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FoxO1 binds to insulin response elements located in the promot-
ers of insulin-like growth factor-binding protein 1 (IGFBP1) and
glucose-6-phosphatase (G6Pase), activating their expression. Insu-
lin-mediated phosphorylation of FoxO1 promotes cytoplasmic
translocation, inhibiting FoxO1-mediated transactivation. We
have previously demonstrated that FoxO1 opens and remodels
chromatin assembled from the IGFBP1 promoter via a highly con-
served winged helix motif. This finding, which established FoxO1
as a “pioneer” factor, suggested a model whereby FoxO1 chromatin
remodeling at regulatory targets facilitates binding and recruit-
ment of additional regulatory factors. However, the impact of
FoxO1 phosphorylation on its ability to bind chromatin and the
effect of FoxO1 loss on recruitment of neighboring transcription
factors at its regulatory targets in liver chromatin is unknown. In
this study, we demonstrate that an amino acid substitution that
mimics insulin-mediated phosphorylation of a serine in the winged
helix DNA binding motif curtails FoxO1 nucleosome binding. We
also demonstrate that shRNA-mediated loss of FoxO1 binding to
the IGFBP1 and G6Pase promoters in HepG2 cells significantly
reduces binding of RNA polymerase II and the pioneer factors
FoxA1/A2. Knockdown of FoxA1 similarly reduced binding of
RNA polymerase II and FoxO1. Reduction in acetylation of histone
H3 Lys-27 accompanies loss of FoxO1 and FoxA1/A2 binding.
Interdependent binding of FoxO1 and FoxA1/A2 possibly entails
cooperative binding because FoxO1 and FoxA1/A2 facilitate one
another’s binding to IGFPB1 promoter DNA. These results illus-
trate how transcription factors can nucleate transcriptional events
in chromatin in response to signaling events and suggest a model
for regulation of hepatic glucose metabolism through interdepen-
dent FoxO/FoxA binding.

A challenge in the field of transcriptional regulation is to
discover how signaling pathways exert their influence on chro-
matin structure through DNA binding proteins. Targeted mod-

ification of transcription factors, which provides rapid altera-
tions in their activities in response to external and internal
stimuli, is an important mechanism in the regulation of their
target genes. The perturbations in chromatin structure re-
quired to poise genes for activation and modulate their expres-
sion are mediated, at least in part, by initial “pioneer” chromatin
binding factors capable of binding to and remodeling chroma-
tin in response to environmental and/or developmental cues
(1–12) (reviewed in Refs. 13 and 14). Previous studies have
revealed that targeted post-translational modification of these
pioneer factors can substantially alter their ability to interact
with cellular chromatin (15–18) and in vitro assembled chro-
matin templates (19, 20). However, the impact of these altera-
tions in pioneer factor chromatin binding on epigenetic modi-
fication and regulatory factor recruitment necessary for the
transcriptional response to extracellular signaling cascades is
largely unstudied.

To address this, we have investigated the impact of insulin-
mediated phosphorylation on chromatin binding and regula-
tory factor recruitment by the pioneer forkhead transcription
factor FoxO1. FoxO1 (formerly FKHR) belongs to the FoxO3

subfamily of forkhead transcription factors that also includes
FoxO3, FoxO4, and FoxO6 (21, 22). The FoxO factors regulate
the expression of multiple genes encoding glucose metabolic
enzymes, pro-apoptotic factors, and cell cycle regulators in
multiple tissues (reviewed in Refs. 23–25). In particular, FoxO1
regulates the expression of the insulin-like growth factor-bind-
ing protein 1 (IGFBP1) and glucose-6-phosphatase (G6PC)
genes in response to insulin signaling in liver (26 –29), and abla-
tion or inactivation of FoxO1 in mice leads to insulin-mediated
repression of gluconeogenesis (30, 31).

The function of FoxO factors is dynamically regulated by
post-translational modification. In response to insulin, protein
kinase B (PKB)/Akt-mediated phosphorylation of FoxO1 at
three conserved sites, Thr-24, Ser-253, and Ser-316, located in
the N-terminal, DNA binding, and C-terminal domains of the
protein, respectively, leads to the cytoplasmic retention of
FoxO1 and the consequent inhibition of its transcriptional
activity (32–38). In the absence of stimulation by insulin or
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growth factors, FoxO1 is dephosphorylated and translocates
into the nucleus. In the nucleus, FoxO1 binds to an insulin
response element (IRE) located in the promoters of its target
genes, transactivating their expression (26 –29, 39).

We have previously demonstrated that FoxO1 stably binds to
its sites assembled onto nucleosome particles and opens linker
histone-compacted nucleosome arrays (40). These capabilities,
which establish FoxO1 as a pioneer factor capable of initiating
regulatory events in chromatin, map to a winged helix “fork-
head box” DNA binding motif (41, 42); sequence variants of this
motif define the forkhead classes FOXA–FOXS (43). This
highly conserved DNA binding domain, named for the crystal
structure of the forkhead transcription factor FoxA3, is a vari-
ant of a helix-turn-helix motif in which the recognition helix is
flanked by two “wings” of polypeptide chain (41). X-ray crystal-
lographic studies have demonstrated the structural resem-
blance of the forkhead box and the winged helix DNA binding
“globular” domain of the linker histone (41, 44), and this DNA
binding motif is accordingly used by forkhead factors, including
FoxO1 and FoxA, to mediate their effects on cellular processes
through chromatin remodeling (5, 9, 40, 45– 47).

Intriguingly, one site of Akt-mediated FoxO1 phosphoryla-
tion, serine 253, resides within a domain of the FoxO1 winged
helix motif, wing 2, which stabilizes binding of the recognition
helix to DNA (42, 48). Whereas cytoplasmic sequestration of
phosphorylated FoxO1 in response to insulin is well estab-
lished, the impact of phosphorylation on the ability of FoxO1 to
bind and remodel chromatin is unknown. More important, the
impact of insulin-mediated loss of FoxO1 binding at insulin-
regulated FoxO1 targets on chromatin structure, epigenetic
modifications, and recruitment of adjacent transcription fac-
tors has not been studied.

To answer these questions, we first determined the impact of
insulin-mediated FoxO1 phosphorylation on chromatin bind-
ing by comparing binding of recombinant wild type FoxO1 and
FoxO1 phosphorylation mimics with in vitro reconstituted
nucleosome particles containing the IGFBP1 promoter.
Remarkably, we find that an amino acid substitution that mim-
ics insulin-mediated phosphorylation of a serine residue
located in the FoxO1 winged helix motif, Ser-253, specifically
curtails nucleosome binding by FoxO1 without affecting the
affinity of the protein for its sites in free DNA. To more fully
understand the consequence of insulin-mediated loss of FoxO1
binding at FoxO1 target genes within cellular chromatin, we
next determined the impact of shRNA-mediated FoxO1 knock-
down on binding of neighboring regulatory factors and epige-
netic modifications in hepatic cells.

We demonstrate for the first time interdependent binding of
FoxO1 and FoxA1/A2 to adjacent sites at the IGFBP1 and glu-
cose-6-phosphatase (G6Pase) promoters, whereby shRNA or
insulin-mediated loss of FoxO1 binding curtails that of
FoxA1/A2 and shRNA-mediated loss of FoxA1 curtails FoxO1
binding. Failure of either FoxO1 or FoxA1/A2 binding curtails
recruitment of RNA polymerase II and acetylation of H3K27.
FoxO1 and FoxA1 bind cooperatively to IGFBP1 promoter
DNAinfootprintingassays,suggestingamechanismforinterde-
pendent FoxO1-FoxA1/A2 binding in vivo. Taken together,
these results illustrate how transcription factors can nucleate

transcriptional events in chromatin in response to specific sig-
naling events and suggest a model for regulation of hepatic
glucose metabolism through interdependent FoxO/FoxA
binding.

Experimental Procedures

Plasmid Construction and Mutagenesis—The bacterial ex-
pression plasmid encoding histidine-tagged full-length FoxO1
(pET-16b-His10-FoxO1) (40) was used as the substrate for
mutagenesis. Mutagenesis of PKB/Akt phosphorylation sites
within murine FoxO1 protein was conducted by overlap PCR.
Mutagenesis primers were as follows (5�–3�): T24A, CGC TCC
TGT GCC TGG CCG C and CAG CGG CCA GGC ACA GGA
G; T24D, CGC TCC TGT GAC TGG CCG CTG CCC AGG
CCG and CAG CGG CCA GTC ACA GGA GCG CTG CCG
GGG; S253A, AGA GCT GCG GCC ATG GAC AAC AAC
AGT AAA and GTT GTC CAT GGC CGC AGC TCT TCT
CCG GGG; S253D, AGA GCT GCG GAC ATG GAC AAC
AAC AGT AAA and GTT GTC CAT GTC CGC AGC TCT
TCT CCG GGG; S316A, CGA ACC AGC GCA AAT GCT
AGT ACC ATC AGT and ACT AGC ATT TGC GCT GGT
TCG AGG ACG AAA; S316D, CGA ACC AGC GAC AAT
GCT AGT ACC ATC AGT and ACT AGC ATT GTC GCT
GGT TCG AGG ACG AAA. The bacterial expression plasmid
encoding histidine-tagged full-length FoxA1 (pET28b-His6-
FoxA) contains the mouse FoxA1 cDNA subcloned into the
pET28b plasmid (Novagen, Gibbstown, NJ), as described pre-
viously (47).

Protein Preparation—Core histones were isolated from livers
of 6-month-old Sprague-Dawley rats and purified by FPLC for
footprinting experiments shown in Fig. 1. HeLa core histones
were purchased for footprinting experiments shown in Fig. 7
(Vaxron, Rockaway, NJ). Purified recombinant FoxA1 and
FoxO1 proteins were expressed in Escherichia coli and purified
through a combination of anion exchange and nickel-agarose
chromatography, as described previously (20, 40).

Nucleosome Preparation—Nucleosome cores were prepared
as described previously (40). The mouse IGFBP1 promoter
DNA fragment corresponds to positions �204 to �25 and was
created by PCR with 32P-end-labeled primers (5�–3�, TTA GCT
CCT GTC CCA GTC CA and TTA TGA AGG GCT GGC TGT
GC) followed by gel purification. 32P-End-labeled IGFBP1 pro-
moter DNA was assembled onto purified core histones by salt-
urea gradient dialysis. The nucleosome cores were purified by
glycerol gradient sedimentation and dialyzed against 10 mM

Tris-HCl, pH 8.0, 1 mM 2-mercaptoethanol.
Binding Reactions and Enzymatic Assays—Binding reactions

of wild type and mutant FoxO1 proteins and FoxA1 to free
DNA templates or nucleosome cores were performed in final
buffer conditions of 10 mM Tris-HCl, pH 7.5, 1 mM MgCl2, 5
mM DTT, 40 mM KCl, 0.5% glycerol, 3 mg/ml BSA, and 1%
Ficoll at 21–25 °C for 1 h. The binding reactions were digested
with 75 ng (free DNA templates) or 300 ng (nucleosome cores)
of DNase I (diluted in 20 mM MgCl2, 1 mM CaCl2) for 1 min at
21–25 °C. Digestion reactions were stopped by the addition of
an equal volume of DNase stop buffer (30 mM EDTA, 0.1% SDS,
50 �g/ml tRNA, 0.35 M NaCl), and DNA fragments were
extracted with phenol/chloroform (1:1) and then chloroform
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alone, followed by ethanol precipitation. The DNA fragments
were separated on 6% polyacrylamide, 7 M urea sequencing gels
in 1� Tris-borate EDTA buffer and exposed to a phosphorim-
aging screen. Phosphor images were subjected to densitometry
using ImageGauge version 1.0.0.1 where indicated. Statistical
analysis of densitometry results was performed using Student’s
t test.

Tissue Culture—293T cells obtained from the laboratory of
Dr. Steven Duncan (Medical College of Wisconsin) were main-
tained in Dulbecco’s modified Eagle’s high glucose medium
containing L-glutamine and pyruvate supplemented with 10%
fetal bovine serum and 10 units of antibiotic solution (Invitro-
gen). HepG2 cells obtained from the American Tissue Culture
Collection (Manassas, VA) were maintained in Earle’s salts and
L-glutamine-containing minimum essential medium lacking
ribonucleosides and deoxyribonucleosides supplemented with
10% fetal bovine serum and 10 units of antibiotic solution.

Lentivirus Production and shRNA Knockdown—pLKO.1 len-
tiviral shRNA constructs targeting human FoxO1 and FoxA1
were purchased from GE Dharmacon (Lafayette CO). The
FoxO1 targeting construct clone ID is TRCN0000020707. The
FoxA1 targeting construct clone ID is TRCN0000014881.
pLKO.1 expressing an unrelated scrambled shRNA (Addgene
plasmid 1864) was used as a control for off-target effects (49).
293T cells were used to package infectious lentivirus particles.
Lipofectamine 2000 (Invitrogen) was used to transfect 293T
cells with each of the lentiviral shRNA constructs and the three-
plasmid packaging system (Invitrogen). 24 h after transfection,
medium was replaced with fresh HepG2 medium, and cells
were grown for 48 h for virus production. Lentivirus-containing
HepG2 medium was harvested and filtered through a 45-�m
filter. Lentivirus infection of HepG2 cells was performed in the
presence of 6 �g/ml Polybrene. A day after infection, the lenti-
virus-containing medium was replaced with fresh HepG2
medium. Infection was carried out for a total of 72 h. For insulin
treatment of knockdown HepG2 cells, the cells were placed in
serum-free medium 24 h prior to harvest. 6 h prior to harvest,
the serum-free medium was replaced with fresh serum-free
medium with or without 1 �g/ml insulin (Sigma).

Western Blotting—Cells were lysed using radioimmune pre-
cipitation assay buffer (1.25% Triton X-100, 1.25% sodium
deoxycholate, 0.0125 M sodium phosphate, pH 7.2, 2 mM

EDTA, 50 mM sodium fluoride, protease inhibitor mixture
(Sigma)), and whole cell extracts were subjected to Western
blotting analysis as described previously (20). Extracts were run
on a 10% gel, and proteins were transferred to a PVDF mem-
brane (Bio-Rad). Blots were incubated with primary antibodies
overnight and, after washes with TBST buffer, were incubated
with secondary antibodies for 1 h. Primary antibodies were
anti-FoxO1 (C29H4, lot 10 (Cell Signaling, Danvers, MA)) at a
1:1,000dilution,anti-FoxA1(2F83, lot0513A(SevenHillsBiore-
agents, Cincinnati, OH)) at a 1:1,000 dilution, anti-FoxA2
(WRAB-1200, lot 0614A (Seven Hills Bioreagents)) at a 1:5,000
dilution, and anti-�-tubulin (sc-E-19-R, lot K2910 (Santa Cruz
Biotechnology, Inc., Dallas, TX)) at a 1:1,000 dilution. Second-
ary antibodies were goat anti-rabbit IgG-HRP at a 1:5,000 dilu-
tion (sc-2030, lot F2613 (Santa Cruz Biotechnology)) and goat
anti-mouse IgG-HRP at a 1:5,000 dilution (sc-2031, lot F0711

(Santa Cruz Biotechnology)). Detection was by enhanced
chemiluminescence (GE Healthcare).

RNA Isolation and Quantitative RT-PCR—Total RNA was
isolated from cells using the QIAshredder and RNeasy minikits
(Qiagen, Germantown, MD). cDNA was synthesized from up to
2.5 �g of total RNA using the reverse transcriptase Maloney
murine leukemia virus and random primers (Invitrogen).
Quantitative RT-PCR was performed using an icycler (Bio-
Rad). Relative gene expression was determined using the
2���Ct method (50) with the human hypoxanthine-guanine
phosphoribosyltransferase gene serving as the internal control.
Primers used were as follows (5�–3�): hypoxanthine-guanine
phosphoribosyltransferase, AAT TAT GGA CAG GAC TGA
ACG TC (forward) and CGT GGG GTC CTT TTC ACC AGC
AAG (reverse); IGFBP1, ATC ATT CCA TCC TTT GGG ACG
CCA (forward) and TGG ATG TCT CAC ACT GTC TGC
TGT (reverse); G6Pase, CCA CCA AGC CTG GAA TAA CTG
CAA (forward) and TCA CGG ACA CCA AGA TGA ACC
AGT (reverse).

Chromatin Immunoprecipitation (ChIP)—ChIP assays were
performed as described previously (51–53). HepG2 cells were
cross-linked for 10 min with 1% formaldehyde and quenched
with 0.125 M glycine. Cell were lysed in 85 mM KCl, 0.5% Non-
idet P-40, 5 mM Pipes, and 15 mM sodium butyrate, followed by
nuclear lysis in 50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 1% SDS,
and 15 mM sodium butyrate. Chromatin was sonicated using a
Branson cell disruptor 185 sonifier at setting 4 for four pulses
and 20 s/pulse with 2 min between pulses. The average DNA
fragment size was �500 bp, and chromatin was quantified
using the Bradford protein assay (Bio-Rad). Chromatin was
diluted by a factor of 6 in immunoprecipitation dilution buffer
(1.1% Triton X-100, 0.01% SDS, 1.2 mM EDTA, 16.7 mM Tris-
HCl, pH 8.0, 16.7 mM NaCl, and 15 mM sodium butyrate) and
precleared with protein A/G-Sepharose beads (Santa Cruz Bio-
technology) blocked with BSA and salmon sperm DNA. Up to
600 �g of chromatin was used for immunoprecipitation of tran-
scription factors, up to 136 �g was used for histone modifica-
tions, and up to 164 �g of chromatin was used as total input.
Immunoprecipitation was performed overnight, followed by an
additional 1.5 h of incubation with BSA and salmon sperm
DNA-blocked protein A/G-Sepharose beads. For the following
antibodies, 2 �g was used for immunoprecipitation: anti-FKHR
(sc-11350, Santa Cruz Biotechnology), anti-HNF-3�/� (sc-
6553x, Santa Cruz Biotechnology), anti-RNA polymerase II (sc-
899, Santa Cruz Biotechnology), C/EBP� (sc-61, Santa Cruz
Biotechnology), C/EBP� (sc-150, Santa Cruz Biotechnology),
total H3 (ab1791, Abcam, Cambridge MA), histone H3 acety-
lated on Lys-27 (17-683, Millipore, Billerica, MA), histone H3
acetylated on Lys-9 (17-658, Millipore), and IgG (Millipore).
For the following antibodies, 1 �g was used for immunoprecipi-
tation: histone H3 dimethylated on Lys-4 (ab7766, Abcam) and
histone H3 trimethylated on Lys-4 (ab8580, Abcam). Following
one wash each in low salt buffer (2 mM EDTA, 20 mM Tris, pH
8.0, 150 mM NaCl, 1% Triton X-100, 0.1% SDS), high salt buffer
(2 mM EDTA, 20 mM Tris, pH 8.0, 500 mM NaCl, 1% Triton
X-100, 0.1% SDS), lithium chloride buffer (1 mM EDTA, 10 mM

Tris, pH 8.0, 1% Igepal, 1% (w/v) sodium deoxycholate, 250 mM

LiCl), and TE buffer (1 mM EDTA, 10 mM Tris, pH 8.0), samples
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were incubated at 67 °C overnight to reverse the formaldehyde
cross-links. DNA was purified using the Qiaquick PCR purifi-
cation kit (Qiagen, Germantown, MD). Primers used for quan-
titative PCR analysis on the respective promoters were as fol-
lows (5�–3�): IGFBP1, TGG ACT TTA ACT GAG GGC CTG
AAC (forward) and TGC ACC AGG AGG TTA ATG ATT
GGC (reverse); G6Pase, AAG GCA CAG ACT CAT AGC AGA
GCA (forward) and TTC CTT GGC ACC TCA GGA AGA
TGT (reverse).

Results

Phosphorylation of Ser-253 in the Winged Helix Domain Cur-
tails Nucleosome Binding by FoxO1 on IGFBP1 Mononucleo-
some Particles—PKB/Akt-mediated phosphorylation of FoxO1
at three conserved sites, Thr-24, Ser-253, and Ser-316, in
response to insulin signaling has been demonstrated to repress
FoxO1-mediated transactivation of the IGFBP1 promoter (32–
38). Phosphorylation of FoxO1 by PKB/Akt takes place in the
nucleus, in the context of FoxO1 bound to insulin response
elements within promoters of FoxO1-activated genes
(reviewed in Refs. 54 and 55). Therefore, the ability of FoxO1
to bind to and remodel nucleosome particles suggested a model
forinsulin-mediateddown-regulationofIGFBP1wherebyphos-
phorylation of the winged helix and/or other structural
domains might result in the attenuation of nucleosome binding
by FoxO1 at the IGFBP1 promoter.

In order to investigate this possibility, we studied the binding
of FoxO1 proteins containing substitution mutations mimick-
ing insulin-mediated serine/threonine phosphorylation to the
IGFBP1 promoter assembled onto nucleosome particles.
Mutant FoxO1 proteins containing substitutions of Thr-24,
Ser-253, and Ser-316 with aspartic acid (Fig. 1A, lanes 2– 4) and,
as controls, alanine (lanes 5–7) were prepared, and the ability of
each of the substitution mutants to bind to the IRE within free
DNA (Fig. 1B) and on nucleosome particles (Fig. 1C) was
assessed by DNase I footprinting analysis. The data shown are
representative of six independent footprinting experiments.

As seen in Fig. 1B, the T24D, S253D, and S316D FoxO1 sub-
stitution mutants each protected the IRE within free DNA as
well as the wild type protein (compare lanes 2– 4 with lanes
8 –10, lanes 14 –16, and lanes 20 –22, respectively). In contrast,
we observed a consistent decrease in binding by the S253D
mutant (Fig. 1C, lanes 14 –16) at the IRE on the nucleosome
particles as compared with the wild type protein (lanes 2– 4)
and S253A mutant (lanes 11–13). As illustrated in Fig. 1D,
quantitation of the data from six separate footprinting experi-
ments revealed that at the 4- and 8-pmol levels, the S253D
mutant bound 30% less efficiently to the IRE than either the
wild type or S253A FoxO1 proteins (p � 0.02 and 0.05,
respectively).

To a lesser extent, occupancy of the nucleosome cores by the
T24D mutant was also decreased as compared with the wild
type protein or corresponding alanine substitution mutant
(compare lanes 8 –10 with lanes 2– 4 and lanes 5–7, respec-
tively). The S316D mutant (lanes 20 –22) bound nucleosomal
DNA similar to the wild type protein. We conclude from these
experiments that the introduction of a negative charge at S253

curtails binding of FoxO1 to its sites on the IRE assembled onto
a nucleosome.

Loss of FoxO1 Binding Attenuates Binding of Regulatory
Transcription Factors at the IGFBP1 Promoter—Previous stud-
ies have shown that FoxO1 regulates IGFBP1 expression by
binding to an IRE within the IGFBP1 promoter and that insulin-
mediated loss of FoxO1 binding through FoxO1 phosphoryla-
tion and subsequent cytoplasmic sequestration represses
IGFPB1 expression (28, 37, 38, 56, 57). The negative impact of
the S253D mutation on FoxO1 nucleosome binding suggested a
model for FoxO1 regulation of hepatocyte glucose metabolic
functions whereby insulin-mediated FoxO1 phosphorylation
and the consequent loss of FoxO1 binding will result in the
partial or complete loss of chromatin remodeling and modifi-
cation together with the transcriptional regulators necessary to
support transcription. However, the direct impact of FoxO1
loss on binding and recruitment of adjacent regulatory factors
and the general transcription machinery has not been
addressed.

To address this, we used ChIP to examine the effect of
shRNA-mediated FoxO1 loss on transcription factor recruit-
ment at the IGFBP1 promoter in HepG2 human hepatoma
cells. HepG2 cells were chosen for these experiments based on
their use to study the impact of insulin signaling on FoxO1
transcriptional activity in previous reports (29, 58).

Transient knockdown of endogenously expressed FoxO1
was performed by infection of HepG2 cells with lentivirus
expressing FoxO1 shRNA and, as a control, scrambled shRNA.
FoxO1 protein expression was successfully knocked down in
HepG2 cells expressing this shRNA (Fig. 2A). As expected,
insulin treatment of HepG2 cells expressing either the FoxO1
or scrambled shRNA had no additional impact on FoxO1 pro-
tein expression (Fig. 2A). In agreement with previous reports of
conditional FoxO1 knock-out in adult mouse liver, depletion of
FoxO1 protein in HepG2 cells was accompanied by a significant
drop in expression of the IGFBP1 gene, similar to that seen in
insulin-treated HepG2 cells expressing the scrambled shRNA
(Fig. 2B) (56).

ChIP confirmed binding of FoxO1 (Fig. 2C), together with
the liver-enriched factors FoxA1/A2 (Fig. 2D) and RNA poly-
merase II (Fig. 2E) to the IGFBP1 promoter in HepG2 cells
infected with scrambled shRNA. Immunoprecipitation using
IgG served as a negative control. In contrast, loss of FoxO1
binding to the IGFBP1 promoter in the FoxO1 knockdown cells
(Fig. 2C) eliminated binding of FoxA1/A2 (Fig. 2D) and RNA
polymerase II (Fig. 2E). The antibody used in the ChIP analysis
detects both FoxA1 and FoxA2. Similar to FoxO1, FoxA factor
binding to the IRE has been demonstrated to activate the
IGFBP1 promoter (59), although insulin-mediated repression
of IGFPB1 expression is not mediated through FoxA (60). The
loss of FoxA1/A2 binding was totally unexpected because
FoxA, like FoxO1, functions as a pioneer factor, and therefore
its ability to bind cellular chromatin would not be expected to
be dependent upon the presence of FoxO1.

Western analysis revealed equal levels of FoxA1 and -2 pro-
teins in HepG2 cells infected with the scrambled and FoxO1
shRNA, showing that loss of FoxA binding is not due to loss of
FoxA protein expression (Fig. 2, F and G). Insulin treatment of
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HepG2 cells expressing the scrambled shRNA exhibited loss of
RNA polymerase II and FoxA1/A2 binding, together with the
expected loss of FoxO1 binding, similar to the FoxO1 knock-
down cells, whereas insulin treatment of FoxO1 knockdown
cells did not lead to a further reduction in binding of RNA
polymerase II and FoxA1/A2. This indicates that the impact of
insulin signaling on regulatory factor binding to this promoter
is primarily driven through FoxO1. We conclude that FoxO1
binding is required for recruitment of transcriptional activa-
tors, together with the general transcription machinery, to
enable activation of the IGFPB1 gene.

Loss of FoxA1/A2 Binding Curtails FoxO1 and RNA Polym-
erase II Binding to the IGFBP1 Promoter—The IGFPB1 IRE
contains two adjacent forkhead binding sites capable of binding
FoxO1 and FoxA (37, 61), raising the possibility that FoxO1 and

FoxA1/A2 influence each other’s binding to the IRE. To inves-
tigate this, we knocked down FoxA1 in HepG2 cells by lentiviral
infection with FoxA1 shRNA and determined the impact on
FoxO1 binding to the IGFPB1 promoter.

FoxA1 protein expression was successfully knocked down in
HepG2 cells expressing the FoxA1 shRNA, whereas FoxA2 pro-
tein levels were unchanged (Fig. 3, A and B). We were unable to
knock down FoxA2 levels in HepG2 cells by expression of
FoxA2 shRNA either alone or in conjunction with FoxA1
knockdown (data not shown). Despite the continued presence
of FoxA2 protein, ChIP using the antibody recognizing both
FoxA1 and FoxA2 demonstrated that FoxA1 knockdown elim-
inated binding of both FoxA1 and FoxA2 to the IGFBP1 pro-
moter (Fig. 3D), significantly reducing IGFBP1 expression in
HepG2 cells in comparison with infection with the scrambled
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FIGURE 1. Phosphorylation of Ser-253 curtails FoxO1 binding to its sites on nucleosome cores. A, substitution mutant series of FoxO1. Numbers refer to
amino acid positions. SDS-PAGE analysis of 3 �g of each protein, stained with Coomassie Blue. M, molecular weight protein markers. B and C, DNase I
footprinting analysis of the designated pmol amounts of wild type FoxO1 and the indicated substitution mutants bound to IGFBP1 promoter free DNA (B) and
nucleosome cores (C). The position of the IRE is indicated at the left of each panel. The bracket to the right of lane 11 in C denotes loss of DNase protections
induced by binding of FoxO1 S253D to the IRE. G, guanine cleavage ladder marker. D, data representing the mean �S.E. (error bars) of six independent DNase
I footprinting experiments quantitated on a phosphor imager and plotted as average percentage occupancy at each designated amount of FoxO1 protein. The
4- and 8-pmol amounts of FoxO1 S253D are bound 30% less well to the IRE assembled onto nucleosome particles compared with the wild type and S253A
FoxO1 proteins (**, p � 0.02, *, p � 0.05, Student’s t test).
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shRNA (Fig. 3C). Loss of FoxA1/A2 binding to the IGFBP1
promoter in the FoxA1 knockdown HepG2 cells significantly
reduced binding of RNA polymerase II (Fig. 3E) and completely
eliminated binding of FoxO1 (Fig. 3F).

Western blotting analysis revealed equal levels of FoxO1 in
HepG2 cells infected with the scrambled and FoxA1 shRNA,
showing that loss of FoxO1 binding is not due to loss of FoxO1
protein expression (Fig. 3G). Similar to the situation seen in the
FoxO1 knockdown cells, insulin treatment of FoxA1 knock-
down cells did not lead to a further reduction in binding of
FoxO1 or RNA polymerase II to the IGFBP1 promoter. Taken
together, these results suggest that FoxO1 and FoxA1/A2
interdependently bind to the IGFBP1 promoter.

FoxO1/FoxA Interdependently Bind at the G6Pase Promoter—
Expression of the G6PC gene, which encodes a rate-limiting
enzyme for gluconeogenesis and glycogenolysis, is also regu-
lated by FoxO1 and FoxA1/A2 binding to an IRE present within
the gene’s promoter. The G6Pase IRE contains three adjacent
forkhead binding sites, two of which mediate insulin regulation
(62, 63). Similar to what was observed for IGFPB1, FoxO1
knockdown in HepG2 cells significantly reduced G6Pase tran-
scription in comparison with that in HepG2 cells infected with
a scrambled shRNA (Fig. 4A). ChIP analysis demonstrated that
FoxO1 knockdown in HepG2 cells significantly reduced FoxO1
(Fig. 4B), RNA polymerase II (Fig. 4C), and FoxA1/A2 (Fig. 4D)
binding to the G6Pase promoter.
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FIGURE 2. FoxO1 knockdown reduces IGFBP1 transcript and curtails FoxA1/A2 binding and RNA polymerase II recruitment to the IGFBP1 promoter.
A, Western blot of FoxO1 protein in unstimulated/insulin stimulated scrambled or FoxO1 shRNA-infected HepG2 cells. B, quantitative RT-PCR analysis of IGFBP1
expression in unstimulated/insulin-stimulated HepG2 cells infected with lentivirus expressing scrambled or FoxO1 shRNA. Values are expressed as the -fold
change over non-insulin-treated cells infected with the scrambled shRNA. Data represent the mean � S.E. (error bars) for four independent biological
experiments and two technical replicates per biological replicate. C–E, ChIP analysis was performed using antibodies directed against FoxO1 (C), RNA poly-
merase II (D), and FoxA1/A2 (E) on chromatin isolated from unstimulated/insulin-stimulated scrambled or FoxO1 shRNA-infected HepG2 cells. Results were
normalized to total input as an internal control, and values are expressed as a ratio over non-insulin-treated cells infected with the scrambled shRNA. All data
represent the mean � S.E. for four independent biological experiments and two technical replicates per biological replicate. **, p � 0.01, Student’s t test. F and
G, Western blot of FoxA1 (F) and FoxA2 (G) proteins in unstimulated/insulin-stimulated scrambled or FoxO1 shRNA-infected HepG2 cells.
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Similarly, FoxA1 knockdown in HepG2 cells significantly
reduced G6Pase transcript (Fig. 4E). FoxA1/A2 (Fig. 4F), RNA
polymerase II (Fig. 4G), and FoxO1 (Fig. 4H) binding to the
G6Pase promoter were also significantly reduced when FoxA1
was knocked down. Insulin treatment in combination with
FoxO1 or FoxA1 knockdown did not lead to a further reduction
in binding of FoxO1, FoxA1/A2, or RNA polymerase II. We
conclude that interdependent FoxO1-FoxA1/A2 binding to an
IRE regulates expression of two insulin-regulated genes,
IGFBP1 and G6PC.

FoxO1 Knockdown Does Not Impact C/EBP� or -� Binding to
the IGFBP1 and G6Pase Promoters—The negative impact of
FoxO1 and FoxA1/2 loss on RNA polymerase II binding to the

IGFBP1 and G6Pase promoters led us to investigate whether
binding of other transcriptional regulators was similarly
affected. To accomplish this, we used ChIP to examine binding
of C/EBP� and -� to the IGFPB1 and G6Pase promoters in
HepG2 cells following FoxO1 knockdown and/or insulin treat-
ment. The liver-enriched transcription factors C/EBP� and -�
have previously been shown to bind adjacent to the IRE in the
IGFBP1 and G6Pase promoters and to regulate expression of
the corresponding genes (64, 65). Neither FoxO1 knockdown
nor insulin treatment significantly altered binding of C/EBP�
(Fig. 5A) or C/EBP� (Fig. 5B) to the IGFBP1 promoter. Binding
of C/EBP� (Fig. 5C) and C/EBP� (Fig. 5D) to the G6Pase pro-
moter was similarly unchanged. We conclude that loss of

Kd + +
70

55
40

55

70

40

- -

Scramble
  shRNA

  FoxA1
  shRNA

A

INS

FoxA1

α-tubulin

1        2         3         4

Kd + +
70
55

40

55

70

40

- -

Scramble
  shRNA

  FoxA1
  shRNA

B

INS

FoxA2

α-tubulin

1        2         3         4

Kd + +
100
70

55

55

70

40

- -

Scramble
  shRNA

  FoxA1
  shRNA

G

INS

FoxO1

α-tubulin

1        2         3         4

Re
la

tiv
e 

fo
ld

 c
ha

ng
e

FoxA1
shRNA

Scramble
  shRNA

IGFBP1
1.20

0.60

0.00

-INS
+INS

C

FoxO1

1.20

0.60

0.00R
el

at
iv

e 
bi

nd
in

g 
le

ve
ls FoxO1

IgG

F

*

Pol II

1.20

0.60

0.00R
el

at
iv

e 
bi

nd
in

g 
le

ve
ls

RNA Polymerase II

IgG

E

*

FoxA1/A2

1.20

0.60

0.00R
el

at
iv

e 
bi

nd
in

g 
le

ve
ls

FoxA1/A2

IgG

D

***
ChIP graphs legend

FoxA1 shRNA no insulin

FoxA1 shRNA with  insulin

Scramble shRNA no insulin

Scramble shRNA with insulin

FIGURE 3. FoxA1 knockdown curtails IGFBP1 expression and promotes loss of FoxO1 and RNA polymerase II binding to the IGFBP1 promoter. A and B,
Western blot of FoxA1 (A) and FoxA2 (B) proteins in unstimulated/insulin-stimulated scrambled or FoxA1 shRNA-infected HepG2 cells. C, quantitative RT-PCR
analysis of IGFBP1 expression in unstimulated/insulin stimulated scrambled or FoxA1 shRNA-infected HepG2 cells. Values are expressed as the -fold change
over non-insulin-treated cells infected with the scrambled shRNA. Data represent the mean � S.E. (error bars) for three independent biological experiments
and two technical replicates per biological replicate. D–F, ChIP analysis was performed with antibodies directed against FoxA1/A2 (D), RNA polymerase II (E), or
FoxO1 (F) on chromatin isolated from unstimulated/insulin-stimulated scrambled or FoxA1 shRNA-infected HepG2 cells. Results are normalized to total input,
and values are expressed as a ratio over non-insulin-treated cells infected with the scrambled shRNA. Data represent the mean � S.E. of three independent
biological experiments and two technical replicates per biological replicate. ***, p � 0.001; *, p � 0.05, Student’s t test. G, Western blot of FoxO1 protein in
unstimulated/insulin-stimulated scrambled or FoxA1 shRNA-infected HepG2 cells.
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FoxO1 and FoxA1/A2 binding to the IGFPB1 and G6Pase pro-
moters in response to FoxO1 knockdown and/or insulin treat-
ment in HepG2 cells does not globally impair regulatory factor
binding.

Loss of FoxO1 and FoxA1/A2 Binding Reduces H3K27 Acety-
lation at the IGFBP1 Promoter—Due to their previously dem-
onstrated function as pioneer chromatin remodeling factors,
we hypothesized that loss of FoxO1 and FoxA1/A2 binding
would result in alterations in chromatin structure at the
IGFBP1 promoter. To investigate this, we used ChIP to assess
changes in histone modification in response to FoxO1 knock-

down and/or insulin treatment in HepG2 cells. FoxO1 knock-
down HepG2 cells exhibited significantly reduced acetylation
of H3K27, a mark of transcriptionally active chromatin, at the
IGFBP1 promoter (Fig. 6A). Two other histone modifications
commonly observed at promoters of transcriptionally active
genes, histone H3 acetylated on Lys-9 (Fig. 6B) and histone H3
trimethylated on Lys-4 (Fig. 6C) were also negatively impacted,
although the difference in the levels of these histone modifica-
tions between knockdown or control cells plus or minus insulin
treatment was not significant. A small increase in histone H3
dimethylated on Lys-4, a mark of transcriptionally poised chro-
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FIGURE 4. FoxO1/FoxA interdependently bind to the G6Pase promoter. A and E, quantitative RT-PCR analysis of G6Pase expression in unstimulated/insulin
stimulated HepG2 cells infected with scrambled or FoxO1 shRNA (A) and scrambled or FoxA1 shRNA (E). Values are expressed as the -fold change over
non-insulin-treated cells treated with the scrambled shRNA. Data represent the mean � S.E. (error bars) for three independent biological experiments and two
technical replicates per biological replicate for each. B–D and F–H, ChIP analysis was performed on chromatin isolated from unstimulated/insulin stimulated
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for each. **, p � 0.01; *, p � 0.05, Student’s t test.
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matin, was observed at the IGFBP1 promoter in the FoxO1
knockdown cells, although this change was also not statistically
significant (Fig. 6D).

A similar impact on histone modification (a statistically sig-
nificant decrease in H3K27 acetylation, small decreases in his-
tone H3 acetylated on Lys-9 and histone H3 trimethylated on
Lys-4, and a small increase in histone H3 dimethylated on
Lys-4) was observed at the IGFBP1 promoter in FoxA1 knock-
down cells (data not shown). We conclude that loss of FoxO1
and FoxA1/A2 binding to the IGFPB1 promoter reduces acety-
lation of H3K27.

FoxO1 and FoxA1 Exhibit Cooperative Binding to IGFBP1
Promoter DNA—The interdependent binding exhibited by
FoxO1 and FoxA1/A2 to adjacent sites at the IGFPB1 and
G6Pase promoters in cellular chromatin raised the possibility
that FoxO1 and FoxA1/A2 cooperatively bind to the adjacent
forkhead sites present within the IRE. To investigate this, we
performed DNase I footprinting assays in which we examined
binding of increasing levels of recombinant FoxO1 protein in
the presence of subsaturating amounts of recombinant FoxA1.
The sequence of the IGFBP1 IRE is shown in Fig. 7A; the loca-
tion of the expected FoxA/FoxO1 footprint is highlighted in
gray, and the tandem forkhead consensus sites are delineated by

boxes. The footprinting gel shown in Fig. 7B is representative of
four independent footprinting experiments.

0.1 pmol of FoxA1 binds preferentially to the upstream fork-
head consensus within the IRE of the IGFBP1 promoter, as seen
by the introduction of a hypersensitive site (compare lanes 1
and 2, arrow to the right of the gel). 0.5 pmol of FoxO1 binds to
the IGFBP1 IRE, as seen by the disappearance of multiple bands
(compare lane 5 with lane 1; dots to the right of the gel). In
contrast, 0.05 pmol of FoxO1 cannot bind to the IRE because
the banding pattern looks similar to that in free DNA, where no
protein is added (compare lanes 1 and 3). When 0.1 pmol of
FoxA1 and 0.05 pmol of FoxO1 are added together, we see
evidence of both factors binding to the IRE (compare lanes 1
and 4). The hypersensitive site (arrow) indicates FoxA1 bind-
ing, and the disappearance of the additional bands (dots) in the
vicinity of the downstream forkhead consensus indicates
FoxO1 binding. The ability of 0.05 pmol of FoxO1 to footprint
sites when co-bound with FoxA1 is greater than that of 0.5 pmol
of FoxO1 alone (compare lanes 4 and 5). Cooperative binding of
FoxO1 and FoxA1 is also observed at higher concentrations of
FoxO1 (compare lanes 1 and 6). From these data, we conclude
that FoxO1 and FoxA1 can cooperatively bind to IGFBP1 pro-
moter DNA in vitro. We suggest that cooperative binding of
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Data represent the mean � S.E. (error bars) for three independent biological experiments and two technical replicates per biological replicate.

FoxO1/FoxA Interdependent Binding at Insulin-sensitive Genes

8856 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 16 • APRIL 15, 2016



FoxO1 and FoxA1/A2 contributes to the interdependent bind-
ing of these two factors in cellular chromatin.

Discussion

In this paper, we have demonstrated that an amino acid sub-
stitution that mimics insulin-mediated phosphorylation of a
serine residue located within the FoxO1 “winged helix” DNA
binding motif specifically curtails nucleosome binding by this
transcription factor. We have previously shown that this same
protein motif, which constitutes the primary nucleosome-
binding domain of the FoxA forkhead transcription factor (41,
47) and the linker histone H1 (44) directs binding of FoxO1 to
its cognate sites within an IRE assembled onto IGFBP1 pro-
moter nucleosome particles (40). Serine 253 is located within
the basic region of Wing 2 at the C-terminal end of the FoxO1
winged helix motif; this basic region is essential for high affinity
FoxO1 binding to target sites (42, 48, 66). Whereas Wing 2 is
not present in the published crystal structure for FoxO1, the
crystal structure of the closely related FoxO3 protein reveals

direct contacts between the analogous serine and a phosphate
group in the DNA backbone (42, 48). It has been suggested that
the impact of serine 253 phosphorylation on FoxO1 binding to
DNA is likely to be most important when FoxO1 interacts with
its naturally occurring target sites where sequence-specific
interactions with helix 3 are not optimal (48), as would be the
case when these sequences are assembled into nucleosomal
DNA.

We have shown that phosphorylation of Ser-253 negatively
impacts FoxO1 binding to nucleosomal but not free DNA tem-
plates. Whereas phosphorylation of Ser-253 was previously
reported to reduce binding of the isolated FoxO1 DNA binding
domain (DBD) to free DNA templates (35), the failure of phos-
phorylation to negatively impact binding of full-length FoxO1
protein to free DNA is not unexpected. Boura et al. (66) have
demonstrated that an N-terminal loop located just upstream of
helix H1 in the winged helix motif is essential for high affinity
DNA binding by another FoxO factor, FoxO4. In the presence

Legend

FoxO1 shRNA no insulin

FoxO1 shRNA with  insulin

Scramble shRNA no insulin

Scramble shRNA with insulin

0.0

0.5

1.0

1.5

R
el

at
iv

e 
oc

cu
pa

nc
y 

le
ve

ls
 

   
no

rm
al

iz
ed

 to
 to

ta
l H

3
H3K4me3 IgG

H3K4me3

C

R
el

at
iv

e 
oc

cu
pa

nc
y 

le
ve

ls
 

   
no

rm
al

iz
ed

 to
 to

ta
l H

3

H3K4me2 IgG

H3K4me2
D

0.0

0.5

1.0

1.5

2.0

0.0

0.5

1.0

1.5

R
el

at
iv

e 
oc

cu
pa

nc
y 

le
ve

ls
 

   
no

rm
al

iz
ed

 to
 to

ta
l H

3

H3K9Ac IgG

H3K9Ac

B

0.0

0.5

1.0

1.5

R
el

at
iv

e 
oc

cu
pa

nc
y 

le
ve

ls
 

   
no

rm
al

iz
ed

 to
 to

ta
l H

3

H3K27Ac IgG

H3K27Ac

A

*

FIGURE 6. FoxO1 knockdown reduces H3K27 acetylation at the IGFBP1 promoter. A–D, ChIP analysis of histone modifications with antibodies directed
against acetylated H3K27 (H3K27Ac) (A), histone H3 acetylated at Lys-9 (H3K9Ac) (B), histone H3 trimethylated at Lys-4 (H3K4me3) (C), and histone H3 dimethy-
lated at Lys-4 (H3K4me2) (D) on chromatin isolated from unstimulated/insulin-stimulated scrambled or FoxO1 shRNA-infected HepG2 cells. Results are first
normalized to total input and then normalized to total histone H3 levels, and values are expressed as a ratio over non-insulin-treated cells infected with the
scrambled shRNA. Data represent the mean � S.E. (error bars) for five independent biological experiments and two technical replicates per biological replicate.
*, p � 0.05, Student’s t test.
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of this loop, which was not included in the DBD fragments
previously used to investigate FoxO1 binding to DNA, phos-
phorylation at the amino acid corresponding to Ser-253 in the
FoxO4 winged helix domain had a negligible effect on DNA
binding by this protein (66). Brent et al. (42) later demonstrated
similar DNA binding by phosphorylated and non-phosphory-
lated FoxO1 DBD fragments containing this loop. Based on our
data, we propose that phosphorylation of serine 253 perturbs
contacts between the C-terminal region of the FoxO1 DBD and
the negatively charged phosphate residues. Although these per-
turbations are not sufficient, in the context of the full-length
FoxO1 protein, to arrest FoxO1 binding to its sites in naked
DNA, they are sufficient to curtail binding to its sites on a
nucleosome for which FoxO1 exhibits a much lower binding

affinity (40) and for which FoxO1 would be expected to
exhibit a lower tolerance to perturbations in DNA binding
interactions.

Fluorescence anisotropy studies have indicated that interac-
tions between the FoxO1 DBD and its target sites are both rapid
and reversible (35), suggesting that once in the nucleus, FoxO1
interacts rapidly and reversibly with its target sites. By reducing
the ability of FoxO1 to occupy its sites in chromatin, phosphor-
ylation of Ser-253 following insulin/growth factor stimulation
would tip the balance in favor of the nuclear, unbound state.
This would in turn promote phosphorylation of the threonine
and serine residues located in the FoxO1 N and C terminus,
respectively, leading to the sequestration of FoxO1 through
subsequent binding to 14-3-3 and translocation to the cyto-
plasm (32–36). Our model concurs with the results of previous
studies that have demonstrated a “gatekeeping” function for
Ser-253 phosphorylation as a requirement for phosphorylation
of Thr-24 and Ser-316 (35, 67).

This is the first report to describe the direct impact of FoxO1
loss on transcription factor binding, RNA polymerase II
recruitment, and histone modifications at FoxO1-activated
metabolic genes and the first to demonstrate interdependent
FoxO1-FoxA1/A2 binding. We show that loss of FoxO1 bind-
ing by either insulin treatment or shRNA knockdown in HepG2
cells negatively impacts binding of FoxA1/A2 and recruitment
of RNA polymerase II to the IGFBP1 and G6Pase promoters.
The reciprocal is also true in that knockdown of FoxA1 atten-
uates binding of FoxO1 and recruitment of RNA polymerase II
to both promoters. A previous study has demonstrated loss of
FoxO1, FoxA1/A2, and RNA pol II binding, but not that of
other transcription factors, at the G6Pase promoter in hepatic
cells in response to insulin treatment (68). However, this study
did not examine the impact of FoxO1 and FoxA1/A2 loss on
each other’s binding or the recruitment of RNA polymerase II.
FoxO1 (Fig. 1) and FoxA1/A2 (data not shown) are capable of
binding the IRE assembled onto a nucleosome particle on their
own; therefore, interdependent binding of FoxO1-FoxA1/A2 to
the IRE within cellular chromatin is most likely due to cooper-
ative binding. This cooperative binding could be facilitated by
protein-protein interactions between FoxO1 and FoxA1/A2.
Additionally, alterations in DNA and/or chromatin structure
initiated by FoxA1/A2 binding could facilitate binding FoxO1,
or vice versa. FoxA1/A2 binding bends DNA, exposing the
DNA minor groove on the complementary strand to enhanced
DNase digestion and creating the characteristic hypersensitive
site observed within FoxA1/A2 DNase footprints (47). DNA
bending indicated by the hypersensitive site generated by
FoxA2 binding to the upstream forkhead consensus within the
IGFBP1 IRE (Fig. 7B, arrow to the right of the gel) could facili-
tate binding of FoxO1 at the adjacent site. Binding of FoxO1
and FoxA1/A2 to nucleosomes has been shown to perturb
underlying histone:DNA contacts (40, 47), suggesting another
way in which the two factors could facilitate each other’s bind-
ing. Attenuation of RNA polymerase II binding following
FoxO1 and FoxA1/A2 knockdown suggests that curtailed RNA
polymerase II binding following insulin treatment is due to loss
of FoxO1 and/or FoxA1/A2. Failure of FoxO1 and FoxA1/2 loss
to impact binding of C/EBP� and -� to the IGFBP1 and G6Pase
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IGFBP1 IRE

-132 -90

FIGURE 7. FoxO1 and FoxA1 cooperatively bind the IGFBP1 promoter. A,
IGFBP1 IRE sequence. The boundaries of the footprint generated by
FoxA1/A2 and FoxO1 binding are highlighted in gray, and the forkhead con-
sensus sites are delineated by boxes. B, DNase I footprinting analysis of the
designated pmol amounts of recombinant FoxO1 and FoxA1 bound to
IGFBP1 promoter DNA. The position of the IRE is indicated at the left. Dots
indicate footprinted sites, and the arrow indicates a hypersensitive site. This
gel is representative of four independent DNase I footprinting experiments.
G, guanine cleavage ladder marker.
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promoters argues against FoxO1- and FoxA1/A2-mediated
alterations in global chromatin accessibility as a mechanism
for RNA polymerase II loss. Alternatively, FoxO1 and/or
FoxA1/A2 could recruit an as yet unknown co-activator(s) nec-
essary for recruitment and/or stabilization of RNA polymerase
II binding. We are currently investigating this possibility.

FoxA2 was previously shown to respond to insulin signaling
via PKB/Akt-mediated phosphorylation and to undergo cyto-
plasmic sequestration similar to FoxO1 (69). However, nuclear
to cytoplasmic translocation of FoxA2 remains a controversial
topic (70). Moreover, FoxA2 phosphorylation does not appear
to impact binding to DNA or chromatin (69).4 Importantly, we
observe loss of binding by both FoxA1 and FoxA2 in response to
loss of FoxO1 binding following FoxO1 knockdown even in the
absence of insulin treatment. When considered together with
our demonstration of curtailed nucleosome binding by the
S253D FoxO1 phosphorylation mimic and cooperative DNA
binding of FoxO1 and FoxA1, this suggests that loss of FoxA1
and -A2 binding in response to insulin/PKB signaling is primar-
ily due to loss of FoxO1 binding resulting from phosphorylation
of FoxO1. Phosphorylation of FoxA2 might then have addi-
tional deleterious effects on this factor. This agrees with a pre-
vious report that showed that insulin repression of IGFBP1
transcription is independent of FoxA binding (60).

Loss of FoxO1 and FoxA1/A2 binding in response to either
insulin treatment or FoxO1 knockdown caused a significant
reduction in H3K27 acetylation, a mark of transcriptionally
active chromatin, at the IGFBP1 promoter. Recruitment of
p300, the acetyltransferase responsible for acetylation of his-
tone H3 at this lysine residue, has been attributed to both
FoxO1 and FoxA1/A2 (20, 39, 71, 72). We also observed slight
reductions in other epigenetic marks of active transcription,
including histone H3 Lys-9 acetylation and histone H3 Lys-4
trimethylation and a slight increase in histone H3 Lys-4 dimeth-
ylation, a mark of transcriptionally poised chromatin. While
reproducible, these latter changes were statistically insignifi-
cant. Overall, these alterations in chromatin modification fol-
lowing loss of FoxO1 and FoxA1/A2 binding at the IGFBP1
promoter suggest a change from a transcriptionally active to a
poised chromatin state. The transcriptionally poised chromatin
would be primed for rebinding of the forkhead factors and
recruitment of transcriptional machinery necessary for quick
reactivation of gene expression following insulin removal to
facilitate maintenance of glucose homeostasis.

In conclusion, our results illustrate how transcription factors
can nucleate transcriptional events in chromatin in response to
specific signaling events and suggest a model for regulation of
hepatic glucose metabolism through interdependent FoxO1-
FoxA1/A2 binding. Comparison of ChIP-sequencing results for
FoxO1 and FoxA2 in adult mouse liver has recently revealed
that FoxO1 and FoxA2 co-target multiple genes linked to met-
abolic pathways for glucose, carboxylic acids, lipids, and
steroids in liver (73). Therefore, interdependent FoxO1-
FoxA1/A2 binding revealed for the IGFPB1 and G6Pase pro-
moters probably represents a general regulatory mechanism

enabling modulation of active chromatin states in response to
extracellular cues for a broad array of hepatic metabolic
processes.
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