [13].
FOXO1 is phosphorylated by protein kinase B (PKB/Akt) at
S256 (P-FOXO1) upon insulin receptor or IGF-1 receptor
stimulation and this coincides with cytosolic accumulation
of FOXO1. Stress conditions (i.e. hyperglycaemia, impaired
IGF-1 and insulin signalling) or increased protein phosphatase
2A (PP2A) activity determine dephosphorylation of FOXO1
and its nuclear import [14, 15]. Dephosphorylated FOXO1
stimulates the expression of pro-apoptotic proteins like B cell
lymphoma 2 (Bcl-2)-interacting mediator of cell death (BIM)
and CAAT/enhancer binding protein homologous transcrip-
tion factor (CHOP) [6, 14, 16]. Phosphorylation of FOXO1

by PKB/Akt is required for its binding to 14-3-3ζ or 14-3-3γ
dimers and exportin-1 (chromosomal region maintenance-1
[CRM1])-dependent nuclear export [17–20]. 14-3-3ζ
dimerisation is again regulated by post-translational changes.
Protein kinase C δ (PKCδ) phosphorylates 14-3-3ζ at S58,
which impairs chaperone dimerisation and binding to target
proteins like Bcl-2-associated X protein (BAX) and Bcl-2-
associated death promoter (BAD) [19–21]. In beta cells, 14-
3-3ζ is highly expressed and sequesters the pro-apoptotic pro-
teins BAD and BAX in the cytosol. In accordance, reduced
levels of 14-3-3ζ induce mitochondrial-linked beta cell death
[22].

PKCδ is activated by cytokines and metabolites, including
saturated NEFA [23–26]. Obesity is associated with higher
PKCδ levels in humans and high-fat feeding upregulates he-
patic PKCδ expression in mice [27, 28]. Furthermore, hepatic
overexpression of PKCδ impairs insulin sensitivity and trig-
gers nuclear accumulation of FOXO1, while PKCδ deficiency
protects against diet-induced insulin resistance [29]. Our pre-
vious study suggested that overexpression of a kinase-
negative PKCδ (PKCδKN) in beta cells reduces nuclear ac-
cumulation of FOXO1, while overexpression of wild-type
PKCδ increases nuclear FOXO1 [26]. The aim of the present
study was to understand the modulatory role of PKCδ in
FOXO1 trafficking and function.

Methods

The sources of materials are listed in electronic supplementary
materials (ESM) Methods.

Generation ofβPKCδWT transgenic miceC57BL/6 mice
with beta cell specific overexpression of PKCδ
(B6-TgRIP-PrkcdFbos) were generated as previously described
[26, 30]. All animal experiments were carried out in accor-
dance with the accepted standard of animal care and were
approved by the local authorities.

GTT Male littermates were used for in vivo experiments.
Mice (4 weeks old) were fed with regular chow diet (CD) or
high-fat diet (HFD) for 8 weeks. GTTs were performed after
the mice had been fasted overnight and given an intraperito-
neal injection of glucose (2 g/kg body weight). Blood glucose
was measured with a glucometer. Plasma insulin concentra-
tions were assessed by RIA. The selection of animals that
received high-fat diet (HFD) or chow diet (CD) was deter-
mined randomly. HFD feeding and GTT were blinded. Fur-
thermore, GTT was performed using simple randomisation
(random selection of animals per feeding and genetically dif-
ferentiated group).
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INS-1E cell transfection INS-1E cells (kindly provided by
C. B.Wollheim, Geneva, Switzerland) were cultured in RPMI
1640 supplemented with (in mmol/l): 10 HEPES, 1 sodium
pyruvate, 2 L-glutamine, 0.05 2-mercaptoethanol and 10%
(vol./vol.) FCS. Only glucose-responsive and mycoplasma
free cells were used (regularly tested by insulin secretion anal-
ysis and PCR/DNA staining, respectively). The cells were
stably transfected with a retrovirus driven by LTR (long ter-
minal repeats) promoter, encoding PKCδ or 14-3-3ζwild type
and mutants (S58A and S58D) [31].

Insulin secretion For determining insulin secretion, cells
were incubated in a buffer containing (in mmol/l): 135 NaCl,
4.8 KCl, 1.2 MgSO4, 1.3 CaCl2, 1.2 KH2PO4, 5 NaHCO3, 10
HEPES (pH 7.4), 5 g/l BSA and glucose, as indicated. Secret-
ed insulin and insulin content were measured by RIA.

Primary islet and cell culture Human islets were cultured in
CMRL 1066 supplemented with 2 mmol/l L-glutamine,
10 mmol/l HEPES and 10% (vol./vol.) FCS. All experiments
were approved by the ethics committee of the Faculty ofMed-
icine of the University of Tübingen (533/2010BO2). Mouse
islets were isolated with collagenase (1 mg/ml) [32] and fur-
ther digested with trypsin (40 U/ml). Dispersed cells were
seeded onto L-poly-ornithine (0.001% [vol./vol.])-coated cov-
erslips and cultured in INS-1E cell medium without addition
of 2-mercaptoethanol. Palmitic acid, from a stock solution of
100 mmol/l in dimethyl sulfoxide, was dissolved in FCS at a
concentration of 6 mmol/l [26].

Immunocytochemistry and TUNEL assay Islets, INS-1E
cells and human pancreatic tissue were fixed with 4% form-
aldehyde in PBS, permeabilised with 0.2% Triton X-100 and
blocked in 10% (vol./vol.) FCS-PBS. The cells were incubat-
ed overnight with primary antibodies against CHOP (1:800),
PKCδ (1:400), 14-3-3ζ (1:50), FOXO1 (1:100), P-S256-
FOXO1 (1:50), insulin (1:100) and glucagon (1:150), washed
with 10% (vol./vol.) FCS-PBS and incubated for 1 h with the
secondary antibodies (1:400). Nuclei were stained with
1 μmol/l TOPRO-3. The TUNEL assay was performed ac-
cording to the protocol provided with the kit. Samples were
examined using confocal laser scanning microscopy (Leica,
Wetzlar, Germany).

In-cell crosslinking The in-cell crosslinking of INS-1E cells
was performed using 0.5 mmol/l dithiobis(succinimidyl)
propionate in PBS for 3 h on ice [33]. After removal of the
cross-linker, the cells were incubated 15 min with 20 mmol/l
T r i s - HC l , p H 7 . 5 , a n d t h e r e a f t e r l y s e d i n
radioimmunoprecipitation assay (RIPA) buffer (in mmol/l):
25 Tris-HCl pH 7.5, 150 NaCl, 2 EDTA, 10 NaF, 1 Na3VO4,
10% (vol./vol.) glycerol, 1% (vol./vol.) Nonidet-P40, 0.1%
(wt./vol.) SDS, 0.1% (wt/vol.) C24H39NaO4 and protease

inhibitors. Cell homogenates were boiled in non-reducing
Laemmli buffer. To cleave the cross-linked disulfide bonds,
aliquots of the lysates were incubated with 50 mmol/l dithio-
threitol for 15 min at 37°C prior to boiling.

Immunoprecipitation and overlay assay INS-1E cells were
lysed in RIPA buffer and 500 μg protein were incubated with
FOXO1 antibody (1:100) and 20 μl of protein-A agarose
beads (50% (vol./vol.) slurry) for 3 h at 4°C. The immunopre-
cipitates were washed with detergent-free RIPA buffer, sub-
jected to SDS-PAGE and blotted onto nitrocellulose mem-
branes. The membranes were blocked with 5% milk-TBS-
Tween and incubated overnight with FOXO1 antibody
(1:1,000 in 5% (wt/vol.) BSA-TBS-Tween) followed by incu-
bation with horseradish peroxidase (HRP)–14-3-3ζ (1:1,000
in 5% (wt/vol.) milk-TBS-Tween) for 1 h.

Western blotting After lysis in RIPA buffer, fresh homoge-
nates were immediately subjected to western blotting to pre-
serve protein phosphorylation [26]. SDS-PAGE was per-
formed as described above. Secondary HRP-coupled antibody
(1:2,000 in 5% (wt/vol.) milk-TBS-Tween) was added for 1 h.
Specificity of FOXO1 antibodies is shown in ESM Fig. 1.

Real-time PCR INS-1E cells were cultured as indicated,
lysed and total RNA was isolated using a commercial kit.
RNA (1 μg) was transcribed into cDNA using reverse-
transcriptase M-MuLV. Aliquots of cDNA were subjected to
PCR using the light cycler system LC-480 (Roche Diagnos-
tics, Basel, Switzerland). Normalised gene expression levels
were calculated as a ratio of the target vs housekeeping gene

(Rps13) transcripts (2−ΔCt ). The primer sequences are listed in
ESM Table 1.

Statistical analysis The criterion for exclusion of animals was
a >20% deviation from the mean weight of the other animals
of the same group. The criterion for the exclusion of any data
point was a distance>±2.5×SD from the mean of the other
data from the same group.

Data are expressed as means±SEM; p<0.05 (unpaired
Student’s t test or two-way ANOVA followed by Bonferroni
post test where applicable) was considered significant.

Results

PKCδ overexpression promotes nuclear accumulation of
phosphorylated FOXO1 PKCδ and FOXO1 proteins are
expressed in isolated human islets (Fig. 1a–d). More signifi-
cantly, palmitate augmented the amount of cleaved caspase-3
and cleaved PKCδ, reduced FOXO1 phosphorylation at S256
already within 1 h and increased nuclear accumulation of

Diabetologia (2015) 58:2819–2831 2821



FOXO1 (Fig. 1a–e and ESM Fig. 2a, b). These results strong-
ly suggest that our previous findings with rodent cells may
translate to humans [27]. To gain insight into the molecular

mechanism of PKCδ-dependent nuclear accumulation of
FOXO1, an INS-1E cell clone with more than fivefold higher
expression of wild-type PKCδ (PKCδ-tg) was used (Fig. 1f).
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Fig. 1 Overexpression of PKCδ
induces nuclear accumulation of
P-FOXO1. Human islets (a–e),
INS-1E (Ctrl, white bars) and
PKCδ-tg INS-1E cells (black
bars) (f–l) were cultured under
control condition or in the
presence of 600 μmol/l palmitate
for 1 h (P1h, Pal) or 24 h (P24h).
(a) Cytosolic and nuclear staining
of PKCδ. (b, c) Western blot
detection of PKCδ at 77 kDa and
cleaved PKCδ at 38 kDa (b) and
P-FOXO1 and FOXO1 at 80 kDa
(c). (d, e) Cytosolic and nuclear
staining of FOXO1, scale bar
100 μm (d) and percentage of
FOXO1-positive nuclei of five
independent human islet cell
preparations (e). (f)
Quantification of PKCδ on
western blots. (g) Evaluation of
FOXO1-positive nuclei by
confocal microscopy. (h–l)
Western blot analyses of P-PKB,
PKB and P-FOXO1.
Representative western blots of
whole islets and cell lysates and
means+SEM of three
independent experiments are
shown. *p<0.05 effect of
palmitate; †p<0.05 effect of
PKCδ-tg
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In PKCδ-tg INS-1E cells nuclei stained positive for FOXO1
already under control culture condition (Fig. 1g and [26]).

Since the nucleocytosolic distribution of FOXO1 depends
on PKB/Akt activity, the phosphorylation of PKB/Akt at S473
(P-PKB) and of FOXO1 at S256 (P-FOXO1) was analysed
next (Fig. 1h–l). Under control culture condition P-PKB was
significantly higher in PKCδ-tg INS-1E cells than in
parental INS-1E cells (Fig. 1h, i). Palmitate (1 h) re-
duced phosphorylation of PKB, an effect that became
significant in PKCδ-tg INS-1E cells, while the protein
levels of PKB remained unchanged (Fig. 1h–j). In par-
allel with the inhibition of PKB phosphorylation, palmi-
tate also reduced FOXO1 phosphorylation in parental
INS-1E cells (Fig. 1k, l). To our surprise, in PKCδ-tg
INS-1E cells, the level of P-FOXO1 was extremely high
and remained elevated after palmitate treatment.

To clarify the discrepancy between nuclear accumulation
of FOXO1 and the high level of phosphorylation of FOXO1
in PKCδ-tg cells, the nucleocytosolic distribution of FOXO1
and P-FOXO1 was determined after subcellular fractionation
(Fig. 2). The results confirmed our previous observation that
palmitate (1 h) augmented the amount of nuclear FOXO1 in
parental INS-1E cells, while increased FOXO1 levels were

detectable in nuclei of PKCδ-tg cells already under control
condition (Fig. 2a, c and [26]). The level of cytosolic FOXO1
remained largely unchanged (Fig. 2e). Unexpectedly, both
nuclear and cytosolic P-FOXO1 were three- to fivefold higher
in PKCδ-tg cells compared with parental INS-1E cells and
remained high after palmitate exposure (Fig. 2b, d, f, h). The
correlation of nuclear P-FOXO1 with nuclear FOXO1 re-
vealed a significant reduction of phosphorylation by palmitate
(Fig. 2g). Concomitantly, nuclear PKB phosphorylation was
transiently reduced in INS-1E and PKCδ-tg cells, while PKB
expression remained unchanged (ESM Fig. 3a). Compatible
with nuclear accumulation of P-FOXO1, palmitate did not
induce Bcl2l11 (gene encoding BIM) expression, while inhi-
bition of PKB/Akt-dependent phosphorylation of FOXO1 by
Akti-1/2 significantly augmented Bcl2l11 mRNA levels in
INS-1E cells (ESM Fig. 3b). The stress kinase c-Jun N-termi-
nal kinase (JNK) was reported to induce nuclear translocation
of FOXO1 [7, 34]. However, neither the level of P-T183/P-
Y185-JNK nor of its downstream target P-S73-cJun were
higher in PKCδ-tg cells compared with parental INS-1E cells,
indicating that increased JNK activity does not account for
nuclear accumulation of P-FOXO1 (ESM Fig. 3c–f). Thus,
neither stimulation of JNK nor inhibition of PKB/Akt seems
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to be the cause of nuclear accumulation of FOXO1 in PKCδ-
tg cells.

PKCδ delays nuclear export causing nuclear retention of
P-FOXO1 The subcellular distribution of FOXO1 depends
on the relative rates of nuclear export and import. Since de-
phosphorylation of FOXO1 correlates with an increased im-
port rate and phosphorylation of FOXO1 with nuclear export,
we examined whether the inhibition of export induces nuclear
accumulation of P-FOXO1. In human islet and parental INS-

1E cells, the inhibition of CRM1-dependent nuclear export by
leptomycin B (20 ng/ml, 2 h) led to a strong nuclear
accumulation of FOXO1 (Fig. 3a, b). Moreover, in the
presence of leptomycin B, FOXO1 and P-FOXO1 stain-
ing remained nuclear even after stimulation with IGF-1
(20 ng/ml, 15 min), which, by phosphorylating FOXO1,
promotes nuclear export of FOXO1 in the absence of
leptomycin B (Fig. 3a–c). These observations suggest
that P-FOXO1 accumulates in the nuclei when the ex-
port is inhibited.

a

Leptomycin B
Leptomycin B

– IGF-1 + IGF-1 Akti1/2

Nuclei  (red)

c

Leptomycin B
Leptomycin B

– IGF-1 + IGF-1

Nuclei (red)

Nuclei (red)

b

Leptomycin B
Leptomycin B

– IGF-1 + IGF-1 Akti1/2

FOXO1 (green)

FOXO1 (green)

P-S256-FOXO1(green)

Fig. 3 Inhibition of nuclear
export leads to nuclear
accumulation of FOXO1. Human
islet cells (a) and INS-1E cells (b,
c) were treated in cell culture as
indicated and the subcellular
distribution of FOXO1 (a, b)
(green) and P-FOXO1 (c) (green)
was visualised by confocal
microscopy. Nuclei are stained in
red. Representative pictures of
three independent experiments
are shown. Concentrations and
incubation times: IGF-1,
20 ng/ml, 15 min; leptomycin B,
20 ng/ml, 2 h; Akti1/2, 10 μmol/l,
3 h. Scale bar, 50 μm (a) or
100 μm (b, c). White arrows
indicate P-FOXO1 in nuclei
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To assess whether the rate of nuclear export differs between
control and PKCδ-tg INS-1E cells, nuclear accumulation of
FOXO1 was first triggered with palmitate (1 h) and thereafter
the export of FOXO1 was stimulated with IGF-1 (20 ng/ml)
and the cellular distribution of FOXO1 was examined over
time. In parental INS-1E cells palmitate-induced nuclear ac-
cumulation of FOXO1 was counteracted by IGF-1 already
after 5 min and FOXO1 staining was mainly cytosolic 10
and 15 min after addition of IGF-1 (Fig. 4a). In PKCδ-tg
INS-1E cells nuclear FOXO1 accumulation was still high 5
and 10 min after exposure to IGF-1 (Fig. 4b). These results
indicate that PKCδ, by decelerating the nuclear export, causes
nuclear retention of P-FOXO1 in PKCδ-tg INS-1E cells. No-
tably, nuclear P-FOXO1 is also detectable in islets of human
pancreatic resections, indicating that this is not a cell culture
phenomenon (ESM Fig. 2c).

PKCδ phosphorylates 14-3-3ζ at S58 and impairs its
dimerisation The chaperone 14-3-3ζ is highly expressed in
beta cells and its dimerisation is impaired by phosphorylation
at S58, which is also a phosphorylation site of PKCδ [22, 35,
36]. Since nuclear export of FOXO1 requires binding of P-
FOXO1 to 14-3-3 dimers [19], we used an overlay assay to
examine the interaction between the immunoprecipitated

FOXO1 and HRP-labelled 14-3-3ζ (Fig. 5a, b). HRP-14-3-
3ζ bound to FOXO1 and the binding was significantly re-
duced after cell exposure to palmitate (1 h) and increased after
cell stimulation with IGF-1 (1 h). Thus, the degree of 14-3-3ζ
binding to FOXO1 correlated with the degree of FOXO1
phosphorylation (Fig. 5a, b and ESM Fig. 3g).

Next, we examined whether PKCδ and palmitate increase
phosphorylation of 14-3-3ζ at S58 (P-14-3-3ζ). In human
islets, incubationwith palmitate for 1 and 24 h increased levels
of P-14-3-3ζ and immunostaining of human islet cells sug-
gested that 14-3-3ζ protein is not only distributed throughout
the cytosol but also in nuclei (Fig. 5c, d). In the nuclear frac-
tion of PKCδ-tg INS-1E cells, levels of P-14-3-3ζ were sig-
nificantly higher than in those of parental INS-1E cells and
P-14-3-3ζ was further increased by palmitate (24 h)
(Fig. 5e, f). The cytosolic levels of P-14-3-3ζ remained un-
changed (ESM Fig. 3i, j). To examine whether phosphoryla-
tion of 14-3-3ζ at S58 affects its dimerisation, the amount of
14-3-3ζ dimers was determined on western blots after in-cell
crosslinking. Both palmitate and PKCδ-tg significantly re-
duced 14-3-3ζ dimerisation (Fig. 5g, h). These observations
suggest that palmitate- and PKCδ-dependent phosphorylation
of 14-3-3ζmay hinder chaperone dimerisation and its interac-
tion with P-FOXO1, which, consequently, delays nuclear
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export of P-FOXO1. In agreement, the overexpression of a
phosphomimicking mutant of 14-3-3ζ (S58D) increased nu-
clear staining of FOXO1, whereas the overexpression of wild
type or a phosphorylation-deficient mutant (S58A) of 14-3-3ζ
did not affect the subcellular distribution of FOXO1 (Fig. 5i
and ESM Fig. 3h).

Effect of PKCδ on regulation of FOXO1 target genes Al-
though it is generally accepted that dephosphorylated FOXO1
contributes to glucolipotoxicity, it is unclear whether P-
FOXO1 affects gene expression [37]. One of the putative
FOXO1 target genes that strongly associates with palmitate-
dependent beta cell death is DDIT3, encoding the ER stress
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marker CHOP. Chronic treatment with palmitate increased
mRNA levels of Ddit3 and induced the expression of CHOP
protein in INS-1E cells (Fig. 6a, b). PKCδ-tg had no signifi-
cant effect on Ddit3 mRNA levels and the effect of palmitate
was not significantly altered (Fig. 6a, b).

In contrast, the mRNA and protein levels of the pro-
apoptotic thioredoxin-interacting protein (TXNIP), which
were downregulated by palmitate, were strongly reduced
in PKCδ-tg cells already under control culture conditions
(Fig. 6c, d). Neither the basal rate of apoptosis nor
palmitate-induced apoptosis were increased in PKCδ-tg
cells compared with parental INS-1E cells (Fig. 6e). In
human islets, palmitate induced apoptosis and changed
mRNA levels, i.e. downregulated TXNIP, upregulated
DDIT3 but did not change BCL2L11 mRNA levels, ef-
fects that are comparable with our observations with ro-
dent cells (Fig. 6f–h). These findings suggest that P-
FOXO1, as opposed to FOXO1, may support transcrip-
tional activity beneficial for beta cells.

Nuclear accumulation of FOXO1without beta cell failure:
the unexpected role of PKCδ To examine whether PKCδ
impairs beta cell function in vivo, mice specifically

overexpressing PKCδ in beta cells (βPKCδ-tg) were
generated. An increased amount of PKCδ protein was
detectable in isolated islets of βPKCδ-tg mice, while
the expression in other tissues remained unchanged
(Fig. 7a, b). As expected, significantly more nuclei of
βPKCδ-tg islet cells stained positive for FOXO1 when
compared with wild-type cells, already under control
culture conditions (Fig. 7c, d). However, PKCδ overex-
pression neither increased basal apoptosis nor accentuat-
ed palmitate cytotoxicity in cultured islet cells (Fig. 7e).
In addition, glucose tolerance and plasma insulin levels
after CD and HFD feeding did not significantly differ
between βPKCδ-tg and wild-type mice (ESM Fig. 4a–
d), nor was the islet area significantly altered (ESM
Fig. 4e, f). In accordance PKCδ-tg INS-1E cells
displayed normal insulin content and glucose-induced
insulin secretion (ESM Fig. 4g). Thus, increased levels
of PKCδ did not impair beta cell function.

In conclusion, our study proposes PKCδ as an inhibitor of
nuclear export of P-FOXO1 and provides evidence that PKCδ
can modulate the expression of FOXO1 target genes by in-
creasing nuclear accumulation of P-FOXO1, which is benefi-
cial for beta cells (Fig. 8).
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Discussion

This study reveals PKCδ to be an important regulator of
nucleocytosolic distribution of FOXO1 and proposes that
PKCδ decelerates CRM1-dependent nuclear export of P-
FOXO1 by impairing 14-3-3ζ dimerisation.

PKCδ is expressed in human and rodent insulin-secreting
cells. However, it is controversially discussed as a kinase
which positively and negatively regulates proliferation and
apoptosis [38, 39]. Our previous observations indicate that
PKCδKN counteracts nuclear accumulation of FOXO1 and
reduces palmitate-mediated islet cell apoptosis [26]. In accor-
dance, FOXO1-deficient mice are protected against HFD-
impaired glucose tolerance [10]. Therefore, it was unexpected
that overexpression of PKCδ in insulin-secreting cells, despite
nuclear accumulation of FOXO1, neither impaired in vivo
glucose homeostasis of mice nor accentuated palmitate cyto-
toxicity in vitro. The increased S256-phosphorylation of nu-
clear FOXO1 in PKCδ-tg INS-1E cells could explain why
nuclear FOXO1 was not pro-apoptotic. Indeed, inhibition of
PKB/Akt and FOXO1 dephosphorylation are necessary
for induction of the pro-apoptotic genes Bax and Bcl2l11

[6, 16, 40]. In PKCδ-tg cells nuclear FOXO1 was highly
phosphorylated and Bcl2l11 mRNA levels were not signifi-
cantly increased (data not shown). Palmitate-induced nuclear
accumulation of FOXO1 was also not sufficient to augment
Bcl2l11 expression, while pharmacological inhibition of
PKB/Akt triggered nuclear accumulation of dephosphorylated
FOXO1 and augmented Bcl2l11 mRNA levels [16]. More sig-
nificantly, PKCδ-tg reduced the mRNA and protein levels of the
pro-apoptotic protein TXNIP. The expression of TXNIP was
shown to be repressed by FOXO1 and palmitate, but upregulat-
ed by hyperglycaemia [41, 42]. The present study suggests that
PKCδ-dependent nuclear accumulation of P-FOXO1 may be
involved in the inhibition of TXNIP expression.

The phosphorylation of nuclear FOXO1 could result from
stimulation of a kinase (i.e. PKB) or inhibition of a phospha-
tase (i.e. PP2A) [15, 19, 43]. PKCδ was found to stimulate
insulin–IGF-1 signalling through phosphorylation of IRS1 at
S318 in muscle cells [44]. Indeed, the levels of P-PKB were
slightly but significantly higher in PKCδ-tg INS-1E cells
(Fig. 1h–k). The role of other kinases that target FOXO1, like
serum- and glucocorticoid-inducible kinase, AMP-activated
protein kinase or Raf-1, remains to be defined [45–47].
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FOXO1 activity is further regulated by additional post-
translational changes like acetylation [48]. In PKCδ-tg INS-
1E cells, acetylation levels of nuclear FOXO1 were unaltered
(data not shown). Furthermore, JNK activation is essential for
palmitate-induced beta cell death [7]. Our results suggest that
JNK phosphorylation was not decisive for the nuclear accu-
mulation of P-FOXO1. Nevertheless, JNK may interfere with
nuclear FOXO1 at a distal step and convert the anti-apoptotic
signal into a pro-apoptotic signal. Previous observations
showed that JNK phosphorylates 14-3-3ζ at S184 and triggers
the release of the pro-apoptotic FOXO3 and BAD [49].

PKCδ overexpression decreased the export rate of
P-FOXO1, suggesting that the regulation of export rather than
import dictates nuclear accumulation of FOXO1. PKCδ over-
rides the effect of PKB, enabling nuclear accumulation of
P-FOXO1. This role of PKCδ might explain the diverging
transcriptional activity of FOXO1 and its opposing effects
on beta cell fate. Our results suggest that the nuclear export
is decelerated due to PKCδ-dependent phosphorylation and
impaired dimerisation of 14-3-3ζ. Of the seven 14-3-3 iso-
forms expressed in beta cells, 14-3-3ζ is a target of PKCδ
[22, 36]. Indeed, nuclear P-S58-14-3-3ζ was increased in
PKCδ-tg INS-1E cells and its levels were further augmented
by palmitate. Previously, cleaved PKCδ (i.e. by caspase-3)

was shown to be responsible for phosphorylation of 14-3-3ζ
[36]. In agreement, in human islets palmitate increased the
levels of cleaved caspase-3 and cleaved PKCδ (i.e. a 38 kDa
protein which bound the PKCδ antibody).

Cytosolic 14-3-3ζ has been found to bind to BAD and
BAX, inhibiting their pro-apoptotic action [22]. Our data sug-
gest that nuclear 14-3-3ζ binds to P-FOXO1, thereby promot-
ing nuclear extrusion of the transcription factor. This addition-
al role underlines the importance of 14-3-3ζ for beta cell func-
tion and explains why INS-1E cells do not survive after small
interfering RNA-mediated downregulation of 14-3-3ζ (own
observations and [22]).

Long-term exposure to palmitate increased Ddit3 mRNA
and protein levels of CHOP in INS-1E cells. Previous studies
demonstrated that overexpression of inactive FOXO1 inhibits
palmitate-mediated induction of CHOP [7]. In control cul-
tured PKCδ-tg cells CHOP protein levels were undetectable,
suggesting that P-FOXO1 does not upregulate CHOP. This
finding, however, does not exclude a regulatory role for de-
phosphorylated FOXO1.

Our observations in human islets, which mirror the results
obtained with rodent cells, and the overexpression of PKCδ in
a defined cell model enabled us to identify the nuclear export
machinery as a regulatory site of PKCδ-dependent nuclear
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accumulation of FOXO1. The proposed mechanism, namely
PKCδ-mediated phosphorylation of 14-3-3ζ impairs chaper-
one dimerisation, its binding to P-FOXO1 and consequently
CRM1-dependent nuclear export of P-FOXO1, helps to un-
derstand the recent observations showing that FOXO1 modu-
lates beta cell fate in opposing ways (Fig. 8).
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