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Background: FoxO1 regulates expression of lipogenic genes including srebp1.
Results:FoxO1 inhibits transcription of SREBP-1c via coordinated effects on key regulatory factors including Sp1 andSREBP-1c
itself.
Conclusion: FoxO1 acts at multiple levels to prevent assembly of the transcriptional complex on the srebp1 gene.
Significance: FoxO1 effectively inhibits SREBP-1c gene expression, a major regulator of hepatic lipogenesis.

Induction of lipogenesis in response to insulin is critically
dependent on the transcription factor, sterol regulatory ele-
ment-binding protein-1c (SREBP-1c). FoxO1, a forkhead box
class-O transcription factor, is an importantmediator of insulin
action, but its role in the regulation of lipid metabolism has not
been clearly defined. We examined the effects of FoxO1 on
srebp1 gene expression in vivo and in vitro. In vivo studies
showed that constitutively active (CA) FoxO1 (CA-FoxO1)
reduced basal expression of SREBP-1c mRNA in liver by �60%
and blunted induction of SREBP-1c in response to feeding. In
liver-specific FoxO knock-out mice, SREBP-1c expression was
increased �2-fold. Similarly, in primary hepatocytes, CA-FoxO1
suppressed SREBP1-c expression and inhibited basal and insulin-
inducedSREBP-1cpromoteractivity. SREBP-1cgeneexpression is
inducedby the liverXreceptor (LXR),butCA-FoxO1didnotblock
the activation of SREBP-1c by the LXR agonist TO9. Insulin stim-
ulates SREBP-1c transcription through Sp1 and via “feed forward”
regulation by newly synthesized SREBP-1c. CA-FoxO1 inhibited
SREBP-1c by reducing the transactivational capacity of both Sp1
and SREBP-1c. In addition, chromatin immunoprecipitation
assays indicate that FoxO1 can associate with the proximal pro-
moter region of the srebp1 gene and disrupt the assembly of key
components of the transcriptional complex of the SREBP-1c pro-
moter. We conclude that FoxO1 inhibits SREBP-1c transcription
via combined actions on multiple transcription factors and that
thiseffect isexertedat least inpart throughreducedtranscriptional

activity of Sp1 and SREBP-1c and disrupted assembly of the tran-
scriptional initiation complex on the SREBP-1c promoter.

FoxO5 transcription factors are importantmediators of insu-
lin and growth factor action (1), particularly in the liver where
they have emerged as important regulators of hepatic gluco-
neogenesis (2). In contrast, hepatic lipid synthesis is regulated
by the lipogenic transcription factor sterol regulatory element-
binding protein 1c (SREBP-1c) (3). In the postprandial state,
insulin suppresses the expression of gluconeogenic enzymes at
least in part by promoting nuclear export of FoxO1 via AKT/
PKB-mediated phosphorylation (4) while coordinately induc-
ing hepatic lipid synthesis via SREBP-1c (5). In addition to its
role in regulation of gluconeogenic gene expression, recent evi-
dence suggests that FoxO1 contributes to the regulation of
hepatic lipid synthesis by modulating expression of SREBP-1c
(6, 7). We have previously shown that in livers of transgenic
mice expressing a constitutively active FoxO1 mutant (CA-
FoxO1), FoxO1 inhibits both SREBP-1c expression and de novo
hepatic lipogenesis (6). This suggests that FoxO1 may play a
role in maintaining low levels of SREBP-1c expression during
fasting by inhibiting SREBP-1c transcription. Conversely, insu-
lin-mediated export of FoxO1 from the nucleusmay contribute
to the induction of SREBP-1c expression and lipogenesis in
response to feeding. Given the pivotal role of SREBP-1c in
mediating the induction of hepatic lipogenesis in hyperinsu-
linemic states such as obesity and type II diabetes (5), it is
important to identify and characterize factors that oppose the
effects of insulin on SREBP-1c. Therefore, the current studies
were undertaken to better define the role of FoxO1 in regula-

* This work was supported, in whole or in part, by National Institutes of Health
Grants DK075505 (to M. B. E.), DK0059368 (to E. A. P.), and DK41430 (to
T. G. U.) and a grant from the Department of Veterans Affairs Merit Review
Program (to X. D., T. G. U., R. R., and M. B. E).

1 Both authors contributed equally to this manuscript.
2 Senior Research Career Scientist at the Department of Veterans Affairs.
3 To whom correspondence may be addressed: Medical Research Unit

(MP151), Jesse Brown VA Medical Center, 820 South Damen Ave., Chicago,
IL 60612. E-mail: unterman@uic.edu.

4 To whom correspondence may be addressed: Dept. of Pharmacology, Uni-
versity of Tennessee Health Science Center, 874 Union Ave., Memphis, TN
38163. Tel.: 901-448-6000; E-mail: melam@uthsc.edu.

5 The abbreviations used are: FoxO, Forkhead box class O transcription factor;
SREBP-1c, sterol-regulatory element-binding protein-1c; LXR, liver X recep-
tor; CA-FoxO1, constitutively active FoxO1 (FoxO1-AAA); IGFBP-1, insulin
growth factor-binding protein-1; qRT, quantitative real-time; Ad,
adenovirus.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 24, pp. 20132–20143, June 8, 2012
Published in the U.S.A.

20132 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 24 • JUNE 8, 2012



tion of SREBP-1c expression and to identify the mechanism(s)
by which FoxO1 represses srebp1 gene transcription.

The primarymechanism bywhich insulin regulates FoxO1 is
via phosphorylation and translocation of FoxO1 from the
nucleus to the cytoplasm (8, 9). Human FoxO1 contains three
consensus Akt/PKB phosphorylation sites including Thr-24,
Ser-256, and Ser-319 (1). Phosphorylation of Ser-256 is
required for subsequent phosphorylation of Thr-24 and Ser-
319. Phosphorylation of Ser-319 in turn is followed by phos-
phorylation of Ser-322 and Ser-325 by casein kinase 1 and Ser-
329 by the dual-specificity kinase 1 (DYRK1), respectively (10).
The sequential phosphorylation of FoxO1 leads to enhanced
formation of a complex with the nuclear export proteins Ran
andCrm-1 thereby promoting nuclear exclusion of FoxO1 (11).
Furthermore, phosphorylation of Thr-24 is required for inter-
action with 14-3-3 proteins that promote cytoplasmic seques-
tration of FoxO proteins (12). Thus each of the three AKT
phosphorylation sites on FoxO1 participate in insulin-medi-
ated inhibition of FoxO1 action (13), and FoxO1 is excluded
from the nucleus in response to activation of the AKT/PKB
signaling pathway by insulin in the postprandial state. To exam-
ine the effect of FoxO1 on srebp1 gene expression independent
of this mechanism, we used a constitutively active form of
FoxO1 (CA-FoxO1) in which all three Akt/PKB phosphoryla-
tion sites (Thr-24, Ser-256, and Ser-319) are rendered inactive
through mutation to alanine. These alterations allow the CA-
FoxO1 to remain in the nucleus and exert its transcriptional
effects in the presence of insulin. Using a combined strategy of
overexpression of CA-FoxO1 and depletion of endogenous
FoxO proteins, we conclude that FoxO1 inhibits SREBP-1c
transcription.We also demonstrate that FoxO1 directly associ-
ates with the SREBP-1c promoter and negatively regulates
srebp1 gene expression via multiple mechanisms including
effects on promoter binding and transactivating capacity of key
transcriptional activators including Sp1, LXR�, and SREBP-1c
itself.

EXPERIMENTAL PROCEDURES

Transgenic and Knock-out Mice—Transgenic mice express-
ing constitutively active (T24A, S256A, S319A) FoxO1 mutant
in liver, directed by the human A-antitrypsin gene promoter
were generated as reported previously (6). For fasting and
refeeding studies, 8-week-old male transgenic mice or wild-
type littermate controls were fasted overnight for 18 h and sac-
rificed 6 h later with or without refeeding with high carbohy-
drate/low polyunsaturated fatty acid chow (TD03303, Harlan,
Teklad, Madison, WI) (6). For studies with the LXR agonist
TO901317 (TO9) (Sigma), freely feeding male CA-FoxO1
transgenicmice andwild-type littermate controlswere givenTO9
(40mg/kg) or vehicle alone (1% Tween 80 in 1% critical micellar
concentration and 7% dimethyl sulfoxide) at 10 a.m. on two
consecutive days, and mice were sacrificed 4 h after the last
dose. Liver-specific FoxO knock-out mice were created by
crossing mice with “floxed” alleles for FoxO1, FoxO3a, and
FoxO4 (provided by R. Depinho) (14) withmice expressing Cre
recombinase in the liver under the control of the albumin pro-
moter (Jackson Laboratories). Disruption of FoxO genes was
confirmed by monitoring FoxO mRNA and protein levels by

qRT-PCR and Western blotting. Eight-week-old knock-out
and Cre-negative littermate controls were fasted for 18 h prior
to sacrifice.
Plasmids—The rat SREBP-1c promoter-luciferase construct

pSREBP(�1516/�40)-luc and the truncated and site-specific
mutant constructs were described previously (15). The pCA-
FoxO1 expression vector that expresses constitutively nuclear
and active FoxO1 was created by inserting into pFlag-CMV5a
vector the cDNA sequence of human FoxO1 in which the three
phosphorylation target sites responsible for nuclear exclusion,
Thr-24, Ser-256, and Ser-319, were each replaced by an alanine.
TheGal4-SREBP1c expression plasmidswere created by insert-
ing the cDNA sequences for the transactivation domain of rat
SREBP-1c into the pM expression vector (Clontech, Mountain
View, CA). TheGal4-LXR� plasmid containing theGal4 DNA-
binding domain in-framewith the humanLXR� ligand-binding
domain and the Gal4 luciferase reporter plasmid have been
described previously (15). The TK luciferase reporter construct
containing 6 Sp1-binding sites (pGCx6-luc) was described pre-
viously (17).
Small Interference RNA for FoxO1 (RNAi-FoxO1)—Oligonu-

cleotides for RNAi-FoxO1 and scrambled RNAi oligonucleo-
tides (RNAi-Scr) were synthesized by IDT (Coralville, IA). The
sequences of RNAi-FoxO1 are 5�-gugugcccuacuucaaggatt-3�
(forward) and 5�-uccuugaaguagggcacactt-3� (reverse), respec-
tively, targeting the rat FoxO1 coding sequence (GI: 300797650).
The scrambled RNAi (RNAi-Scr) sequences were generated by
randomly rearranging the bases for RNAi-FoxO1 and the
sequences were 5�-gcugcuacgccuugaugaatt-3� (forward) and
5�-uucaucaaggcguagcagctt-3� (reverse). Single-stranded siRNAs
were dissolved in the duplex buffer (100 mm potassium acetate,
30 mmHEPES, pH 7.5) and annealed by incubating at 90 °C for
2 min followed by cooling to room temperature.
Primary Hepatocytes and Transient Transfection—The iso-

lation of rat primary hepatocytes was described previously (15).
Rat hepatocyteswere transfectedwith plasmid vectors for lucif-
erase reporter genes or transcription factors using the Lipofec-
tin reagent (Invitrogen). Hepatocytes were co-transfected with
the phRL-null vector (Promega) as a transfection control.
Eighteen hours after transfection, cells were incubated in RPMI
medium containing 20 mM glucose alone or with the appropri-
ate treatments as indicated for 24 h. Cells were lysed and lucif-
erase activity was quantified fluorimetrically using the Dual
Luciferase Reporter Assay System (Promega).
Adenovirus Preparation—The creation of recombinant adeno-

viruses expressing the constitutively active human FoxO1 (Ad-
CAFoxO1) has been described previously (6). For studies in iso-
lated hepatocytes, adenoviral vectors were re-amplified in
HEK293 cells, and plaque forming units were titrated by Vector
Biolabs (Philadelphia, PA) per service agreement.
Real-time PCR—RNAwas prepared from liver or rat hepato-

cytes using RNeasy kits (Qiagen, Valencia CA), and cDNA was
synthesized using the Transcriptor First Strand cDNA Synthe-
sis Kit (Roche Applied Sciences) and analyzed by real time PCR
(RT-PCR). The amplification of target cDNA was detected by
SYBR Green and analyzed by the ��Ct method. Cyclophilin D
or ribosomal protein L32 mRNA were used as a reference. The
primers used for amplifying the genes studied are as follows:

FoxO1 Inhibits Lipogenic Gene Expression

JUNE 8, 2012 • VOLUME 287 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 20133



mouse SREBP-1c forward primer, 5�-cggaagctgtcggggtag-3�
and reverse primer, 5�-gttgttgatgagctggagca-3�; mouse L32 for-
ward primer, 5�-acatttgccctgaatgtggt-3� and reverse primer,
5�-atcctcttgccctgatcctt-3�; rat SREBP-1c forward primer,
5�-catggattgcacatttgaagac-3� and reverse primer, 5�-gcaggagaa-
gagaagctctcag-3�; rat fatty acid synthase forward primer,
5�-ggccacctcagtcctgttat-3� and reverse primer, 5�-agggtc-
cagctagagggtaca-3�; rat insulin-like growth factor binding pro-
tein-1 (IGFBP-1) forward primer, 5�-gctaggcctttgatttctccct-3�
and reverse primer, 5�-cctatgtttgtcctgttgtgatgg-3�; rat cyclophi-
lin D forward primer, 5�-gtgaagatgtcccacccatc-3� and reverse
primer, 5�-caattctaaaacaattcgtccaac-3�.
Western Blotting Analysis—Whole cell lysates or nuclear

extracts from rat hepatocytes were prepared as described pre-
viously (15, 16). One hundred micrograms of proteins were
separated by SDS-PAGE, transferred onto nitrocellulose mem-
branes, and exposed to the indicted antibodies, and visualized
by SuperSignal West Femto maximum sensitivity substrate
(Pierce) using the Bio-Rad image system. The antibodies used
for immunoblot analyses were LXR� (RLD-1) (SC-1206, Santa
Cruz Biotechnology), SREBP-1 (557036, BD Biosciences),
FoxO1 (C29H4, Cell Signaling Technology), �-actin (A1978,
Sigma), and Histone H3 (3638, Cell Signaling Technology).
Chromatin Immunoprecipitation Assays—ChIP assays (17)

were performed on liver samples fromwild-type and transgenic
mice expressing CA-FoxO1 in liver 6 h after re-feeding or pri-
mary rat hepatocytes infected with adenovirus expressing CA-
FoxO1. For in vivo studies, minced liver tissue was cross-linked
in 1% formaldehyde at room temperature for 10 min with con-
stant rotation and cross-linking was stopped with 125 mM gly-
cine, then pelleted by centrifugation and washed with ice-cold
PBS. The washed pellet was resuspended in hypotonic solution
(10mMHEPES, pH7.9, 1.5mMMgCl2, 10mMKCl, 1mMEDTA,
1 mM dithiothreitol, 0.15 mM spermine, 0.5 mM spermidine, 5%
sucrose, and protease inhibitors), then disruptedwith aDounce
homogenizer and layered onto a cushion buffer (10 mM Tris-
HCl, pH 7.5, 15 mM NaCl, 60 mM KCl, 1 mM EDTA, 0.15 mM

spermine, 0.5mM spermidine, 10% sucrose, and protease inhib-
itors) for centrifugation. The pellet was resuspended for chro-
matin fragmentation and immunoprecipitation using the
SimpleChIPTM Enzymatic Chromatin IP kit (Cell Signaling)
according to the manufacturer’s directions.
ChIP assays in hepatocytes were performed as described pre-

viously (15). Hepatocytes were infected with adenovirus
expressing GFP- or CA-FoxO1 for 24 h. Then cells were incu-
bated in control or insulin-containingmedium (100 nM) for 6 h.
Subsequently, cells were cross-linkedwith 1% formaldehyde for
10 min. Chromatin was fragmented by sonication and immu-
noprecipitated with specific antibodies or nonimmune IgG.
The antibodies used for ChIP are the same as the aforemen-
tionedWestern blotting analysis exceptwith an additional anti-
body for RNA polymerase II from Cell Signaling Technology
(catalog number 2629). Protein-bound DNA was released by
incubation at 65 °C for 6 h, purified, and amplified by PCR.

RESULTS

CA-FoxO1 Suppresses SREBP-1c Expression in Vivo—To elu-
cidate the role of FoxO1 in the regulation of SREBP-1c we first
examined the effect of FoxO1 on hepatic expression of
SREBP-1c in response to changes in nutritional status in vivo
using transgenic mice with liver-specific expression of the con-
stitutively active form of human FoxO1 (CA-FoxO1) (6). We
have previously reported that the hepatic expression of this
FoxO1 transgene under control of the �1-antitrypsin promoter
is at levels equal to �60% that of the endogenous FoxO1 gene
(6). The transgene expresses CA-FoxO1 protein at levels com-
parable with that of endogenous FoxO1 (data not shown). In
contrast to endogenous FoxO1 protein, CA-FoxO1 retains its
nuclear localization and transcriptional activity in the presence
of insulin. As shown in Fig. 1A, SREBP-1c mRNA levels are
significantly reduced in livers of transgenic mice expressing
CA-FoxO1 under both fasting and re-fed conditions compared
with wild-type littermate controls (Fig. 1A, left panel).
Although SREBP-1c expression was increased in bothWT and

FIGURE 1. FoxO1 reduces hepatic expression of SREBP-1c in transgenic mice. A, effect of constitutively active FoxO1 (CA-FoxO1) on hepatic SREBP-1c gene
expression in response to fasting and refeeding. Wild-type (WT, open bars) and transgenic mice expressing constitutively active FoxO1 (CA-FoxO1, solid bars)
in the liver were fasted for 18 h and sacrificed 6 h after refeeding or continued fasting. Total RNA was prepared and mRNA levels of SREBP-1c were analyzed by
qRT-PCR and results were expressed relative to levels in fasting WT mice (left panel). The right panel shows the relative abundance of SREBP-1c mRNA following
refeeding versus fasting levels (refed-fasting) for each genotype. *, signifies p � 0.05, CA-FoxO1 versus WT. B, effect of liver-specific FoxO knock-out on hepatic
SREBP-1c gene expression. Alleles for FoxO1, FoxO3a, and FoxO4 were disrupted in the liver using Cre-lox technology (FoxO KO, black bar), and Cre-negative
littermates where floxed alleles were not disrupted served as controls (WT, open bar). Left panel, total hepatic RNA was prepared after an 18-h fast and SREBP-1c
transcripts were quantified by qRT-PCR. Results were expressed relative to SREBP-1c mRNA levels in fasting or wild-type mice. *, signifies p � 0.05, CA-FoxO1
versus WT. Right panel, total cell lysates were prepared from FoxO knock-out mice and littermates and analyzed by Western blotting with the high-mobility
group protein-1 (HMGB1) as loading control.
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CA-FoxO1 mice following re-feeding, the magnitude of this
induction was significantly reduced in FoxO1 transgenic mice
compared with wild-type controls (Fig. 1A, right panel). These
findings indicate that FoxO1 suppresses the expression of
SREBP-1c in the liver, and that nuclear export of FoxO proteins
in response to insulin is important to allow full stimulation of
SREBP-1c expression after re-feeding.
As shown in Fig. 1B, we also used liver-specific FoxO knock-

outmice to determinewhether endogenous FoxOproteins reg-
ulate SREBP-1c. Because there can be significant redundancy in
the effects of different FoxO isoforms (1, 18, 19), we targeted
the disruption of the FoxO1, FoxO3a, and FoxO4 alleles in the
liver using the Cre-lox system and examined SREBP-1c mRNA
levels in the liver. We confirmed by Western blotting that
FoxO1 and FoxO3 proteins are completely eliminated from the
FoxO knock-out mice (Fig. 1B). FoxO4 is expressed at very low
levels in liver and was not detected in the liver of wild-type or
knock-out mice by Western blotting. The SREBP-1c mRNA
level was increased 2-fold in liver-specific FoxO knock-out
mice compared with floxed littermate controls at the end of an
18-h fast, supporting the concept that FoxO proteins contrib-
ute to the suppression of hepatic SREBP-1c expression in vivo
under fasting conditions.
To determine whether aberrant regulation of SREBP-1c in

FoxO knock-out mice and CA-FoxO1 transgenic mice results
from direct actions of FoxO1, we determined the effect of
FoxO1 on the expression of SREBP-1c in primary rat hepato-

cyte cultures. We infected rat hepatocytes with adenovirus
expressing constitutively active FoxO1 (Ad-CAFoxO1) plus
GFP or a control virus expressing GFP alone (Ad-GFP). Cells
weremaintained inmediumcontaining insulin (100 nM) to sup-
press the function of endogenous FoxO proteins and enhance
the expression of SREBP-1c. After 36 h of incubation, RNAwas
prepared and quantified by qRT-PCR. As shown in Fig. 2A,
expression of SREBP-1c and its downstream lipogenic enzyme
target fatty acid synthase were reduced by over 50% in hepato-
cytes infectedwithAd-CAFoxO1. These inhibitory effectswere
specific insofar as the expression of IGFBP-1, a gene that is
positively regulated by FoxO1 (20), was markedly increased in
Ad-CAFoxO1-infected hepatocytes (Fig. 2A, right panel).
Western blot analysis confirmed that the adenovirus-mediated
expression of CA-FoxO1 increased the level of FoxO1 in the
nucleus 4-fold compared with control (Fig. 2B). This was
accompanied by a marked reduction in levels of both the pre-
cursor (�125 kDa) and nuclear (�56 kDa) forms of SREBP-1c
proteins (Fig. 2C). These data indicate that FoxO1 directly
inhibits transcription of the SREBP-1c gene and reduces
SREBP-1c protein levels.
CA-FoxO1 Inhibits Activation of SREBP-1c Transcription by

Insulin—Because insulin strongly activates transcription of the
srebp1 gene (15, 21) and FoxO1 is a major target of insulin
action (1), we next examined the effect of CA-FoxO1 on the
response of the rat SREBP-1c promoter to insulin. Primary cul-
tures of rat hepatocytes were co-transfected with pSREBP-1c

FIGURE 2. CA-FoxO1 inhibits SREBP-1c expression in rat hepatocytes. A, effect of CA-FoxO1 on mRNA levels of SREBP-1c and fatty acid synthase. Rat
hepatocytes were infected with adenovirus expressing GFP alone (Ad-GFP) or a constitutively active form of FoxO1 (Ad-CAFoxO1) and then treated with 100 nM

insulin for 24 h. Total RNA was prepared and the abundance of transcripts for SREBP-1c, fatty acid (FA) synthase, and IGFBP-1 was analyzed by qRT-PCR. IGFBP-1
was included as a positive control for CA-FoxO1 action. Data for RT-PCR are the mean � S.E. of three to six independent experiments. B, Ad-CAFoxO1 increased
nuclear content of FoxO1. Rat hepatocytes were infected with Ad-GFP or Ad-CAFoxO1. Nuclear extracts were analyzed for FoxO1 protein by Western blot
analysis. C, Ad-CAFoxO1-reduced SREBP-1c protein. Rat hepatocytes were treated in the same manner as described in B, and cytoplasmic and nuclear proteins
were prepared for Western blot analysis of SREBP-1 protein levels. Levels of both the full-length precursor and N-terminal fragment of SREBP-1c (nuclear
SREBP-1c) were measured in the cytoplasmic and nuclear fractions, respectively. Western blots are representative of three independent experiments and the
numbers above the bands are average levels of relative expression of the proteins quantified by densitometry.
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(�1516/�40)-luc and the pCMV plasmid vector expressing
either CA-FoxO1 or empty vector and then incubated in the
absence or presence of insulin for 24 h prior to analysis of lucif-
erase activity. As shown in Fig. 3A, insulin treatment increased
SREBP-1c promoter activity 3-fold in cells transfected with
empty vector. In contrast, co-expression of CA-FoxO1 reduced
basal SREBP-1c promoter activity by 50% and completely abol-
ished the stimulatory effect of insulin. Insulin treatment
reduced the level of endogenous FoxO1 protein in the nucleus
of cells transfected with the empty vector. In contrast, the level
of nuclear FoxO1 in hepatocytes expressing the constitutively
nuclear mutant CA-FoxO1 was unaltered following insulin
treatment consistent with the loss of insulin regulation in the
mutant FoxO1 (Fig. 3B). This suggests that the ability of insulin
to stimulate srebp1 gene transcription is, in part, due to phos-
phorylation and nuclear exclusion of FoxO1. To test this
hypothesis, we used small interference RNA targeted against
FoxO1 (RNAi-FoxO1) to further evaluate the role of endoge-
nous FoxO1 in the regulation of SREBP-1c promoter activity in
hepatocytes. Suppression of the FoxO1 protein in hepatocytes
using RNAi strongly enhanced the ability of insulin to stimulate
SREBP-1c promoter activity (Fig. 3C). Transfection of RNAi-
FoxO1 at a final concentration of 50 nM in the growth medium
reduced expression of the FoxO1 protein in rat hepatocytes
(Fig. 3D). These findings indicate that endogenous FoxO1mod-
ulates the induction of SREBP-1c by insulin.
CA-FoxO1 Reduced Recruitment of SREBP-1c to SREBP-1c

Promoter by Insulin—Because FoxO1 reduced srebp1 gene
expression in the livers ofmice and rat primary hepatocytes, we
conducted chromatin immunoprecipitation (17) assays to

determinewhether this effectwas achieved by reducing binding
of known regulators of SREBP-1c transcription, LXR, or
SREBP-1c itself to the SREBP-1c promoter. Liver samples from
transgenic CA-FoxO1 mice and wild-type littermates were
cross-linked and subjected toChIP as previously described (17).
The results showed that the binding of SREBP-1 and LXR to the
SREBP-1c promoterwas reduced by�60 and 30%, respectively,
in the transgenic CA-FoxO1 mice as compared with the wild-
type littermates (Fig. 4A). In contrast, binding of the transcrip-
tional co-activator CBP (p300) was not affected (Fig. 4A).
We also performed ChIP assays in rat primary hepatocytes.

Hepatocytes were infected with Ad-CAFoxO1 or control Ad-
vector for 24 h and then further incubated with or without
insulin for 6 additional hours. Following cross-linking, DNA
fragments were immunoprecipitated with antibodies against
LXR�, SREBP-1c, or FoxO1. The DNA fragments were ampli-
fied by PCR using primers targeting the proximal region of the
SREBP-1c promoter (�162 to �25). As shown in Fig. 4B, insu-
lin strongly enhanced recruitment of SREBP-1c to the proximal
SREBP-1c promoter, consistent with our previous report (15),
but this effect was abolished by adenovirus-mediated expres-
sion of CA-FoxO1. LXR� was associated with the SREBP-1c
promoter both in the presence and absence of insulin, and CA-
FoxO1 attenuated LXR� promoter occupancy (Fig. 4B). Fur-
thermore, we observed that insulin strongly enhanced recruit-
ment of RNApolymerase II to the SREBP-1c promoter, but this
effect was prevented by CA-FoxO1 (Fig. 4B) indicating that
CA-FoxO1 interferes with assembly of the transcriptional ini-
tiation complex on the SREBP-1c promoter.

FIGURE 3. FoxO1 reduces the stimulation of the SREBP-1c promoter activity by insulin. A, CA-FoxO1 reduces activation of the SREBP-1c promoter by
insulin. Rat hepatocytes were co-transfected with the SREBP-1c reporter plasmid pSREBP-1c (�1516/�40)-luc and either the CA-FoxO1 expression plasmid or
empty vector 24 h prior to treatment with (solid bars) or without (open bars) insulin (100 nM). Cell lysates were prepared 24 h later for analysis of luciferase
activity. Cells were transfected with Renilla luciferase to control for transfection efficiency. B, nuclear content of endogenous FoxO1 but not CA-FoxO1 is
regulated by insulin. Hepatocytes were co-transfected with the CA-FoxO1 expression plasmid or empty vector 24 h before treatment with or without insulin
(100 nM), and nuclear extracts were prepared 12 h later for analysis of FoxO1 protein by Western blot. C, SREBP-1c promoter response to insulin is enhanced by
suppression of endogenous FoxO1. Hepatocytes were co-transfected overnight with pSREBP-1c (�1516/�40)-luc and either scrambled or FoxO1-specific
small RNA oligos (RNAi-Sc and RNAi-FoxO1, respectively) and then treated with or without insulin for 24 h. Cell extracts were assayed for luciferase activities.
D, RNAi-FoxO1 reduced FoxO1 protein expression. Hepatocytes were treated in the same manner as that for C. Whole cell lysates were prepared and analyzed
by Western blotting. A representative blot of three independent experiments is shown. *, signifies p � 0.05 insulin-treated cells, RNAi-Sc versus RNAi-FoxO1.
Data in panels A and C are presented as the mean � S.E. from three hepatocyte preparations each with triplicate treatments. Numbers above the bands in B and
D are average relative levels of proteins quantified by densitometry.
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To determine the effect of CA-FoxO1 on abundance of these
transcription factors, we performed Western blot analysis of
nuclear proteins from hepatocytes infected with Ad-CAFoxO1
or Ad-GFP. CA-FoxO1 blunted the induction of the SREBP-1
nuclear protein by insulin (Fig. 4C). Thus the ability of CA-
FoxO1 to prevent recruitment of SREBP-1 to the promoter in
response to insulin treatment in hepatocytes transfected with
CA-FoxO1 is due, at least in part, to the decreased availability of
the newly synthesized SREBP-1 protein. In contrast, nuclear
abundance of LXR� and RNA polymerase were not signifi-
cantly altered (Fig. 4C). Thus reduced promoter occupancy by
LXR� and RNA polymerase II did not result from reduced
nuclear levels of these proteins in hepatocytes.
FoxO1 Is Recruited to SREBP-1c Promoter in an Insulin-reg-

ulated Fashion—Although the proximal SREBP-1c promoter
does not include a consensus binding sequence for FoxO1 ((C/
G)(T/A)AAA(C/T)), our findings that CA-FoxO1 reduced
binding of SREBP-1c andLXR� to the SREBP-1c promoter sug-

gested the possibility that that FoxO1might interferewith tran-
scription factor binding and/or co-activator recruitment via
direct association with the SREBP-1c promoter. We therefore
determined whether FoxO1 is associated with the SREBP-1c
promoter. As a control, we examined binding of FoxO1 to the
promoter region of IGFBP1, which has a known FoxO1 DNA-
binding site (1). As expected, both endogenous FoxO1 and
exogenous CA-FoxO1 were associated with the IGFBP1 pro-
moter, and insulin treatment disrupted the association of
endogenous FoxO1 but not CA-FoxO1 (Fig. 4D, lower panel).
Similarly, we observed that endogenous FoxO1 was also asso-
ciated with the SREBP-1c promoter and this association was
attenuated by insulin treatment. Adenoviral expressed CA-
FoxO1 protein was also associated with the SREBP-1c pro-
moter, but consistent with the inability of insulin to promote
nuclear exclusion of phosphorylation-defective CA-FoxO1,
this association was not affected by insulin (Fig. 4D, upper
panel). Taken together, these results are consistent with the

FIGURE 4. CA-FoxO1 is associated with the SREBP-1c promoter and reduces promoter occupancy by SREBP-1c, and RNA-polymerase II. A, reduced
binding of SREBP-1 to the proximal SREBP-1c promoter in liver of CA-FoxO1 overexpressing transgenic mice as determined by ChIP assay. Freshly isolated
nuclei from livers of wild type (WT) and transgenic (TGN) mice were cross-linked with formaldehyde, and sheared chromatin was immunoprecipitated with
specific antibodies against SREBP-1c, LXR�, CBP, or IgG. The occupancy of the SREBP-1c promoter by nuclear proteins was demonstrated by the amplification
with primers targeting the proximal SREBP-1c promoter. B, CA-FoxO1 reduces binding of SREBP-1c and LXR� to the proximal SREBP-1c promoter as deter-
mined by ChIP assay. Rat hepatocytes were infected with adenovirus expressing constitutively active FoxO1 (Ad-CAFoxO1) or control adenovirus (Ad-GFP). After
incubation for 24 h, hepatocytes were treated with or without insulin (100 nM) for 6 h. Chromatin was prepared and immunoprecipitated with specific
antibodies against SREBP-1c, LXR�, RNA polymerase, histone 3, or IgG. Occupancy of the SREBP-1c promoter by nuclear proteins was determined by amplifi-
cation with primers targeting the proximal SREBP-1c promoter. C, effect of CA-FoxO1 and insulin on SREBP-1c, LXR�, and RNA polymerase II protein levels in
primary hepatocyte cultures. Hepatocytes were infected with adenoviral vectors and treated with/without insulin as above before preparation of nuclear
protein extracts for analysis by Western blotting. One hundred micrograms of nuclear protein was resolved by SDS-PAGE and transferred for Western blot.
Representative blots from three independent experiments are shown. D, recruitment of endogenous FoxO1 and CA-FoxO1 to the SREBP-1c and IGFBP-1
promoters. Hepatocytes were infected with Ad-CA-FoxO1 or control adenovirus and treated with or without insulin as described in panel A and chromatin was
precipitated using FoxO1 specific antibody or IgG. Precipitated DNA fragments were PCR amplified as described under “Experimental Procedures” using
specific primers directed against the proximal IGFBP-1 or SREBP-1c promoter as indicated. Numbers above bands in A, B, and D are the average relative signal
intensities, and the numbers in C represent the average relative levels of proteins, all quantified by densitometry.
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conclusion that FoxO1 inhibits SREBP-1c gene expression, at
least in part, by direct interaction with the promoter, most
likely via protein-protein interactions.
FoxO1Suppresses SREBP-1cPromoterActivity—TheSREBP-1c

promoter contains tandemLXR response elements (5, 21, 22) and
LXRplays akey role in the activationof SREBP-1c transcriptionby
insulin (15, 23). N-3 polyunsaturated fatty acids repress
SREBP-1c transcription via an inhibition of LXR� (24). Chro-
matin immunoprecipitation studies indicated that CA-FoxO1
reduced recruitment of LXR� to the SREBP-1c promoter
(above).We therefore determined if CA-FoxO1 alters the tran-
scriptional activity of LXR. Consistent with the role of LXR in
activation of the SREBP-1c promoter, the synthetic LXR ago-
nist T0901317 (TO9) strongly stimulates SREBP-1c transcrip-
tion (15). To determine whether FoxO1 might suppress
SREBP-1c transcription by interfering with ligand-dependent
activation of LXR, we examined the ability of oral administra-
tion of TO9 to induce hepatic SREBP-1cmRNA levels in vivo in
wild-type and CA-FoxO1 transgenic mice. As shown in the left
panel of Fig. 5A, treatment with TO9 stimulated SREBP-1c
expression 3-fold in WT mice. Although basal expression of
SREBP-1c mRNA was markedly reduced in CA-FoxO1 mice
compared WT controls, induction of SREBP-1c in response to
the LXR agonist TO9was retained (6-fold induction) indicating
intact activation of LXR in CA-FoxO1 transgenicmice (Fig. 5A,
left panel). As a control, we assessed IGFBP-1 expression and
observed that the basal and CA-FoxO1-induced expression of
IGFBP-1was unaltered byTO9 treatment (Fig. 5A, right panel).
We tested for the physical interaction of LXR� and FoxO1
using co-immunoprecipitation of overexpressed proteins.
However, we were unable to observe an interaction of FoxO1
and LXR� further suggesting that inhibition of LXR is not a
mechanism for the inhibition of SREBP-1c gene expression
(data not shown).
To further evaluate the role of LXR in FoxO1 inhibition of

SREBP-1c expression, we examined the inhibitory effects of
FoxO1 on basal and TO9-stimulated SREBP-1c promoter
activity in rat hepatocytes transfected with luciferase reporter

gene constructs containing either the wild-type (WT)
SREBP-1c promoter or a promoter construct in which both
LXR response elements were disrupted (pSREBP-1c Mut-
LXRE-luc). After incubation with or without 10 �M TO9 for
24 h, cell extracts were assayed for luciferase activity. As shown
in Fig. 5B, TO9 strongly activated the wild-type SREBP-1c pro-
moter. Consistent with the in vivo response observed in Fig. 5A,
although co-expression of CA-FoxO1 markedly reduced
basal promoter activity, the ability of TO9 to stimulate
WT-SREBP-1c promoter activity was preserved (7.5-fold) (Fig.
5B). The response to TO9 in the LXRE-mutant SREBP-1c pro-
moter although attenuated, was still present (Fig. 5B). This
residual response was most likely the result of indirect “feed
forward” activation of the sterol response element (SRE) of the
SREBP-1c promoter via induction of endogenous SREBP-1c
(15, 22). Importantly, FoxO1 effectively suppressed both basal
and TO9 induced activity of the LXRE mutant promoter, indi-
cating that CA-FoxO1 inhibits promoter activity independent
of LXR (Fig. 5B). Although LXR clearly plays an important role
in SREBP-1c transcription and overall promoter activity, these
observations suggested that CA-FoxO1 inhibits SREBP-1c pro-
moter activity through other factors. We next examined the
role of two other factors known to mediate induction of
SREBP-1c by insulin, Sp1 and SREBP-1c itself.
CA-FoxO1 Inhibits srebp1 Gene Transcription via Multiple

Transcription Factors—The proximal region of the rat SREBP-1c
promoter contains cis-regulatory elements formultiple transcrip-
tion factors including two LXR-binding sites, a binding site for
SREBP proteins themselves, and several Sp1-binding sites that
contribute to basal and insulin-stimulated transcription (16).
We tested by luciferase reporter assays the effects of CA-FoxO1
on the activities of the 1.5-kb wild-type SREBP-1c promoter
and two truncated promoter constructs, 400 and 150 bp, the
latter lacking the two LXR-binding sites (Fig. 6A). The results
showed CA-FoxO1 exerted similar degrees of inhibitory effects
on the activities of these three constructs (Fig. 6A), providing
further support for the concept that interactionwith LXR is not

FIGURE 5. CA-FoxO1 does not alter response of SREBP-1c to the LXR agonist TO901317. A, effect of T0901317 on SREBP-1c expression in transgenic mice
expressing CA-FoxO1. Wild-type (WT) and transgenic mice expressing CA-FoxO1 in the liver were treated with 40 mg/kg of LXR agonist (T090137) or vehicle
(control) by gavage every 24 h for 2 days and sacrificed 4 h after the second dose in the nonfasted state. SREBP-1c (left panel) and IGFBP-1 (right panel) mRNA
levels in livers were determined by qRT-PCR and expressed relative to levels in vehicle-treated WT mice. Results shown are mean � S.E. from 4 animals in each
group. B, CA-FoxO1 suppresses SREBP-1c promoter activity. Hepatocytes were co-transfected with luciferase reporter constructs containing either the wild-
type (�1516/�40) SREBP-1c promoter (pSREBP-1cWT-luc) or the corresponding construct where both LXREs in the proximal SREBP-1c promoter were
mutated (pSREBP-1cMutLXRE-luc), together with the CA-FoxO1 expression vector or empty vector. Cells were treated with 10 �M TO901317 or carrier alone for
24 h before cell lysates were prepared for analysis of luciferase activity. Data are presented as mean � S.E. from three independent experiments each performed
in triplicate.
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required for FoxO1 suppression of SREBP-1c promoter
activity.
To further examine the roles of SREBP, and Sp1-binding sites

in the inhibition of SREBP-1c by CA-FoxO1, we tested the
effects of CA-FoxO1 on the 1.5-kb wild-type SREBP-1c pro-
moter, or analogous promoter constructs in which the binding
sites for SREBP and Sp1 were individually mutated. The results
revealed that whereas ectopic expression of CA-FoxO1 inhib-
ited the wild-type SREBP-1c promoter by 79%, its inhibitory
effect was markedly diminished when each of these binding
sites were individually mutated. The most striking effect was
observed when the first proximal Sp1 site was mutated as CA-
FoxO1 inhibited the promoter activity by only 24%, with lucif-
erase activity reduced from 0.6 to 0.46 relative to that of the
wild-type promoter in the absence CA-FoxO1 (Fig. 6B). These
results showed that CA-FoxO1 exerts its inhibitory actions on
srebp1 gene transcription via a combined effect on these mul-
tiple transcription factors.
CA-FoxO1 Reduces Transactivating Capacity of Sp1 and

SREBP-1c—As the mutagenesis studies described above sug-
gested a role of Sp1 and SREBP-1c in mediating the inhibitory
effect of CA-FoxO1 on SREBP-1c promoter activity, we con-
ducted experiments to determine the effects of FoxO1 on the
transactivating capacity of Sp1 and SREBP-1c. We first tested
whether CA-FoxO1 affects the transactivating capacity of
LXR� independent of its interaction with an LXRE using a

Gal4-LXR� construct expressing the DNA-binding domain of
Gal4 in-frame with the ligand-binding and activation domains
of LXR�. As shown in Fig. 7A, the activity of the Gal4X4-luc
reporter construct was stimulated �6-fold by TO9 in the
presence of ectopically expressed Gal4-LXR�. Although co-ex-
pression of CA-FoxO1 reduced the basal response of the Gal4-
luciferase reporter to Gal4-LXR� in the absence of ligand,
Gal4-LXR� activity was strongly (5-fold) induced by TO9 (Fig.
7A), indicating preservation of TO9 responsiveness in the pres-
ence of CA-FoxO1. The Gal4 reporter gene (Gal4X4-TK-Luc)
control did not respond to either TO9 or FoxO1 alone.
To examine the effect of FoxO1 on the transactivating capac-

ity of Sp1, we tested the ability of CA-FoxO1 to suppress acti-
vation of a Sp1 reporter construct containing 6GCboxes linked
to a firefly luciferase reporter gene in response to Sp1 overex-
pression. As shown in Fig. 7B, overexpression of Sp1 increased
the promoter activity 3-fold, and this response was completely
abolished by co-expressed CA-FoxO1 indicating that CA-
FoxO1 repressed Sp1. This finding combined with previous
observations that CA-FoxO1 reduced basal activity of the
SREBP-1c promoter indicates an important role of Sp1 inmedi-
ating the inhibitory effect of CA-FoxO1.
The SRE site in the proximal SREBP-1c promoter for the

binding of SREBP-1c itself plays an important role in the feed
forward loop of SREBP-1c regulation. Although CA-FoxO1
attenuated recruitment of SREBP-1c to its promoter by insulin,
SREBP-1c bindingwas not completely disrupted. Therefore, we
tested the possibility that CA-FoxO1 may further disrupt feed
forward stimulation of the promoter by reducing the transacti-
vating capacity of SREBP-1c (Fig. 7C). A plasmid expres-
sing chimeric proteins containing the activation domain of
SREBP-1c coupled to the Gal4 DNA-binding domain (Gal4-
SREBP1c) and a Gal4-luciferase reporter gene were co-trans-
fected into the rat hepatoma McA cells. The activity of Gal4-
luciferase was activated 7-fold by Gal4-SREBP-1c, but the
activation was strongly attenuated by co-expression of CA-
FoxO1 (Fig. 7C). CA-FoxO1 had no effect on the activity of the
Gal4 reporter with expression of the Gal4 DNA-binding
domain alone indicating that the effect of CA-FoxO1 was spe-
cific for SREBP-1c. CA-FoxO1had no effect on expressed levels
of the Gal4-SREBP-1c (data not shown). Thus CA-FoxO1
reduced the transactivating capacity of SREBP-1c independent
of its effect on DNA binding.

DISCUSSION

In the current study, we employed a combination of in vivo
and in vitro approaches to determine that FoxO1 inhibits
SREBP-1c expression. This conclusion is based upon the fol-
lowing observations. 1) Transgenic mice expressing constitu-
tively active FoxO1 (CA-FoxO1) in the liver had significantly
lower SREBP-1c expression in both fasted and re-fed states
than did wild-type mice (25). This inhibition of SREBP-1c
expression was also evident in primary cultures of rat hepato-
cytes following adenovirus-mediated expression of CA-FoxO1
(3). SREBP-1c expression was increased in livers of transgenic
mice with liver-specific triple deletion of FoxO1, FoxO3, and
FoxO4 (4). In primary hepatocyte cultures, knockdown of
FoxO1 by siRNA increased both basal and insulin-stimulated

FIGURE 6. FoxO1 inhibits SREBP-1c through Sp1 and SREBP-1c. A, CA-
FoxO1 inhibits full-length and truncated SREBP-1c promoter. Hepatocytes
were transfected with serial deletions of the SREBP-1c promoter and empty
pFlagCMV2 vector or a plasmid expressing CA-FoxO1. Thirty-six hours post-
transfection, cell lysates were assayed for luciferase expression. B, CA-FoxO1
suppresses wild-type and mutant SREBP-1c promoters. Rat hepatocytes were
transfected with the wild-type (WT) SREBP-1c promoter construct (pSREBP-1c
(�1516/�40)-luc) or with mutant constructs in which the indicated transcrip-
tion factor binding sites were disrupted, with or without plasmid expressing
CA-FoxO1. Luciferase analyses were performed as described in A. The data are
presented as percent inhibition of SREBP-c promoter activity by CA-FoxO1.
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SREBP-1c promoter activity (5). CA-FoxO1 directly prevented
induction of the SREBP-1c promoter by insulin. Thus our stud-
ies point to a direct inhibitory effect of FoxO1 on SREBP-1c
gene expression and furthermore, support a physiological role
of FoxO1 in suppression of SREBP-1c and de novo lipogenesis
during fasting.
Although the current studieswere being conducted, Liu et al.

(26) proposed that the inhibitory effect of FoxO1 on SREBP-1c
was the result of reduced binding and activity of LXR. Although
LXR� is clearly important for SREBP-1c transcription, our
results suggest that other mechanisms also contribute to medi-
ating inhibitory effects of FoxO1.We also observed that FoxO1
reduces the binding of LXR� to the SREBP-1c promoter. How-
ever, we found that CA-FoxO1 inhibits SREBP-1c promoter
activity even after LXR-binding sites are disrupted by either
truncation or deletion and SREBP-1c expression and promoter
activity remained fully responsive to the LXR agonist TO9,
indicating an intact LXR signaling system. These observations
indicated that the inhibitory effect of FoxO1 is not limited to
impaired activation of LXR, and that othermechanisms also are
involved. Thus, our findings do not support a primary role for
LXR in the inhibitory effect of FoxO1.We have identified inhi-

bition of Sp1 and SREBP-1c as additional novel mechanisms by
which FoxO1 inhibits srebp1 gene expression.

The finding that both endogenous and CA FoxO1 are asso-
ciated with the SREBP-1c promoter is particularly intriguing.
The PCR primers used in the ChIP assays amplified the proxi-
mal portion of the SREBP-1c promoter. Although a potential
FoxO1-binding site (TGTTTT) is present in the distal pro-
moter (�1209/�1214), the proximal promoter has no known
FoxO1-binding site. Furthermore, the suppressive effect of
FoxO1 is equally evident in truncated SREBP-1c promoter con-
structs that do not contain a putative FoxO1-binding site sug-
gesting that FoxO1 associates with the proximal SREBP-1c
promoter, most likely via protein-protein interactions. Inter-
estingly, a recent microarray analysis of a FoxO1 knock-out
mouse model Gene Set Enrichment Analysis revealed that the
promoter regions of most genes regulated by FoxO1 did not
contain a FOXO recognition site (27).
Induction of SREBP-1c transcription is dependent upon the

coordinated assembly of a transcriptional complex that
includes LXR�, Sp1, and SREBP-1c itself (15, 16). We found
that inhibition of srebp1 gene expression byCA-FoxO1 ismedi-
ated by its effects on Sp1 and SREBP-1c. CA-FoxO1 inhibits

FIGURE 7. Inhibitory effects of FoxO1 on Sp1 and SREBP-1c. A, CA-FoxO1 does not reduce the response of Gal4-LXR to the LXR agonist TO9. Hepatocytes
were co-transfected with pGal4-luc composed of four Gal4-binding sites fused to a minimal TK promoter along with plasmid expressing the Gal4 DNA binding
alone (Gal4DBD) or a chimeric protein containing the Gal4 DNA-binding domain in-frame with the ligand binding and transactivation domains of human LXR�
(Gal4LXR�), plus either the CA-FoxO1 expression vector or empty vector. Luciferase activity was quantified in cell extracts following 24 h treatment with/
without TO901317. Data are presented as mean � S.E. from three independent experiments each performed in triplicate. B, CA-FoxO1 inhibits the ability of Sp1
to activate a GC box-driven promoter. Hepatocytes were co-transfected with a luciferase reporter construct driven by six GC-box elements and an Sp1-
expressing plasmid, in the presence or absence of CA-FoxO1. Cell extracts were assayed for luciferase expression 36 h post-transfection. C, CA-FoxO1 reduces
transactivating capacity of Gal4-SREBP-1c. Hepatocytes were co-transfected with the pGal4-luc reporter gene construct, composed of four Gal4-binding sites
fused to a minimal TK promoter (inset) together with plasmid vectors expressing the Gal4 DNA binding alone (Gal4DBD) or a chimeric protein containing the
Gal4 DNA-binding domain in-frame with the transactivation domain of rat SREBP-1c (amino acids 1–300) (Gal4SREBP1c), plus either the CA-FoxO1 expression
vector or empty vector. Luciferase activity was quantified in cell extracts following 36 h post-transfection. Data in A–C are presented as mean � S.E. from 3–7
independent experiments done in triplicate.
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srebp1 gene expression both by reducing the transcriptional
activity of Sp1 and SREBP-1c and by decreasing the feed for-
ward activation of the srebp1 gene by newly synthesized
SREBP-1c. We further demonstrated that CA-FoxO1 effec-
tively prevents the recruitment of RNA polymerase to the pro-
moter in response to insulin treatment and that FoxO1 itself is
directly associated with the SREBP-1c promoter in vivo. These
findings indicate that FoxO1 inhibits SREBP-1c gene transcrip-
tion by preventing the assembly of the transcriptional complex
on the SREBP-1c promoter. Although the exact mechanism
remains undefined, our findings indicate that FoxO1 prevents
assembly of the transcriptional complex via its effects on Sp1
and SREBP-1c. In this regard, it is important to note that FoxO
proteins have been shown to suppress expression of other genes
by sequestering transcription factors and co-activators (28, 29).
In addition, FoxOproteins also can repress promoter activity by
recruiting co-repressor proteins (30–32).
FoxO1 exerts both positive and negative effects on gene tran-

scription. Our finding that FoxO1 inhibits Sp1 transactivating
capacitymay appear counterintuitive in this regard.However, it
is apparent that the transcriptional effect of FoxO1 is specific to
the promoter context. In contrast to the effect of FoxO1 on the
SREBP-1c gene that lacks a functional FoxO1-binding site,
FoxO1 directly induces transcription of genes such as IGFBP1
via a FKH factor site in the promoter (33). Regarding the roles of
Sp1, on the basis of the data reported here and earlier published
observations, we posit that a putative role of Sp1 in the regula-
tory mechanisms of FoxO1 appears to be highly promoter con-
text-specific. For example, the gluconeogenic gene G6Pase,
which is activated by FoxO1, has two bona fide Sp1motifs in the
proximal promoter that were required for basal expression of
the G6Pase gene (34) and yet activation of G6Pase by FoxO1 is
dependent on two FoxO1-binding sites (35). Similarly, activa-
tion of the IGFBP1 gene by FoxO1 is also mediated via two
FoxO1-binding elements. However, unlike the promoters of
G6Pase and the IGFBP1 genes that contain the TATA box ele-
ment (34, 36), the SREBP-1c promoter lacks a canonical TATA
element, and the Sp1 motif near the transcription start site
plays a critical role in promoter activity (16, 21). In TATA-less
promoters Sp1 may act as a key transcription factor where it
tethers the transcription preinitiation complex to the promoter
with a heat-labile complex of TFIID (37). Based on a large body
of data it may be surmised that Sp1 is a specific transcriptional
activator of many genes, whereas its function is dispensable for
the activation of other genes (38). Our observation that CA-
FoxO1 reduced the transactivating potential of Sp1 and
SREBP-1c as well as the occupancy of RNA polymerase II on
SREBP-1c promoter (Fig. 4C) is entirely consistent with this
interpretation.
FoxO1 regulates SREBP-1c expression by complex mecha-

nisms that likely reflect the sum of both direct inhibitory effects
as observed in the present study and other indirect opposing
actions of FoxO1 on insulin signaling, glucose metabolism, and
gene expression (1, 39). Although we and others have observed
negative regulation of SREBP-1c by FoxO1 both in vitro and in
vivo (6, 26, 31), others have reported that the constitutively
active FoxO1 mutants induce SREBP-1c in vivo (7, 40). These
seemingly opposing effects of overexpressed constitutively

active FoxO1 mutants may result from differences in genetic
background of the animal models used, duration of treatment,
levels of FoxO1 expressed, nutritional state, or differing char-
acteristics of the FoxO1 mutants employed (6, 7, 40). In the
current study, we used a mutant in which all three AKT phos-
phorylation sites (Thr-23, Ser-253, and Ser-319) were mutated
to a nonphosphorylated amino acid (alanine) (FoxO1-AAA)
(9). Other studies used a mutant construct in which serine 253
was mutated to the phosphomimetic amino acid aspartic acid
instead of alanine (FoxO1-ADA) (41). As noted by Naimi et al.
(42), the FoxO1-ADA mutant behaves as if it were phosphory-
lated on Ser-253. Thus the effects of thesemutantsmay differ as
each phosphorylation site has its own unique role in regulating
nuclear export,DNAbinding, protein-protein interactions, and
transactivating capacity of FoxO1 (43). For example, we have
shown previously that replacing Ser-256 with the phosphomi-
metic amino acid aspartate reduces the DNA binding and
transactivating capacity of FoxO1 (44).
The effect of constitutively active FoxO1 mutants on

SREBP-1c may also reflect indirect effects on insulin signaling
pathways. Matsumoto et al. (7) noted that induction of
SREBP-1c by FoxO1-ADA was associated with enhanced acti-
vation of the Akt/PKB pathway by insulin, an effect that was
independent of DNA binding. Because the Akt/PKB pathway
mediates induction of SREBP-1c by insulin (45), activation of
this pathway by constitutively active FoxOmutantsmay oppose
any direct inhibitory effects of FoxO1 on SREBP-1c in vivo. The
complexity of the signaling pathways involved in induction of
SREBP-1c by insulin (46) and the divergent effects of FoxO on
various components of the insulin signaling pathway (47) fur-
ther add to the potential for varying effects of FoxO1 under
differing experimental conditions.
It is important to note that constitutively active phosphory-

lation defective FoxO1mutants such as CA-FoxO1 are not reg-
ulated in a physiologic fashion by insulin. Thus, although they
provide useful insights into FoxO1 function independent of
insulin effects, they do not necessarily reflect regulation of
endogenous FoxO1 under physiologic conditions. However,
our evidence indicates that FoxO proteins participate in regu-
lation of SREBP-1c in a physiologic manner. We found that
reducing endogenous FoxO1 using RNAi in primary hepato-
cytes and in FoxO knock-out mice, respectively, resulted in
enhanced SREBP-1c gene expression. These results are consis-
tent with other studies where disrupting the expression of
FoxO1 in the liver is associated with an increase in SREBP-1c
expression in mice with insulin deficiency or disrupted insulin
signaling (27, 48). Together, these studies provide strong
genetic evidence that FoxO proteins negatively regulate the
expression of SREBP-1c in the liver. In addition, our ChIP stud-
ies demonstrate that FoxO1 directly associates with the
SREBP-1c promoter and that this association is regulated in a
physiologicmanner by insulin. Therefore, these studies support
the hypothesis that FoxO1 contributes to the repression of
SREBP-1c gene expression during fasting and/or insulin-defi-
cient states (6, 26, 31). On the other hand, in conditions such as
the metabolic syndrome, impaired suppression of FoxO1 may
trigger an alternative activation of Akt signaling that can lead to
increased hepatic lipid synthesis in the face of insulin resistance
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(7). Therefore, FoxO1 may have differing effects on SREBP-1c
regulation in normal versus insulin-resistant states.
In summary, we have shown that FoxO1 represses SREBP-1c

gene expression and that this inhibitory effect of FoxO1 is
mediated at least in part via reduced trans activating capacity of
Sp1 and SREBP-1c and by reduced feed forward activation of
the SREBP-1c promoter via newly synthesized SREBP-1c. This
results in failure to assemble the transcriptional complex as
evidenced by lack of recruitment of polymerase II to the pro-
moter in response to insulin. The inhibition by FoxO1 involves
direct association of FoxO1 with the SREBP-1c promoter. Fur-
ther delineation of the mechanism(s) by which FoxO1 and
other regulatory factors suppress srebp1 gene expression may
identify novel molecular targets to improve lipidmetabolism in
insulin-resistant and diabetic states.
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