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The Forkhead box transcription factor FoxO1 regulates meta-
bolic gene expression in mammals. FoxO1 activity is tightly con-
trolled by phosphatidylinositol 3-kinase (PI3K) signaling, resulting
in its phosphorylation and nuclear exclusion. We sought here to
determine the mechanisms involved in glucose and insulin-stimu-
lated nuclear shuttling of FoxO1 in pancreatic 3 cells and its con-
sequences for preproinsulin (Insl, Ins2) gene expression. Nuclear-
localized endogenous FoxOl translocated to the cytosol in
response to elevated glucose (3 versus 16.7 mm) in human islet
cells. Real-time confocal imaging of nucleo-cytosolic shuttling of a
FoxO1-EGFP chimera in primary mouse and clonal MIN6 3 cells
revealed a time-dependent glucose-responsive nuclear export, also
mimicked by exogenous insulin, and blocked by suppressing insu-
lin secretion. Constitutively active PI3K or protein kinase B/Akt
exerted similar effects, while inhibitors of PI3K, but not of glycogen
synthase kinase-3 or p70 S6 kinase, blocked nuclear export. FoxO1
overexpression reversed the activation by glucose of pancreatic
duodenum homeobox-1 (PdxI) transcription. Silencing of FoxO1
significantly elevated the expression of mouse Ins2, but not Insl,
mRNA at 3 mMm glucose. Putative FoxO1 binding sites were identi-
fied in the distal promoter of rodent Ius2 genes and direct binding
of FoxOl1 to the Ins2 promoter was demonstrated by chromatin
immunoprecipitation. A 915-bp glucose-responsive Ins2 promoter
was inhibited by constitutively active FoxO1, an effect unaltered by
simultaneous overexpression of PDX1. We conclude that nuclear
import of FoxO1 contributes to the suppression of Pdx1 and Ins2
gene expression at low glucose, the latter via a previously unsus-
pected and direct physical interaction with the Ins2 promoter.
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The mechanisms through which changes in glucose concen-
tration regulate the expression of the preproinsulin and other
genes in pancreatic islet B cells are only partly understood (1, 2).
Enhanced secretion of insulin, and the rebinding of the released
hormone to pancreatic B-cell insulin receptors, may play an
important role in mediating some of the effects of nutrients in
this cell type (3—8). Indeed, Bouche et al. (9) recently demon-
strated that insulin improves glucose-stimulated insulin secre-
tion in healthy humans. However, the identity of the down-
stream transcription factors, and/or repressors, which mediate
the effects of insulin and glucose, is still incompletely defined.

Forkhead transcription factors, characterized by the pres-
ence of a 100-amino acid winged helix domain, are implicated
in the control of a variety of cellular processes (10). FoxO1
(previously termed FKHR), is a member of the Forkhead box
(FOX)? subclass whose deletion results in early embryonic
lethality in mice (11). Activation by insulin of type 1 phospho-
inositide 3-phosphokinases (PI3Ks) and protein kinase B (PKB/
Akt) (12) results in the phosphorylation of FoxO1 at Ser*>®
(supplemental Fig. S1, A and B) and causes the translocation of
FoxO1 from the nucleus to the cytoplasm (13, 14). This is fol-
lowed by enhanced degradation of FoxO1 (15) and thereby de-
repression (16) of target genes. Conversely, in pancreatic «
cells, nuclear accumulation of FoxO1 when glucose and insulin
concentrations are low leads to the activation of the preproglu-
cagon gene (17).

Suggesting an important role as a repressor of pancreatic islet
B-cell gene expression, inactivation of a single allele of the
FoxOl gene in mice rescued the deleterious effect of deleting
insulin receptor substrate-2 (11, 18). Conversely, transgenic
overexpression of FoxO1 in the liver and in 3 cells of mice led to
abnormal glucose tolerance in vivo and defective glucose-stim-
ulated insulin secretion (19). Finally, overexpression of FoxO1
in clonal BTC-3 cells reversed the activation by Foxa2 (HNF3p)
of a fragment of the proximal promoter of pancreatic duodenal

3 The abbreviations used are: FOX, Forkhead box; DBE, Daf-16 binding ele-
ment; GSK3, glycogen synthase kinase-3; IRE, insulin response element;
MafA, v-maf musculoaponeurotic fibrosarcoma oncogene homolog A;
NeuroD, neurogenic differentiation 1; PI3K, phosphatidylinositol 3-kinase;
PKB, protein kinase B/Akt.
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homeobox 1 (Pdx1) (20), a key regulator of 3 cell differentiation
2).

Another study has demonstrated that FoxO1 translocated
from the nucleus to the cytosol of MING6 S cells in response to
elevated glucose concentrations in a mechanism involving
enhanced insulin secretion and signaling through PI3K (21).
However, neither the kinetics, nor the molecular basis of the
nuclear-cytosolic shuttling of FoxO1 was explored in detail in
the latter study. Moreover, although a possible role for FoxO1
in the regulation of the Chop promoter was identified (21), the
role in the regulation of PdxI and preproinsulin transcription
was not explored (21).

By imaging the dynamics of FoxO1-EGFP cytoplasmic-nu-
clear shuttling, and the activity of potential target genes, in sin-
gle primary human and mouse S cells and in clonal MING6 cells,
we show here that: (a) FoxO1 translocation occurs rapidly
(within 10-20 min) after exposure to high glucose or insulin;
(b) involves the activation of PI 3-kinase and PKB/Akt, but not
ribosomal protein 70 kDa S6 kinase (p70 S6K) or glycogen syn-
thase kinase-3, (c) blocks Pdx1 and Ins2 transcription by sepa-
rate and at least partly independent mechanisms, including the
direct binding of FoxO1 to the preproinsulin promoter.

EXPERIMENTAL PROCEDURES

Reagents—Dulbecco’s modified Eagle’s medium (DMEM)
was obtained from Sigma. Lipofectamine 2000™ and Lipo-
fectamine RNAi Max™, Trizol were from Invitrogen (Carls-
bad, CA), dual-luciferase assay kit was from Promega (South-
ampton, UK) and LY294002, SB216763, and SB415286 were
from Calbiochem (Nottingham, UK).

Plasmids, pFoxOI1-EGFP—Human FKHR was cloned by PCR
as described elsewhere (17). The full-length FKHR/FoxO1
clone was then amplified by PCR to add Xho1 and Sall sites and
cloned into pCINeo downstream of EGFP. The FoxO1-EGFP
fragment was further subcloned into pShuttle and recombined
in adenoviral vector pAdeasy as described (22). cDNA encoding
a constitutively active (CA) FoxO1 was generated by substitu-
tion of Ser?*® to Ala by site directed mutagenesis (Agilent Tech-
nologies Inc, Cheshire, UK) in the FoxO1-EGFP-pShuttle vec-
tor, which was then used to generate the adenoviral vectors.

Plasmids based on vector pCMV5 (Invitrogen) and bearing
constitutively active (-DD; containing substitutions of Thr°®
and Ser*”? for Asp) and membrane-targeted forms of PKB,
(myrPKB) were kindly provided by Professor B. Hemmings
(Friedrich Miescher Institute, Basel). Plasmid pCMV-RL carry-
ing Renilla reniformis cDNA under cytomegalovirus promoter
control and pGL3 Basic (23) were from Promega. Generation of
pCMV.Pdx1, the full-length human Pdx! ¢cDNA bearing a
c-myc epitope tag (24) and plasmids bearing the active catalytic
subunit of PI3K, modified with the addition of a CAAX box, or
a dominant-negative form of the regulatory subunit lacking the
p100-binding domain (Ap85) (25) are described elsewhere (24).

pIns2.Luc—Total DNA was extracted from MING6 cells and
the Ins2 promoter was PCR amplified using primers R1 fwd and
R2 rev as described later in this section (“Chromatin Immuno-
precipitation”). The fragment was cloned upstream of a cDNA
encoding humanized firefly luciferase in plasmid PGL3 (Pro-
mega). The resulting pIns2.Luc, plasmid consisted of a 915 bp
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fragment of the mouse Ins2 promoter spanning nucleotides
—907 to +8 bp with respect to the transcriptional start site. The
deletion mutant (Ins2AR°€°"!) was generated by removing
the first 290 bp from plns2.Lucy, using an internal Sacl site.
The Herpes simplex virus thymidine kinase (TK) promoter was
excised from pRL-TK (Promega) and inserted into pGL3 Basic
to create pGL3-TK in which expression of firefly luciferase is
driven by the TK promoter. The 290 bp region 1 of mouse Ins2
promoter was inserted upstream of the TK promoter between
Kpnl and SacI sites.

MIN6 Cell Culture—Clonal MIN6 B-cells (26) were used
between passages 20 and 30 and grown in DMEM supple-
mented with 15% (v/v) heat-inactivated fetal calf serum (Invit-
rogen), 25 mm glucose, 2 mm glutamine, 50 um B-mercaptoeth-
anol, 100 IU/ml penicillin, and 100 ug/ml streptomycin. Cells
were cultured in a humidified atmosphere at 37 °C with 5%
CO,, as previously described (23).

Human and Mouse Islet Isolation—Islets were isolated from
cadaveric donors according to standard procedures (27) follow-
ing local ethical procedures (Charing Cross Ethics Committee
REC 07/H0711/114). Mouse islets were prepared as described
elsewhere (28). The islets were allowed to recover for a week in
culture medium (RPMI supplemented with 10% FCS, 2 mm
glutamine, and 11 mm glucose).

Transfection and Transduction—MING6 cells seeded onto
poly-L-lysine-coated coverslips were transfected with pFoxO1-
EGFP (1 pg/ml) alone or with other plasmids (each at 1 pg/ml)
using Lipofectamine 2000™, according to the manufacturer’s
instructions. Islets were partially dissociated by incubation in
Hank’s-based cell dissociation buffer (Invitrogen) for 10 min
and by vigorous pipetting. Islet clusters were seeded on poly-L-
lysine coated coverslips for a day and transduced with FoxO1-
EGFP adenoviral particles of a multiplicity of infection (MOI)
of 20-25 for 6 h and subsequently allowed to express the pro-
tein for 24 —48 h in fresh culture media.

Dual Luciferase Assay—MING cells seeded on 12-well plates
at 70% confluency were transfected with a mixture of 450 ng
pIns2;r and 1 ng of pCMVyg,,, or 500 ng of TK and 100 ng of
TKgen, using Lipofectamine 2000. After 4 h, media was replaced
and adenoviral particles were added at 20 —-30 MOI where indi-
cated. Cells were incubated for a further 16 h and then media
changed to allow culture for 16 —20 h at 3, 25, or 30 mm glucose.
Luciferase assay was carried out using a Dual-Luciferase kit
(Promega) and a Lumat LB 9507 Luminometer following man-
ufacturer’s instructions.

Confocal Imaging and Image Analysis—After culturing in
DMEM-based medium at the required concentrations of glu-
cose and insulin, MING6 cells were transferred into Krebs-
Ringer bicarbonate (KRB) buffer (125 mm NaCl, 3.5 mm KCl,
1.5 mm CaCl,, 0.5 mm MgSO,, 0.5 mm KH,PO,, 25 mm
NaHCO,, and 10 mm Na™-Hepes, equilibrated with 95:5
0,/CO,). Confocal microscopy was performed with a Leica
TCS DM IRBE inverted confocal microscope (488 nm excita-
tion; X63 oil immersion objective) controlled with TCS-NT4
software (Leica). The extent of FoxO1-EGFP translocation to
the nucleus was quantified in regions of interest (ROI) as
follows. Fluorescence intensity within selected cytosolic or
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nuclear regions was measured using on-board TCS-NT soft-
ware, and the mean ratio of cytosol:nuclear intensity obtained.

SiRNA Transfection and Real-time qRT-PCR Analysis—
MING cells seeded on 6-well plates were transfected with 20 nm
of either scrambled (prepared using a template, 5'-AAATGTC-
CCCCTCAGCGTGTCCTGTCTG-3" and a Silencer SiRNA
construction kit, Ambion, Huntingdon, UK) or SIGENOME
SMARTpool™ siRNA (Dharmacon, Thermo Fisher Scientific,
Lafayette, CO) using Lipofectamine RNAiMax™ for 48 h in
culture media before subsequent culture in media containing 3
or 30 mMm glucose. Total RNA was prepared with Trizol and
treated with DNase 1 (Ambion). RNA (2 pug) was reverse-tran-
scribed using High Capacity cDNA Reverse Transcription kit.
Real-time PCR was carried out with cDNA (equivalent of 20 ng
input RNA) using Power SYBR Green master mix (ABI Biosys-
tems) in a 7500 Fast Real-Time PCR system (ABI Biosystems)
and analyzed by comparative C, method. All real-time primers
(supplemental Table S1) were generated using ABI Primer
Express 3.0 except for FoxO1 the SF QuantiTect™ (Qiagen)
primers were used and were predicted to produce a single
unique product under the high stringency conditions deployed.

Western Blotting—Protein analysis was carried out as
described elsewhere (29). The antibodies used were rabbit
monoclonal anti-FoxO1 (1:1000, C29H4 Cell Signaling Tech-
nology, Danvers, MA), anti-Phospho-FoxO1 Ser-256 (1:1000,
Cell Signaling Technology), monoclonal anti-a tubulin
(1:10,000, Sigma clone B-5-1-2) and HRP-linked secondary
antibodies (1:10000, GE Healthcare).

Chromatin Immunoprecipitation—ChIP was performed
as described elsewhere (30). Briefly, MING6 cells were cul-
tured in medium containing 3 mm glucose for 16 h before
stimulation with 3 or 30 mm glucose for 20 h, and then cross-
linking with 1% formaldehyde and sonication to obtain frag-
ments of chromatin of ~0.5 kb. DNA-protein complexes
were immunoprecipitated with a rabbit monoclonal anti-
body against FoxO1 (C29H4, Cell Signaling Technology,
Danvers, MA) or ChIP-grade immunoglobulin G (Sigma),
and protein-G-agarose/salmon sperm DNA (Millipore), fol-
lowed by digestion with proteinase K (Roche Applied Sci-
ence). The resulting DNA was extracted using phenol-chlo-
roform and precipitated with ethanol. Regions of interest
were PCR amplified using Accuprime™ TaqDNA polymer-
ase (Invitrogen) and primers (R1 fwd: tctcccaggtacccagagtg, R1
rev: agccagctgtctecatetgt, R2 fwd: aactggttcatcaggcecate, R2 rev:
ttagggctggtggttactgg, R3 fwd: ccagtaaccaccagccctaa, R3 rev:
caaaggtgctgcttgacaaa) specific to regions (~200 bp) encom-
passing the putative FoxO1 binding sites.

Immunostaining and Confocal Imaging—MING cells grown
on glass coverslips and transduced with adenoviral vectors as
indicated. Immunostaining was carried out using the following
antibodies; monoclonal anti-Myc antibody (1:200; Roche),
polyclonal anti-Swine insulin (1:200; DakoCytomation, Ely,
UK), anti-FoxO1 (1:200) and Alexa 488- or 564-coupled sec-
ondary antibodies (1:500; Molecular Probes) and confocal
imaging was carried out as described elsewhere (29).

Statistical Analysis—Data analyzed using one-tailed Stu-
dent’s ¢ test for paired data with Microsoft Excel™, or two-
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tailed Student’s ¢ test and two-way ANOVA with Bonferroni
correction using GraphPad Prism ™ where appropriate.

RESULTS

Elevated Glucose Concentrations or Insulin Cause Transloca-
tion of FoxO1-EGFP from the Nucleus to the Cytosol—Beta cell
clusters derived from partially-dissociated human islets
showed, upon incubation at 3 or 16.7 mm glucose for 16 h and
subsequent staining with anti-FoxO1 or insulin antibodies, dif-
ferential staining of endogenous FoxOl1 in the nucleus and
cytosol (Fig. 1, A and B), indicating that FoxO1 translocates
from the nucleus in response to the sugar. To analyze the kinet-
ics and molecular mechanisms involved in FoxO1 nuclear
exclusion more closely, we monitored the subcellular localiza-
tion of FoxO1-EGFP in primary mouse f3 cells incubated at 16.7
mM glucose for different time periods up to 1 h (Fig. 1, Cand D).
Cells were again fixed with formaldehyde and immunostained
with an anti-insulin antibody. While FoxO1 was predominantly
localized in the nucleus after overnight incubation in 3 mm
glucose, exposure to the elevated sugar concentration triggered
significant cytosolic translocation after 45— 60 min of stimula-
tion. Real-time imaging of FoxO1-EGFP dynamics in single liv-
ing B cells derived from mouse islets (Fig. 2, A—D) or MING6 f3
cell lines (Fig. 2, E-H) showed that whereas the initial, predom-
inantly nuclear localization of FoxO1 was maintained during
incubation in 3 mMm glucose, addition of 16.7 (Fig. 2, A and B) or
30 mm glucose (Fig. 2, E and F), or 20 (Fig. 2C) or 200 nm (Fig. 2,
C, G, H) insulin caused a progressive increase in cytosolic fluo-
rescence at the expense of nuclear fluorescence. These changes
were clearly detectable after 10—20 min of exposure to either
stimulus. However, quantitation of fluorescence changes dur-
ing the time course revealed that while insulin caused a near
4-fold increase in cytosolic to nuclear fluorescence after 60 min,
the response to 30 mm glucose was more modest with a maxi-
mum increase of twice the initial value. While we were unable
in this case to confirm that the examined cell was a 3 cell, from
our staining for insulin in these cultures (above), and a vast
quantity of existing literature in the rodent (e.g. Ref. 31), B cells
are likely to comprise 70-75% of the cells in these cultures.
Here again, in individual cells, we observed closely similar data
to that obtained from the “cross-sectional” studies obtained
from collections of B cells (Fig. 1C) in terms of the initial and
final cytosol:nucleus staining and the time course of the
changes in this parameter.

Next, we determined whether the stimulatory effect of high
glucose was due to the secreted insulin acting through an auto-
crine loop (8). MING cells were maintained for 6 h in serum-
containing medium at either low (0.5 mm) or high (25 mm)
glucose in the additional presence of 20 nm insulin or 200 um
diazoxide (Fig. 3, A and B). By opening the ATP-sensitive K™
channels, diazoxide causes hyperpolarization of the plasma
membrane and thereby an essentially complete inhibition of
glucose-stimulated insulin secretion of the MING6 cells (32).
Added insulin efficiently mimicked the effects of 25 mm glu-
cose. The effects of glucose, but not those of insulin, were com-
pletely suppressed by diazoxide (Fig. 3, A and B).
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FIGURE 1. Imaging the effects of glucose and insulin on the subcellular
localization of endogenous FoxO1 or overexpressed FoxO1-EGFP in pri-
mary human and mouse -cells. A, partially dissociated human islets
seeded on coverslips for 1 day in 11 mm glucose were subsequently incu-
bated for 16 h in 3 or 16.7 mm glucose, were formaldehyde-fixed, permeabi-
lized, and immunostained with anti-FoxO1 and anti-insulin antibodies, and
subsequently with Alexa Fluor-488- and -564-coupled secondary antibodies,
while DAPI was used for nuclear staining. Cell clusters containing insulin-
positive cells were imaged by confocal microscopy taking Z cross-sections at
0.2 wm spacing along the entire depth of the clusters. The three-dimensional
“opacity” (Volocity™ software) view is presented. Scale bar, 10 um. B, ratio of
fluorescence quantified within regions of interest selected in the cytosol and
nucleus in the central cross-sections of single islet 8 cells and calculated from
25-30 individual cells. The bar shows mean = S.E. analyzed by two-tailed t
test. C, dissociated mouse islet cells plated on coverslips were transduced
with FoxO1-EGFP-expressing adenovirus (20-25 MOI) and incubated for 36 h
to allow expression. Following overnight incubation in 3 mm glucose, cells
were exposed to either 3 or 16.7 mm glucose for the indicated time before
fixation and immunostaining with anti-insulin antibody as described in A.
Images show typical distribution of FoxO1-EGFP from 20-30 cells studied per
condition from three independent experiments. Scale bar, 10 wm. D, ratio of
fluorescence quantified from C, as described in B. Bar shows mean *+ S.E.
analyzed by two-tailed t test all compared to 0 time point.

The Effects of Glucose and Insulin on FoxOI1-EGFP Translo-
cation Are Due to Activation of PI 3-Kinase Signaling—We
sought next to study if the effects of glucose were mediated by
released insulin, as opposed to the action of co-secreted factors
(ATP, Zn*" etc) in which case the action of glucose should be
inhibited by the blockade of signaling downstream of the insu-
lin receptor. To test this possibility, we inhibited PI3K activity
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FIGURE 2. Real-time dynamicimaging of the effects of glucose and insulin
on the subcellular localization of FoxO1-EGFP. Single primary B cells
derived from mouse islets (A and C) or clonal MIN6 cells (E and G) were
infected with FoxO1-EGFP-expressing adenovirus and cultured for 48 h in
complete medium and then overnightin 3 mm glucose. Cells were then trans-
ferred to the heated stage of a Leica SP2 confocal microscope in KRB contain-
ing 3 mm glucose. Images were captured every 2 min up to 60 min, either 15
min (A) orimmediately before and then after the addition of 16.7 mm (A) or 30
mm (E) glucose, 20 nm (C) or 200 nminsulinin (G, G) as indicated. Traces in Bare
typical of the single cells seen in A and are presented to distinguish the glu-
cose-dependent effects above basal fluctuations. All other traces (D, F, H)
show the mean = S.E. from =3 independent experiments. Error bars are
included only for the 15, 30, and 60 min time points for clarity. *, p < 0.05.
Scale bar, 10 wm (5 wm for A).

with either the pharmacological agent LY294002 or by expres-
sion of a dominant-negative form of the PI3K adaptor subunit
Ap85 (25). The latter was expected to prevent the recruitment
of the catalytic (p110) subunit of PI3K to the phosphorylated
adaptor molecules (IRS1, IRS2, Shg, etc.) (24). Incubation with
LY294002 or the expression of Ap85 led to a complete suppres-
sion of the effects of glucose and insulin on the subcellular
localization of FoxO1 (Fig. 4, A and B). Conversely, expression
of a constitutively active, membrane-associated form of p110
(p100.CAAX) led to the translocation of FoxO1l from the
nucleus at low (0.5 mm) as well as elevated (25 mm) glucose
concentrations.

To explore the signaling pathways acting downstream of
PI3K, we determined whether FoxO1 translocation to the cyto-
sol could be induced by a constitutively active form of PKB/Akt,
PKB-DD (Thr**® and Ser*”® substituted with Asp), or by a
membrane-targeted constitutively active version of PKB (PKB-
myr). Cotransfection with either construct resulted in a signif-
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FIGURE 3. Role of secreted insulin on the effects of glucose on FoxO1-
EGFP translocation. A, after 24 h of transient transfection with pFoxO1-
EGFP, MING cells were incubated at varying concentrations of insulin (0, 20
nm), glucose (0.5, 25 mm), or DAO (diazoxide, 20 and 200 um) for 1 h in
medium prior to imaging. B, distribution of FoxO1 between the cytosol
and nucleus. Data show ratio (mean = S.E.,, n = 20-50 cells from three
separate experiments).

icant increase in the ratio of cytosolic to nuclear FoxO1 at low
glucose concentrations (Fig. 4, C and D), consistent with a role
for active PKB. Ribosomal S6 kinase (p70 S6 K) (33) and
glycogen synthase kinase (34) have both recently been shown
to be activated by glucose and insulin, as well as other growth
factors in clonal rat 8 cells (INS-1). However, we observed
here that pre-incubation of MING6 cells with the p70 S6
kinase inhibitor rapamycin had no effect on the transloca-
tion of FoxO1 provoked by either 25 mm glucose or 20 nm
insulin. Similarly, treatment with either of two structurally
distinct GSK3 inhibitors, SB216763 or SB415286 (35) had no
effect on the subcellular distribution of FoxO1 at either low
or high glucose concentrations (Fig. 4, C and D) arguing that
neither of the downstream kinases is involved in stimulating
the nuclear export of FoxO1.

Modulation of FoxO1 Expression Affects Mouse Ins2 mRNA
Levels; Evidence for a Direct Interaction of FoxO1 with the Pro-
moter of the Corresponding Gene—Given that FoxOl is a key
transcription factor in metabolic gene regulation in response
to glucose and insulin, we next examined the effects of
FoxO1 silencing on some of the most important genes
involved in B-cell glucose metabolism. A reduction (>70%)
in FoxO1 expression (Fig. 5, A and B) in MING6 cells, achieved
by transfection of FoxO1 siRNA for 48 h led, upon subse-
quent culture in 3 or 30 mm glucose for another 12-16 h, to
a significant rise in basal /ns2 mRNA levels at 3 mm glucose
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(Fig. 5B), but notin Ins1, Pdx1 (Fig. 5B) or MafA and NeuroD
(supplemental Fig. S2) mRNA levels. Despite displaying an
elevated basal Ins2 mRNA level, FoxOl-silenced cells
appeared to retain the glucose inducibility of Ins2 expres-
sion. Thus, basal and glucose-induced expression levels were
significantly different, though the fold rise in response to
high glucose was less when compared with control cells
(scrambled siRNA). Furthermore, the level of Ins2 mRNA
after treatment with 30 mm glucose did not differ signifi-
cantly in cells silenced or not for FoxO1l. A tendency to-
ward an increased basal level of expression, though not
reaching significance, was also observed for Pdx1, but not for
Insl, MafA or NeuroD mRNAs (supplemental Fig. S2). On
the other hand, overexpression of a dephosphomimetic
(Ser***>Ala), constitutively-active and nuclearly localized
form of FoxO1 (FoxO1-CA) led to a remarkable inhibition of
both Ins2 and Pdx1, but not Insl, mRNA expression (Fig.
5C). Because of its constitutive presence in the nucleus,
FoxO1-CA thus overcomes the effect of high glucose and
thereby helps to identify possible repressive effects of this
factor on genes while over-riding its intrinsic regulation. It
should be emphasized that the real-time PCR primers
designed against each of the genes studied, including Insl
and Ins2, recognized exclusive regions with in the tran-
scribed template, with minimal overlap between genes.
Thus, each pair of primers amplified a single and specific
product under the high stringency PCR conditions deployed
(see “Experimental Procedures” for further details). The dif-
ferential regulation of the two rodent insulin genes by FoxO1
would appear therefore to be a bona fide phenomenon whose
mechanisms were studied further below.

Importantly, the above findings are consistent with the neg-
ative regulatory role of FoxO1l toward insulin/IGF-induced
B-cell growth and proliferation (11) and inhibition of Pdx1
action at the insulin promoter by competition with the stimu-
latory factor FoxA2/HNEF3 for the same binding site (20, 36).
The above findings also raise the possibility of a direct inhibi-
tion of mouse ns2, but not InsI expression by FoxO1. Indeed, a
search for consensus FoxO1 binding sites, namely the insulin
response element (IRE) and the Daf-16 binding element (DBE)
in the rodent Ins2 promoter region extending up to 2-kb
upstream from the transcription start site revealed three
regions of partial identity (Fig. 6A4), which were absent in the
Insl promoter. Region 1 in the distal /ns2 promoter contained
two such binding sites starting at —768 and —673 bp upstream
of transcription start site, while region 2 was identified in the
proximal promoter (—141). To determine if these elements
were genuine FoxO1 binding sites with physiological relevance,
a chromatin immunoprecipitation experiment was carried out
using cross-linked DNA from MING6 cells cultured in 3 or 30
mM glucose and a rabbit monoclonal anti-FoxO1 antibody. As
shown in Fig. 6B, and quantified in Fig. 6C, cells maintained
overnight at 3 mum glucose displayed significant FoxO1 binding
to the promoter region 1, to a smaller, but nevertheless signifi-
cant extent to region 2, but not to region 3. Conversely, incu-
bation of cells at 30 mM glucose effectively eliminated binding
of FoxO1 to these regions. The chromatin immunoprecipita-
tion experiments with FoxO1 antibody were validated by PCR
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FIGURE 4. Effects of activation or inhibition of Pl 3-Kinase on FoxO1-EGFP localization. A, MING cells, after 24 h of transient transfection with pFoxO1-EGFP
(1.0 ng), and either empty vector (pcDNA3; Con) or plasmids encoding p100.CAAX or Ap85 (1.0 nug) were incubated with further additions (as shown, LY294002,
50 um) for 1 hin KRB medium. B, quantitation of the ratio (mean = S.E., n = 20-30 cells from = 3 separate experiments) as shown in A. C, effects of glucose and
insulin on FoxO1-EGFP localization are mimicked by an active form of protein kinase B but do not require p70 S6 kinase or glycogen synthase kinase-3 (GSK3).
Cells were transfected with pFoxO1-EGFP plus either empty vector (pcDNA3; Con), PKB-DD or PKB-myr. After 16 h of incubation in DMEM containing 3 mm
glucose, the medium was replaced with medium containing the specified concentrations of glucose, insulin, and GSK3 inhibitors, SB216763 and SB415286
(SB21, SB41, 3 um and 30 uMm, respectively), rapamycin, 30 nm. D, quantification of ratio (mean = S.E., n = 20-40 cells, obtained from =3 independent

experiments for each condition). Scale bar, 5 um.

amplification of the previously-known FoxO1 binding regions
on the MafA and NeuroD promoters (supplemental Fig. S3)
(37) using the same experimental DNA samples. This observa-
tion qualified regions 1 and 2 as physiological FoxO1 binding
sites imparting differential regulation of Ins2 gene expression at
low and high concentrations of glucose.

An Inhibitory Effect of FoxO1, Independent of Pdx1, Is Evident
on Ins2 Promoter Activity in a Heterologous System—We
sought next to determine what contribution a direct interaction
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of FoxO1 at the /ns2 promoter may play in the regulation of this
gene, independently of a predicted action of FoxO1 to suppress
Pdx1 gene expression. We therefore cloned a 915-bp region
spanning (—907 to +8 bp) of the mouse Ins2 promoter and
generated a promoter-reporter construct for luciferase activity
assays in MING6 3 cells. While the constitutively-active variant
of FoxO1 strongly suppressed Ins2 promoter activity (Fig. 7A),
this may conceivably have resulted largely from inhibition of
PDX1 expression as reported earlier (20). However, because
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FIGURE 5. Changes in FoxO1 level modify mouse Ins2 gene expression.
A, Western blot showing protein extracted from MING6 cells transfected with
the indicated siRNA. MIN6 cells were transfected with Smart Pool or scram-
bled siRNA (20 nm) for 48 h before protein analysis. B, real-time gRT-PCR anal-
ysis of the indicated genes after siRNA-mediated silencing of FoxO1 studied
at 3 and 30 mm glucose concentrations. MING6 cells were transfected with
indicated siRNA as mentioned above. Subsequently, cells were cultured in 3
mm glucose for overnight prior to incubation in 3 or 30 mm glucose for 6-8 h
and RNA was extracted for real-time RT-PCR analysis. C, MIN6 cells overex-
pressing a constitutively active (nuclear) FoxO1-CA-EGFP were analyzed by
real-time RT-PCR of the indicated genes, as in B. Cells were transduced with
FoxO1-CA virus (20-25 MOI) for 12 h and subsequently cultured overnight
(16 h) in 3 mm glucose prior to incubation in 3 or 30 mm glucose for 6-8 h and
RNA was extracted for analysis (see “Experimental Procedures”). Bars (B, C)
show mean = S.E, n= 9 from 4-5 independent experiments of the ddC;
values (compared with control samples in 30 mm glucose for each gene).

simultaneous overexpression of PDX1 failed to rescue the pro-
moter activity (Fig. 7A), although both FoxO1-EGFP and PDX1
immunoreactively colocalized in the nucleus (Fig. 7B), the
direct inhibitory role of FoxO1 on mouse [ns2 promoter was
clearly evident. In addition, silencing of FoxO1 de-repressed
the Ins2 promoter and yielded a significantly robust activity at
each glucose concentration examined (Fig. 7C). Furthermore,
when a 290 bp fragment (—907 to —617 bp) from the distal end
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FIGURE 6. A putative FoxO1 binding site detected in a distal region of
mouse Ins2 promoter. A, comparison of the putative FoxO1 binding ele-
ments identified in the mouse Ins2 promoter (a) to the consensus sequences,
IRE and DBE (insulin response element, Daf-16 binding element) present in
FoxO1-regulated genes. Relative position of the elements corresponds to the
underlined nucleotide in the element, with respect to the transcription start
site (b). B, chromatin immunoprecipitation (ChIP) of cross-linked DNA from
lysed MING6 cells using anti-FoxO1 antibody or immunoglobulin (IgG) and
subsequent PCR amplification of short (~200 bp) fragments around the puta-
tive FoxO1 binding regions. MIN6 cells (70% confluent) were cultured over-
night in 3 mm glucose before incubating in 3 or 30 mm glucose for 6 h and
subsequently formalin fixed for 15 min. ChIP experiments were done as
described under “Experimental Procedures.” The agarose gel image is repre-
sentative of = 4 independent ChIP experiments. C, quantification of PCR
products, as in B, normalized to the matched total, for regions 1 and 2. Bar
represents mean = S.E., n = 3.

of the Ins2 promoter, including the putative FoxO1 binding site
(region 1) was deleted FoxO1-CA overexpression was no longer
able to inhibit the activity of the shorter promoter (Fig. 7D).
Finally, the same 290 bp inhibitory region cloned upstream of a
thymidine kinase (TK) promoter and a luciferase reporter con-
ferred significant suppression to the TK promoter activity in
MING6 B cells (Fig. 7E). Interestingly, silencing of FoxO1 abol-
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FIGURE 7. FoxO1 inhibits Ins2 promoter activity independently of PDX1
analyzed by luciferase assay. A region of 915 bp of mouse Ins2 promoter.
firefly luciferase reporter construct (pIns2.Lucgg, 450 ng/3.8 cm?) was cotrans-
fected with p.CMV.Lucg.,, (1 ng/3.8 cm?) in MIN6 cells and luciferase activity in
the lysate was measured as described under “Experimental Procedures.”
A, cells after 6 h of transfection were subsequently infected with the adeno-
viral vectors (20-25 MOI) as indicated and maintained in high (25 mm) glu-
cose for 16-20 h before analysis (n = 5). C, MING cells were transfected with
siRNA for 48 h preceding transfection of the promoter constructs as described
in A. Following a 12 h of transfection, cells were incubated for 12-14 hin 3 or
30 mm glucose prior to luciferase assay (n = 3). D, a deletion mutant of
pIns2.Lucg, lacking region 1 was constructed and promoter activity was com-
pared with the wild type as described in A (n = 5). E, inhibition of thymidine
kinase (TK) promoter activity by the FoxO1-regulated region 1 of the Ins2
promoter. The 290-bp region deleted in D, was subcloned upstream to a TK
promoter driving firefly luciferase (Ins-TKg.). MIN6 cells transfected with
FoxO1 or scrambled siRNA for 48 h prior to cotransfection with Ins-TKg. (500
ng/3.8 cm?) and thymidine kinase driving Renilla luciferase (TKg,,, 100 ng/3.8
cm?). After 12 h of transfection cells were incubated in 3 or 30 mm glucose for
12-16 h and luciferase activity was assayed (n = 3).Barsin A, C, D, and E show
mean = S.E. from duplicate samples from =3 independent experiments and
analyzed by two-tailed t test. B, confocal images showing the intracellular
localization of co-expressed FoxO1-CA-EGFP and PDX1.c-myc examined by
immunocytochemistry and DAPI staining (n=20 cells from three indepen-
dent experiments). Scale bar, 10 um.

ished the inhibition of the modified, but not the wild-type, TK
promoter (Fig. 7E).

DISCUSSION

The principal aim of the current study was to examine the
potential role of FoxO1 in the stimulation by glucose and insu-
lin of preproinsulin gene transcription in pancreatic islet 8 cells.
The present data are consistent with a previous report (21) sug-
gesting that the effects of glucose on the subcellular localization
of FoxO1 in B cells are mediated largely by secreted insulin.
Extending these earlier findings, the inhibitor studies per-
formed here also suggest that whereas activation of the PKB
pathway is likely to be critical for the nuclear-cytosolic translo-
cation of FoxO1, p70 S6 kinase and GSK3 are not involved. The
latter finding is consistent with a previous report that FoxO1 is
not a target of GSK-3 in the stimulation of IGFBP-1 expression
by insulin in the liver (38).
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FIGURE 8. Schematic diagram showing FoxO1 mediated direct regulation
of rodent Ins2 gene expression depending on available nutrient (glu-
cose) and growth factors.

We and others (4, 32) have previously demonstrated that
glucose stimulates the accumulation of mRNAs encoding both
the preproinsulin and Pdx1 (32) genes through a mechanism
likely to involve the release of insulin. However, the identity of
the transcriptional stimulators/repressors which mediate these
effects is only partially elucidated. Thus, PDX-1, HNFle« (39),
and FoxA2 (36) have each been identified as regulators of Pdx1
transcription, and likely to be important in the cell type-specific
expression of this factor. We have previously shown that glu-
cose (24, 40), but not insulin (41), also causes the translocation
of PDX1 from the cytosol and nuclear periphery into the nucle-
oplasm. The present results suggest that FoxO1 may play an
important role in the regulation by glucose and insulin of both
the Ins2 and the Pdxl genes. Thus, overexpressed FoxO1l
blocked the effects of either stimulus on each promoter (/ns2-
Fig. 7A, Pdx1, data not shown).

An unexpected and novel finding of the present work was
that overexpression of the constitutively active FoxO1 effec-
tively suppressed the induction of the mouse ns2, but not Ins1
by glucose (Fig. 5C), while activation (de-repression) of Ins2
expression was observed in FoxO1-silenced cells. Interestingly,
the effect of FoxO1-CA, leading to a decrease in Ins2 mRNA
levels, was accompanied by a concomitant increase in Insl
mRNA message. These observations in MING6 cell lines are con-
sistent with findings in an earlier report demonstrating a com-
pensatory rise in InsI mRNA levels in Ins2~/~ mice (42). This
finding suggests that the repressive effect of FoxO1-CA on Ins2
expression is unlikely to be due simply to a decrease in PDX1
levels, as might be predicted from earlier findings (20), because
such a mechanism would be expected to inhibit both InsI and
Ins2 expression. Furthermore, the inhibitory action of FoxO1
was resistant to overexpression of exogenous PDX1 to levels
capable of stimulating the /ns2 promoter to essentially the same
extent as high glucose (Fig. 7A), under conditions where the
presence of both FoxO1 and PDX1 could readily be demon-
strated in the nucleus (Fig. 7B).
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A model describing the putative role of FoxO1 in the regula-
tion of the rodent Ins2 gene is provided in Fig. 8. This FoxO1-
dependent mechanism for the control of insulin genes seems
likely to play a role in an action of glucose, via the stimulated
secretion of insulin and then rebinding of the hormone to its
receptors on the B cells (8, 43) to activate further insulin
gene transcription in an autocrine loop. Providing further
evidence for such a mechanism, Hettiarachchi et al. (44)
demonstrated that short term treatment of MIN6 B cells
with bafilomycin led to prolonged activation of the insulin
receptor, insulin receptor substrate 2 and Akt. Bafilomycin
treatment also led to nuclear exclusion of FoxOl and
increased preproinsulin gene expression.

A search for consensus binding sites for the DAF-16 homo-
logues FoxO1, FoxO3a, FoxO4 (Formerly FKHR, FKHRL1, and
AFX1) (45), and IRE (46) in the mouse (and rat) preproinsulin
promoters resulted in the identification of two regions in the
Ins2 gene that showed glucose-regulated binding to FoxO1, and
which conferred sensitivity to suppression by the constitutively
active FoxO1. Interestingly, closely similar sequences lie in the
regions of the human insulin promoter previously termed GGII
(—148CCTTTAC) and GGI (—135TTTAAC) (47), the latter a
“mini-enhancer region” now referred to as the A2 box (48). Yet
another conserved site was detected in the second intron of the
human (+749TGTTTTG) and Chimpanzee INS genes. None
of these regions was present in mouse or rat /usl genes. It is
important to emphasize that the origin and regulation of the
Ins2and Ins1 genes in rodents differs: the Ins1 gene seems likely
to be a functional retroposon of Ins2 emerging later in evolution
(49), and unlike Ins2 the former lacks genetic imprinting and
expresses from both alleles (50). “Snapshot” measurements of
the precise number of /nsl and Ins2 mRNA molecules ex-
pressed in single primary S cells from mouse islets incubated at
low (5 mm) and high (20 mm) glucose concentrations also indi-
cated differential expression and inducibility of the two insulin
genes previously, /ns2 mRNA being 3-fold and 2-fold higher
than InsI mRNA at low and high glucose, respectively (51).

Notably Ins2, but not Insl, appears to be expressed in the
hypothalamus and other parts of the brain during development
and possibly at later stages (52, 53). Differences in the regula-
tory regions lying upstream of the two genes, as further detailed
in the present study, seem likely to underlie the differing
expression patterns of the /ns1 and Ins2 genes in rodents.
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