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Dysregulation of hepatic gluconeogenesis contributes to the
pathogenesis of diabetes, yet the detailed molecular mecha-
nisms remain to be fully elucidated. Here we show that FOXP1,
a transcriptional repressor, plays a key role in the regulation of
systemic glucose homeostasis. Hepatic expression levels of
FOXP1 are decreased in diabetic mice. Modest hepatic overex-
pression of FOXP1 in mice inhibited the expression of gluco-
neogenic genes, such as peroxisome proliferators-activated
receptor � coactivator-1� (PGC-1�), phosphoenolpyruvate car-
boxykinase (PEPCK), and glucose-6-phosphatase (G6PC), lead-
ing to a decrease in hepatic glucose production and fasting blood
glucose levels in normal mice and different mouse models of
diabetes, including db/db diabetic and high-fat diet-induced
obese mice. FOXP1 physically interacted with FOXO1 in vivo
and competed with FOXO1 for binding to the insulin response
element in the promoter region of gluconeogenic genes, thereby
interfering expression of these genes. These results identify a
previously unrecognized role for FOXP1 in the transcriptional
control of hepatic glucose homeostasis.

In mammals, blood glucose levels are maintained within a rela-
tively tight range through regulation of glucose uptake by periph-
eral tissues and glucose secretion by the liver, protecting the body
from hypoglycemia during fasting conditions and from hypergly-
cemia after a high-carbohydrate meal (1). In the insulin resistance
state, insulin signaling is impaired, leading to dysregulation of both
hepatic glucose production and glucose uptake in peripheral tis-
sues. Abnormal elevation of hepatic glucose production contrib-
utes to fasting hyperglycemia in diabetes (2). Therefore, efforts to
uncover the molecular mechanism that control hepatic gluconeo-
genesis are crucial to develop new therapeutic strategies.

The expression of key gluconeogenic genes, including
PEPCK2 and G6PC, is controlled by hormones at the transcrip-

tional level (3). Hormonal and nutrient regulation of hepatic
glucose production primarily occurs through modulation of a
complex network of transcriptional factors and cofactors,
including FOXO1, cAMP response element-binding protein,
cAMP response element-binding protein-regulated transcrip-
tion coactivator 2 (CRTC2) and PGC-1� (1, 4 –7).

The FOXO transcription factors have emerged as important
targets of insulin and growth factor action. They play a central
role in cell growth, differentiation, metabolism, and stress
response(8).FOXO1containshighlyconservedAKTphosphor-
ylation sites (Thr-24, Ser-253, and Ser-316) and its activity is
regulated by AKT-mediated phosphorylation of these sites.
Phosphorylated FOXO1 is excluded from the nucleus, thereby
decreasing its transcriptional activity (9). In normal mice, the
decreased blood insulin levels during fasting promote FOXO1
nuclear localization, where it collaborates with PGC-1� to
increase the expression of the key gluconeogenic enzymes
PEPCK and G6PC (7). FOXO1 stimulates the expression of
PEPCK and G6PC via direct binding to insulin response ele-
ment (IRE) mapped in the promoters of these genes (10 –12).
During prolonged starvation, hepatic FOXO1 stimulate glu-
cose production to protect life-threating hypoglycemia (13).
Haploinsufficiency of FOXO1 protects from insulin resistance
and overexpression of an active FOXO1 mutant in liver causes
insulin resistance (6).

The FOXP subfamily is defined by four members (FOXP1–
FOXP4). FOXPs function as transcription factors and possess
distinct transcriptional regulatory and DNA-binding domains.
The N terminus of FOXPs contains a transcriptional repressor
region with a zinc-finger/leucine zipper motif. The DNA-bind-
ing domain of FOXPs is uniquely positioned among forkhead
proteins near the C terminus (14). FOXP1 is widely expressed
in human tissues and regulates the development of many tis-
sues, including heart, thymus, and lung (15–19). FOXP1-defi-
cient embryos have severe defects in cardiac morphogenesis,
including outflow tract septation and cushion defects, resulting
in embryonic death (16). In the present study we show that
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FOXP1 can directly interact with FOXO1 in vivo and it also
competes with FOXO1 for binding to IRE mapped in the pro-
moter of gluconeogenic genes, preventing FOXO1 binding to
these genes, thereby modulating hepatic glucose metabolism.

Experimental Procedures

Preparation of Recombinant Adenoviruses and Constructs—
Recombinant adenovirus expressing FOXP1 were generated as
previously described (20). The adenovirus was amplified in
HEK293 cells and purified by cesium chloride density centrifu-
gation (21). The full-length mouse FOXP1 gene was amplified
from C57BL/6J mouse kidney cDNA by PCR, then FLAG-
tagged FOXP1 was cloned into pcDNA4. Truncated FOXP1
(FOXP1 amino acids 145 to 653) was generated by PCR, then
cloned into pcDNA4 and pGEX-4T-1 (Amersham Biosci-
ences), respectively. A series of truncated G6PC promoters and
PEPCK promoter were amplified by PCR and cloned into
pGL3-Basic Luciferase reporter vector.

Animal Treatments—Male db/db and C57BL/6J mice at 6 – 8
weeks of age were purchased from the Model Animal Research
Center of Nanjing University (Nanjing, China) and housed in a
controlled environment with a 12-h light/dark photoperiod
with unrestricted water and food. Wild type C57BL/6J mice
were fed ad libitum either a high fat diet (D12492; Research
Diets, New Brunswick, NJ) to establish a diet-induced obese
model or a control chow diet. For fasting experiments, food was
removed for the indicated amount of time before mice were
sacrificed. Mice received tail vein injection with Ad-GFP or
Ad-FOXP1 at a dose of 1–1.5 � 109 active viral particles in 150
�l of saline. 5–7 days later, mice were fasted for the indicated
hours and subsequently sacrificed. Plasma and livers were har-
vested for further analysis.

Glucose Tolerance Test and Pyruvate Tolerance Test—Glu-
cose tolerance test (GTT) and pyruvate tolerance test (PTT)
were performed as previously described (22). For GTT, we mice
were fasted for 16 h (5 p.m. to 9 a.m.) and intraperitoneally
injected with D-glucose solution. Blood glucose levels were mea-
sured at 0, 15, 30, 45, 60, 90, and 120 min after glucose injection.
The dose of glucose injection was 1 g/kg�1 for db/db and DIO
mice, 2 g/kg�1 for C57BL/6J mice. For PTT, mice were fasted

for 16 h (5 p.m. to 9 a.m.) and intraperitoneally injected with
sodium pyruvate solution. Blood glucose levels were measured
at 0, 15, 30, 45, 60, 90, and 120 min after pyruvate injection. The
dose of pyruvic acid sodium was 0.5 kg�1 for db/db and DIO
mice, 1.5 kg�1 for C57BL/6J mice. Mouse blood glucose levels
were measured from tail vein with a glucose monitor (One-
Touch; LifeScan, Inc., Milpitas, CA).

Analytical Procedures and Chemicals—The hepatic TG and
total cholesterol content were measured using a colorimetric
diagnostic kit (Applygen Technologies, Beijing, China). The
serum concentrations of glucose, TG, cholesterol, free fatty
acids, alanine aminotransferase, and aspartate aminotrans-
ferase were determined using an automated Monarch device
(Peking Union Medical College Hospital, Beijing, China). Insu-
lin, forskolin, dexamethasone, pyruvic acid, and sodium were
purchased from Sigma.

Cell Culture—Mouse primary hepatocytes were isolated as
previously reported (23), and maintained in RPMI 1640
(GIBCO/BRL, 37 °C, 5% CO2) containing 10% FBS, 100
units/ml of penicillin, and 0.1 mg/ml of streptomycin.

RNA Extraction and Quantitative RT-PCR—Total RNA was
extracted from cells and liver tissues with TriZOL reagent
(Roche Applied Science), and reverse transcribed to cDNA
using high capacity reverse transcription kit (Applied Biosys-
tem, Grand Island, NY). Quantitative real-time PCR was per-
formed using GoTaq qPCR Master Mix (Promega). Relative
mRNA levels were normalized to �-actin expression levels. All
primers used for the PCR are listed in Table 1.

Western Blot Analysis—Liver tissues or cultured hepatocytes
were lysed in RIPA lysis buffer, 60 –100 �g of proteins were
resolved by SDS-PAGE and eletrotransferred to PVDF mem-
branes. Western blot assays were performed using antibodies
specific for FOXP1 (CST, Abcolonal), FOXO1 (Abcam, Cam-
bridge, UK), PCK1 (R&D Systems), �-Tubulin (Beijing Com-
Win Biotech Co.), FLAG (Sigma), and HA (Sigma).

Glucose Output Assay—Mouse primary hepatocytes were
seeded in 6-well plates, and then infected with Ad-GFP, Ad-
FOXP1. Twenty-four hours after infection, cells were washed 2
times with PBS, and maintained in 2 ml/well of DMEM without

TABLE 1
Primers used in PCR
F, forward; R, reverse.

Forward Reverse

Real-time PCR primers
PGC-1� F, 5�-CATTTGATGCACTGACAGATGGA-3� R, 5�-GTCAGGCATGGAGGAAGGAC-3�
G6PC F, 5�-TGCAAGGGAGAACTCAGCAA-3� R, 5�-GGACCAAGGAAGCCACAATG-3�
PEPCK F, 5�-ACACACACACATGCTCACAC-3� R, 5�-ATCACCGCATAGTCTCTGAA-3�
�-Actin F, 5�-CCAGCCTTCCTTCTTGGGTAT-3� R, 5�-TGCTGGAAGGTGGACAGTGAG-3�
FOXP1 F, 5�-CCTCGCTCAAGGCATGATTC-3� R, 5�-AGGACTTGGAAGGTGCCGAG-3�
SREBP-1c F, 5�-GGAGCCATGGATTGCACATT-3� R, 5�-GGCCCGGGAAGTCACTGT-3�
FAS F, 5�-GTAAGTTCTGTGGCTCCAGAG-3� R, 5�-GCCCTCCCGTACACTCACTC-3�
ACC F, 5�-AGGAAGATGGCGTCCGCTCTG-3� R, 5�-GGTGAGATGTGCTGGGTCAT-3�R
CPT1a F, 5�-GAACCCCAACATCCCCAAAC-3� R, 5�-TCCTGGCATTCTCCTGGAAT-3�
MCAD F, 5�-AACACTTACTATGCCTCGATTGCA-3� R, 5�-CCATAGCCTCCGAAAATCTGAA-3�
PPAR� F, 5�-ACAAGGCCTCAGGGTACCA-3� R, 5�-GCCGAAAGAAGCCCTTACAG-3�

PCR primers used for gene and
promoter amplification

FOXP1 gene F, 5�-ATGATGCAAGAATCTGGGTCTGAG-3�;
F, 5�-AGATCTCCACCATGATGCAAGAATCTG-3�

R, 5�-CCATGTCCTCATTTACTGGTTCGTC-3�;
R, 5�-CTCGAGTCACTTGTCATCGTCATCCTTGTAGTCCTCCATGTCCTCAT-3�

G6PC-922 F, 5�-ACGCGTAGACATGAGGCCAATACCAGG-3�
G6PC-300 F, 5�-ACGCGTACTCTGTCCTGTGTCTCTGG-3�
G6PC-133 F, 5�-ACGCGTCATCAACCTACTGGTGATGC-3� R, 5�-AGATCTTTCCTTGGCACCTCAGGAAG-3�
PEPCK promoter F, 5�-GATCCGGAGAAATCCCTGCCCTCA-3� R, 5�-GATCCGAAGGGAGATCCACAGGTT-3�
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glucose, L-glutamine, and phenol red (MACGENE Biotech) for
2 h. Medium was collected and subjected to glucose measure-
ment using the Amplex Red Glucose/Glucose Oxidase Assay
Kit (Applygen Technologies). Cells were lysed, and the protein
concentration was determined for each lysate. The glucose out-
put rate was normalized by cellular protein content.

Co-immunoprecipitation (Co-IP) Experiments—HEK293A
cells or liver tissues were lysed in RIPA lysis buffer. The cellular
extract was incubated with primary antibodies overnight at 4 °C
followed by treatment with protein G-agarose beads for 2 h.
The immunoprecipitates were washed with lysis buffer 5 times,
and boiled for 5 min in SDS-PAGE sample buffer. The eluted
proteins were immunoblotted with indicated antibodies. The
antibodies include FLAG (Sigma), HA (Sigma), FOXO1A
(Abcam), and FOXP1 (Abcolonal).

GST Pulldown Assay—GST-FOXP1 fusion protein was
expressed in BL21(DE3) strain of Escherichia coli using the
pGEX-4T-1 vector. GST fusion protein was purified with glu-
tathione-Sepharose 4B (GE Healthcare Life Sciences). HA-
tagged FOXO1 plasmid was transfected into HEK293A cells
using VigoFect (Vigorous Biotechnology Beijing Co.), whole
cell lysate was collected and mixed with purified glutathi-
one Sepharose-bound GST-FOXP1 overnight at 4 °C with gentle
rocking. The glutathione-Sepharose beads were washed five
times with lysis buffer, and subjected to SDS-PAGE, and immu-
noblotted using antibodies against HA tag.

ChIP Assay—Hepatocytes isolated from C57BL/6J mice were
infected with adenoviruses for 24 h, then the cells were treated
with RPMI1640 medium plus Dex and Fsk for 2 h. Liver tissues
isolated from C57BL/6J and db/db mice were snipped into
small pieces. Cells and tissue pieces were lysed and sonicated as
previously described (23). The protein-DNA complexes were
co-immunoprecipitated with antibodies: anti-FOXO1A (Abcam),
anti-FLAG (Sigma), anti-FOXP1 (Abcam), or control IgG. The
DNA fragments were subjected to Real-time PCR with the
following primers: PEPCK, 5�-GAGGCCTCCCAACATT-
CAT-3�, and 5�-CGCTGAGCGCCTTGCCGGA-3�; G6PC, 5�-
GTCAAGCAGTGTGCCCAAGTTA-3� and 5�-TGTGCCTT-
GCCCCTGTTTTATATG-3�.

EMSA—The EMSAs were performed as previously described
(23). The biotin-labeled oligonucleotides corresponding to
FOXO1 binding sites of the G6PC promoter were synthesized:
5�-CGATCAGGCTGTTTTTGTGTGCCTGTTTTTCTATT-
TTACGTA-3�.

Statistical Analysis—Data represent the mean � S.D. values
of three independent duplicate experiments. Statistical analysis
was performed with Student’s t test (*, p � 0.05; **, p � 0.01).

Study Approval—All animal experiments were conducted
according to procedures approved by the Institutional Animal
Care and Use Committee, Chinese Academy of Medical Sci-
ence, and Peking Union Medical College.

Results

Hepatic FOXP1 Is Dysregulated in Diabetic Mice—FOXO1 is
a well known transcription factor regulating hepatic gluconeo-
genesis. However, whether and how other members of FOX
family regulate hepatic gluconeogenesis is largely unclear. To
better understand the mechanisms regulating hepatic gluco-

neogenesis, we systematically investigated the expression of the
FOX family under pathophysiological status. We found that the
mRNA levels of FOXP1, a transcriptional repressor, are signif-
icantly decreased in the livers of db/db and ob/ob mice com-
pared with wild type control mice. Correspondingly, its protein
levels are also lower in diabetic mice (Fig. 1A). Consistent with
a previous report (1), expression levels of PGC-1� and gluco-
neogenic genes, including PEPCK and G6PC, are up-regulated
in db/db mouse liver (Fig. 1A). Taken together, these findings
suggest a correlation between hepatic FOXP1 levels and
gluconeogenesis.

FOXP1 Suppresses the Gluconeogenic Program in Primary
Hepatocytes—To test the functional significance of FOXP1
expression in the gluconeogenic program in vitro, we first gen-
erated a recombinant adenovirus expressing FOXP1 (Ad-
FOXP1). Adenovirus-mediated expression of FOXP1 in pri-
mary mouse hepatocytes significantly inhibited the expression
of PGC-1�, PEPCK, and G6PC in the absence or presence of Fsk
and Dex (Fig. 1, B and C). Consistent with the finding that
FOXP1 inhibits the gluconeogenic program in hepatocytes,
overexpression of FOXP1 by Ad-FOXP1 infection markedly

FIGURE 1. FOXP1 regulates cellular glucose production in primary hepa-
tocytes. A, real-time PCR analysis of FOXP1, G6PC, PEPCK, and PGC-1� expres-
sion levels in the liver of db/db mice (top panel), and FOXP1 expression level in
the liver of ob/ob mice (middle panel) and their control mice. Western blotting
analysis of FOXP1 protein amounts in the liver of db/db, ob/ob, and C57BL/6J
mice (bottom panel). (n � 6 each group). B, Western blotting analysis of FOXP1
protein amounts in primary mouse hepatocytes infected with Ad-GFP or Ad-
FOXP1 in the presence/absence of Dex and Fsk. C, real-time PCR analysis of
G6PC, PEPCK, and PGC-1� expression levels in primary mouse hepatocytes
treated as in B. D, measurement of cellular glucose output in primary mouse
hepatocytes infected with Ad-GFP or Ad-FOXP1 in the presence of Dex and
Fsk. Results are presented as mean � S.D. of triplicate experiments. *, p �
0.05; **, p � 0.01.
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reduced glucose production in primary mouse hepatocytes
(Fig. 1D).

FOXP1 Inhibits Hepatic Gluconeogenesis in Vivo—Given the
dramatic effects of FOXP1 on the expression of PEPCK and
G6PC in primary hepatocytes, we sought to examine the effect
of FOXP1 gain-of function on glucose metabolism in vivo. Tail
vein injection of Ad-FOXP1 into C57 BL/6J mice led to an mod-
est increase in the FOXP1 expression levels in the liver (Fig. 2, A
and B), but did not affect FOXP1 expression in the other tissues
examined, including muscle and abdominal white adipose tis-
sue (data not shown). Consistent with the results from primary
hepatocytes, the expression levels of gluconeogenic genes,
including PEPCK and G6PC, were decreased in the livers of
Ad-FOXP1-injected mice (Fig. 2, A and B). As a result, Ad-
FOXP1-infected mice had significantly lower fasting plasma
glucose levels compared with control adenovirus Ad-GFP-
treated mice (Fig. 2, C and D). Moreover, we also examined the
blood glucose levels in mice following the intraperitoneal injec-
tion of sodium pyruvate. The PTT confirmed that hepatic glu-
coneogenesis was decreased in Ad-FOXP1-infected mice (Fig.
2E), indicating that the decrease in hepatic gluconeogenesis
contributes to the lower glucose levels. Additionally, the GTTs
indicated that hepatic overexpression of FOXP1 caused a sig-
nificant enhancement in glucose excursion after glucose chal-
lenge (Fig. 2F). However, overexpression of FOXP1 did not sig-
nificantly influence the expression of genes involved in
lipogenesis (SREBP-1c, FAS, and ACC) or fatty acid oxidation
(PPAR�, MCAD, and CPT1a) (data not shown). Correspond-
ingly, Ad-FOXP1 infection did not markedly affect hepatic trig-
lyceride (TG) levels (Table 2). In addition, hepatic FOXP1 over-
expression caused no major differences in body weight, serum
cholesterol, or TG levels (Table 2).

FOXP1 Rescue in Diabetic Mouse Livers Alleviates Hyper-
glycemia—Given that insulin resistance associated with the
metabolic syndrome leads to FOXO-dependent increases in
hepatic gluconeogenesis (6, 13) and that FOXP1 has the ability

to inhibit hepatic gluconeogenesis and lower plasma glucose in
normal mice, we next explored the therapeutic potential of this
transcription repressor for diabetic mice. We hypothesized that
decreased FOXP1 expression may contribute to hyperglycemia
in mouse models of diabetes and FOXP1 rescue would be suf-
ficient to restore glucose homeostasis. To test this hypothesis,
we performed FOXP1 genetic reconstitution experiments in
db/db mouse model. Injection of db/db mice with Ad-FOXP1
also led to an increase in FOXP1 expression in liver, subse-
quently reducing expression of gluconeogenic genes (Fig. 3, A
and B) and lowering fasting blood glucose levels compared with
the control Ad-GFP-infected db/db mice (Fig. 3, C and D). To
further characterize this response, we performed PTT and GTT
experiments on these mice. As a result, the PTT demonstrated
that de novo hepatic glucose production was also reduced in
Ad-FOXP1-treated db/db mice (Fig. 3E). Adenovirus-mediated
overexpression of FOXP1 in db/db mouse liver improved glu-
cose intolerance, as indicated by GTT experiments (Fig. 3F).
Overexpression of FOXP1 in db/db mice did not significantly
affect body weight, ratio of liver weight to body weight, or cir-
culating free fatty acid compared with Ad-GFP-infected db/db
control mice (Table 3). However, FOXP1 overexpression sig-
nificantly reduced hepatic TG and serum cholesterol levels
(Table 3). Similar suppressive effects of FOXP1 on hepatic glu-

FIGURE 2. Overexpression of FOXP1 in the liver of C57BL/6J mice inhibits hepatic gluconeogenesis. Male C57BL/6J mice were injected with Ad-GFP of
Ad-FOXP1 as described under “Experimental Procedures.” 5–7 days after infection, mice were sacrificed and plasma and liver tissues were collected for further
analysis. A, real-time PCR analysis of mRNA levels of FOXP1, PEPCK, and G6PC in the liver of Ad-GFP or Ad-FOXP1-injected C57BL/6J mice (n � 7 each group). B,
Western blotting analysis of protein levels of FOXP1, PEPCK, and �-Tubulin in the liver of Ad-GFP or Ad-FOXP1-injected C57BL/6J mice (n � 7 each group). C and
D, blood glucose levels of 6-h fasted (C) and 16-h fasted (D) C57BL/6J mice on day 5 after injection with the indicated adenovirus (n � 7 each group). E, pyruvate
tolerance test (n � 7 each group). F, glucose tolerance test (n � 7 each group). *, p � 0.05; **, p � 0.01, mice injected with Ad-GFP versus mice injected with
Ad-FOXP1.

TABLE 2
Metabolic characteristics of 7-day-treated C57BL/6J mice with adeno-
virus Ad-GFP (control) or Ad-FOXP1
Data are mean � S.D. (n � 7 per group).

Ad-GFP Ad-FOXP1

Parameters
Body weight (g) 23.18 � 0.72 21.81 � 1.68
Liver/body weight (�100) 5.04 � 0.43 5.29 � 0.31

Blood parameters
Triglyceride (mg/dl) 29.42 � 2.50 27.54 � 0.88
Cholesterol (mg/dl) 92.26 � 8.01 91.56 � 6.84

Liver parameter
Triglyceride (mg/g) 16.48 � 4.00 16.22 � 4.24
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coneogenesis were observed in DIO mice (Fig. 4). Additionally,
hepatic overexpression of FOXP1 in DIO mice also decreased
hepatic TG and serum cholesterol levels (Table 4). Taken
together, our data reveal that increasing the expression levels of
hepatic FOXP1 in the liver is able to suppress hepatic gluconeo-
genesis in diabetic mice, thus reducing blood glucose levels and
improving glucose intolerance.

FOXP1 Physically Interacts with FOXO1 in Vivo—Certain
Forkhead factors have been shown to regulate gene expression
as Forkhead heterodimers. For example, FOXG1 abolishes the
FOXO-mediated induction of cell proliferation inhibitor P21
expression through the direct binding to FOXOs in vivo, acting
as an antagonist of FOXO1 (24). This fact promoted us to
explore the possibility that FOXP1 and FOXO1 may also form a
complex in vivo. To this end, we transiently expressed FLAG-
tagged FOXP1 and HA-tagged FOXO1 in HEK293 cells. Sub-
sequently the transfected cells were lysed and subjected to
immunoprecipitation. As a result, we observed that FOXP1
immunoprecipitation can also pull down FOXO1 (Fig. 5A),
indicating that these two proteins are able to interact in vivo. In
addition, we also tested whether they physically associate in
intact liver. As expected, FOXO1 immunoprecipitation can
also pull down FOXP1 in db/db mouse livers (Fig. 5B).

To further confirm the direct physical interaction between
FOXP1 and FOXO1, we used an in vitro interaction assay with

recombinant glutathione S-transferase-FOXP1 fusion protein
(GST-FOXP1) containing amino acids 145– 663 of FOXP1 (Fig.
5C), consisting of a glutamine-rich domain, a zinc finger, a leu-
cine zipper, and a forkhead domain (25). Our GST pulldown
assay indicates that recombinant FOXP1 proteins can directly
interact with FOXO1 and an internal fragment of FOXP1
(amino acid 145– 663) mediates its interaction with FOXO1
(Fig. 5C). These results suggest that FOXP1, like FOXG1, may
act as antagonist of FOXO1 through direct binding to FOXO1
to form heterodimers, blocking FOXO1 activity on regulating
expression of gluconeogenic genes.

FOXP1 Competes with FOXO1 for Binding to Promoter of
Gluconeogenic Gene—As FOXP1 and FOXO1 share a highly
conserved DNA-binding domain, they recognize and bind to
the same DNA-binding motif of target genes (26). FOXO1 has
been shown to activate expression of PEPCK and G6PC
through direct binding to IRE mapped in the promoters of these
target genes (27, 28). However, in contrast to FOXO1, FOXP1
acts as a transcriptional repressor (14, 29). These data led us to
hypothesize that FOXP1 may exert its inhibitory effects on glu-
coneogenic genes through competing with FOXO1 for direct
binding to IRE of these genes, in addition to interaction with
FOXO1 mentioned above. To test this hypothesis, we first per-
formed a promoter-luciferase reporter gene assay in HepG2
cells. The promoter fragments of G6PC were cloned and fused
to a luciferase reporter gene (referred to as G6PC-922-Luc).
Transfection of the FOXP1 expression plasmid alone into
HepG2 cells significantly inhibits the activity of G6PC-922-Luc.
In contrast, transfection of the FOXO1 expression plasmid
alone caused an �4-fold activation of G6PC-922-Luc. More-
over, cotransfection of FOXP1 plasmid abolished the stimulatory
effects of FOXO1 on activity of G6PC-922-Luc (Fig. 6A), suggest-
ing that FOXP1 and FOXO1 exert the opposite effects on the tran-
scription of this gluconeogenic gene. To map the cis-acting region
that mediates the FOXP1 inhibition of G6PC promoter-reporter
gene activity, we performed cotransfection experiments with
reporter constructs harboring serial deletions at the 5�-end of the

FIGURE 3. Overexpression of FOXP1 in the liver of db/db mice alleviates hyperglycemia. Male db/db mice were injected with Ad-GFP of Ad-FOXP1 as
described under “Experimental Procedures.” A, real-time PCR analysis of mRNA levels of FOXP1, PEPCK, G6PC, and PGC-1� in the liver of Ad-GFP or Ad-FOXP1-
injected db/db mice (n � 6 each group). B, Western blotting analysis of protein levels of FOXP1, PEPCK, and �-Tubulin in the liver of Ad-GFP or Ad-FOXP1-
injected db/db mice (n � 6 each group). C and D, blood glucose levels of 6-h fasted (C) and 16-h fasted (D) db/db mice on day 5 after injection with the indicated
adenovirus (n � 6 each group). E, pyruvate tolerance test (n � 6 each group). F, glucose tolerance test (n � 6 each group). *, p � 0.05; **, p � 0.01, mice injected
with Ad-GFP versus mice injected with Ad-FOXP1.

TABLE 3
Metabolic characteristics of 7-day treated db/db mice with adenovirus
Ad-GFP (control) or Ad-FOXP1
Data are mean � S.D. (n � 6 per group).

Ad-GFP Ad-FOXP1

Parameters
Body weight (g) 45.30 � 1.99 42.88 � 2.28
Liver/body weight (�100) 5.39 � 0.34 5.42 � 0.19

Blood parameters
Cholesterol (mg/dl) 148.90 � 5.16 106.32 � 9.15a

Triglyceride (mg/dl) 27.09 � 8.85 39.58 � 8.91a

Free fatty acid (mM) 1.55 � 0.11 1.44 � 0.12
Liver parameter

Triglyceride (mg/g) 61.41 � 8.14 37.25 � 10.66a

a p � 0.01.
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G6PC promoter. Our results indicate that IRE (�186 bp to �158
bp) in the G6PC promoter is essential for FOXP1-mediated inhi-
bition of its transcription (Fig. 6B). We also studied the effects of

FOXP1 on activity of the PEPCK promoter-reporter gene and
obtained similar results (Fig. 6A).

To determine whether FOXP1 directly binds to IRE identi-
fied in the G6PC gene promoter in vitro, we performed electro-
phoretic mobility shift assays. As expected, FOXO1 proteins, as
a positive control, reacted with the labeled oligonucleotide
probes, resulting in shifted bands (Fig. 6C). Like FOXO1,
FOXP1 proteins also bound to the labeled probe (Fig. 6C), indi-
cating that FOXP1 can directly bind to IRE in the promoter of
gluconeogenic gene.

To examine whether FOXP1 proteins may be recruited to the
promoter region of these gluconeogenic genes, we performed
chromatin immunoprecipitation (CHIP) assays. To this end,
mouse primary hepatocytes were isolated and infected with
adenoviruses expressing FLAG-tagged FOXP1 and FOXO1 (as
a positive control). As expected, the PEPCK and G6PC pro-
moter fragments containing the IRE could be amplified from
the precipitates obtained when using FOXO1-specific anti-
body, but not when using normal mouse immunoglobulin G
(IgG; negative control) in cells infected with Ad-FOXO1 (Fig.
6D, top panel). Likewise, FOXP1 proteins also bound the same
promoter regions of PEPCK and G6PC genes (Fig. 6D, bottom
panel). Notably, recruitments of FOXO1 to promoters of glu-
coneogenic genes were markedly decreased by co-expression of
FOXP1 in primary hepatocytes (Fig. 6E). Consistent with this
effect, overexpression of FOXP1 completely blocked FOXO1
induction of the G6PC expression in primary hepatocytes (Fig.
6F). These data support the notion that FOXP1 can compete
with FOXO1 for binding to promoters of gluconeogenic genes
and inhibit their expression as a transcriptional repressor.

Finally, we explored whether endogenous FOXP1 proteins
bind to the promoter region of gluconeogenic genes in
mouse livers. Our ChIP results confirmed that and showed
less endogenous FOXP1 protein amount associated with
these promoters in liver of db/db mice compared with wild
type mice (Fig. 6G).

FIGURE 4. Overexpression of FOXP1 in the liver of DIO mice inhibits hepatic gluconeogenesis and improves glucose intolerance. Male DIO mice were
injected with Ad-GFP of Ad-FOXP1 as described under “Experimental Procedures.” A, real-time PCR analysis of mRNA levels of FOXP1, PEPCK, G6PC, and PGC-1�
in the liver of Ad-GFP or Ad-FOXP1-injected DIO mice (n � 6 each group). B, Western blotting analysis of protein levels of FOXP1, PEPCK, and �-Tubulin in the
liver of Ad-GFP or Ad-FOXP1 injected DIO mice (n � 6 each group). C, fasting (6 h) blood glucose levels of DIO mice on day 5 after injection with the indicated
adenovirus (n � 6 each group). D, pyruvate tolerance test (n � 6 each group). E, glucose tolerance test (n � 6 each group). *, p � 0.05; **, p � 0.01, mice injected
with Ad-GFP versus mice injected with Ad-FOXP1.

FIGURE 5. FOXP1 physically interacts with FOXO1 in vivo and in vitro. A,
immunoblotting (IB) of HA and FLAG in FLAG immunoprecipitates (IP) from
HEK293A cells expressing FLAG-tagged FOXP1 and HA-tagged FOXO1. B,
immunoblotting of FOXO1 and FOXP1 in FOXO1 immunoprecipitates from
liver tissue of db/db mice infected with Ad-FOXP1. C, GST pulldown experi-
ments with anti-HA antibody as described under “Experimental Procedures”
(left panel). Schematic representation of the FOXP1 protein is shown with the
various functional domains indicated (right panel). GST-FOXP1 (amino acids
145– 653) contains a zinc finger (amino acids 338 –361), a leucine zipper
(amino acids 378 – 403), a forkhead domain (amino acids 495–578).

TABLE 4
Metabolic characteristics of 7-day treated DIO mice with adenovirus
Ad-GFP (control) or Ad-FOXP1
Data are mean � S.D. (n � 6 per group).

Ad-GFP Ad-FOXP1

Parameters
Body weight (g) 48.65 � 5.59 43.60 � 5.56
Liver/body weight (100�) 13.86 � 1.12 14.10 � 1.09

Blood parameters
Cholesterol (mg/dl) 144.06 � 5.15 130.23 � 8.30a

Triglyceride (mg/dl) 63.12 � 15.64 37.32 � 8.31b

Free fatty acid (mM) 1.03 � 0.11 0.93 � 0.44
Liver parameter

Triglyceride (mg/g) 86.84 � 15.24 63.60 � 8.56a

a p � 0.05.
b p � 0.01.
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In addition, we found that hepatic FOXP1 protein levels are
dynamically regulated in normal mice by the nutritional status
and its expression levels are higher under feeding conditions
compared with fasting status (data not shown). Based on these
data, we propose a model of the mechanism of FOXP1 action on
hepatic gluconeogenesis (Fig. 7). In this model, FOXP1 regu-
lates expression of gluconeogenic genes by a two-pronged
mechanism. On one hand, FOXP1 can directly interact with
FOXO1 in vivo, blocking a limited pool of FOXO1 binding to
promoter of gluconeogenic genes to activate their transcrip-
tion. On the other hand, FOXP1, as a transcription repressor,
can compete with FOXO1 for binding to IRE of gluconeogenic
genes, thereby inhibiting expression of these genes and hepatic
gluconeogenesis. Under certain pathophysiological conditions
(insulin resistance and diabetes), FOXP1 protein levels
decrease, allowing FOXO1 binding to gluconeogenic genes,

contributing to hepatic glucose production. However, under
the feeding condition, FOXP1 expression is increased, blocking
FOXO1 activity on hepatic gluconeogenesis and maintaining
glucose homeostasis.

Discussion

FOXO1 has a well defined role in the regulation of hepatic
gluconeogenesis and this transcription factor exerts its func-
tion by binding to the consensus sequence of IRE, T(G/
A)TTT(T/G)(G/T), in the promoters of PEPCK and G6PC
genes (8).

Members of the FOX family share a highly conserved DNA-
binding domain. In this study we found that FOXP1 can bind to
IRE in the promoters of PEPCK and G6PC in vitro and in vivo.
In addition, we show that FOXP1 competes with FOXO1 for
binding IRE to modulate expression of these gluconeogenic

FIGURE 6. FOXP1 antagonizes activity of FOXO1 on regulation of gluconeogenic genes expression through direct binding to IRE. A and B, luciferase
reporter gene assay. A, the G6PC 922-bp and PEPCK promoter-driven luciferase constructs were cotransfected into HepG2 cells, together with pcDNA4 (control)
or FOXP1 expression plasmid in the presence/absence of FOXO1 expression plasmid. B, a series of truncated G6PC promoters fused to the luciferase reporter
gene were cotransfected into HepG2 cells, together with pcDNA4 (control) or FOXP1 expression plasmids. C, EMSA analysis of HEK293A cells transfected with
FOXO1 or FOXP1 expression constructs. The protein extract was incubated with biotin-labeled DNA fragments encompassing IRE of G6PC promoter or cold
probe. D, ChIP analysis on primary mouse hepatocytes infected with adenovirus overexpressing FOXO1 and assessed for FOXO1 occupancy on G6PC or PEPCK
promoters (top panel). ChIP analysis on primary mouse hepatocytes were infected with adenovirus overexpressing FLAG-tagged FOXP1 and assessed for
FOXP1 occupancy on G6PC or PEPCK promoters (bottom panel). E, ChIP analysis on primary mouse hepatocytes infected with Ad-FOXO1 in the presence/
absence of Ad-FOXP1, and assessed for FOXO1 occupancy on G6PC promoter. F, Western blotting analysis of FOXP1, FOXO1 protein amounts (left panel), and
real-time PCR analysis of the G6PC mRNA level (right panel) in primary mouse hepatocytes infected with Ad-GFP or Ad-FOXP1 in the presence/absence of
Ad-FOXO1 following a 2-h treatment with Dex and Fsk. G, ChIP analysis on liver tissues of C57BL/6J and db/db mice, and assessed for endogenous FOXP1
occupancy on G6PC (top panel) or PEPCK promoter (bottom panel). Results are presented as mean � S.D. of 3 replication experiments. *, p � 0.05; **, p � 0.01.

FOXP1 Regulates Hepatic Gluconeogenesis

DECEMBER 18, 2015 • VOLUME 290 • NUMBER 51 JOURNAL OF BIOLOGICAL CHEMISTRY 30613



genes. In contrast to FOXOs, which activates target genes,
FOXP1 acts as a transcriptional repressor and its repressive
function is mediated by the recruitment of specific chromatic
modifying proteins, including histone deacetylases (14). We
speculated that FOXP1 may also recruit these proteins to the
promoters of gluconeogenic genes, decreasing histone acetyla-
tion levels and inhibiting expression of these genes. Further
studies are required as confirmation. Of note, whereas we
showed that overexpression of FOXP1 in primary hepatocytes
inhibited expression of gluconeogenic genes and lowered the
glucose concentration in the media (Fig. 1, C and D), we cannot
rule out the possibility that FOXP1 may also affect glycogenol-
ysis of hepatocytes, thereby contributing to the difference in
glucose levels in the media. In addition to directly binding to
and activating its target gene, FOXO1 can also regulate tran-
scriptional responses via a DNA binding-independent action. It
has been demonstrated that FOXO1 can associate with various
unrelated transcription factors, regulating activation or repres-
sion of diverse target genes (30). Puigserver et al. (7) previously
showed that FOXO1 physically interacts with PGC-1�, syner-
gistically stimulating expression of gluconeogenic genes, and
insulin regulates PGC-1� function through inactivating
FOXO1 activity. In this study our co-IP assay and GST pull-
down experiment suggest that FOXP1 and FOXO1 can directly
interact and form a complex in vivo. The internal fragment of
FOXP1 used in the GST pulldown assay contains a glutamine-
rich domain, a zinc finger, a leucine zipper, and a forkhead
domain. Thus, FOXP1 may physically interact with FOXO1,
preventing the limited pool of FOXO1 binding to IRE of gluco-
neogenic genes. However, it remains unclear which domain of
FOXO1 is responsible for interaction with FOXP1. Further
studies are needed to answer this question.

Although our FOXP1-overexpressing mouse model some-
what phenocopies FOXO1-deficient mice, we did not observe
marked glycemic phenotype in C57BL/6J mice with hepatic
FOXP1 knockdown (data not shown). One possible interpreta-
tion of these data is that the organism can cope with FOXP1
deficiency due to a compensatory effect of some factors in
either the liver or other tissues. Notably, FOXP1 inhibits the
expression of gluconeogenic genes by a two-pronged mecha-
nism wherein FOXP1 can directly interact with FOXO1, block-
ing FOXO1 binding to the promoter of gluconeogenic genes;
meanwhile FOXP1, as a member of Forkhead family of tran-

scription factors, can compete with FOXO1 to bind IRE of glu-
coneogenic genes, thereby inhibiting expression of these genes
and hepatic gluconeogenesis. In fact, similar outcomes have
been observed upon deletion of other transcription factors or
cofactors that participate in hepatic gluconeogenesis. For
example, PGC-1� is proposed to be a master regulator of
hepatic gluconeogenesis, activating an entire program of key
gluconeogenic enzymes, including PEPCK and G6PC, through
coactivating hepatocyte nuclear factor 4 (HNF4) and FOXO1
(1, 7). However, ablation of PGC-1� did not markedly affect
gluconeogenesis in vivo and this phenotype has been ascribed
to the compensatory increase of C/EBP� (31, 32).

FOXO1 also plays a role in regulating hepatic lipid homeo-
stasis. Transgenic mice with FOXO1 overexpression in liver
display increased hepatic TG content, resulting from enhanced
SREBP-1 expression and hepatic lipogenesis (33). Similarly,
adenoviral delivery of constitutively nuclear FOXO1 to mouse
liver results in steatosis because of increased TG synthesis and
decreased fatty acid oxidation (16). In this study we show that
overexpression of FOXP1 decreased the hepatic TG contents in
db/db and DIO mice. However, we did not observe inhibitory
effects of FOXP1 on TG levels in normal C57BL/6J mouse liv-
ers. Moreover, FOXP1 overexpression in db/db mouse livers
reduced blood cholesterol level, but increased blood TG levels,
which are not consistent with that in DIO and normal mice
(Tables 2– 4), reflecting the genetic difference of mouse models.
Further studies are needed to clarify the molecular mechanism
underlying FOXP1-mediated changes in hepatic or serum TG
and cholesterol levels in different mouse models.

Under certain pathophysiological conditions, such as insulin
resistance and diabetes, hepatic FOXP1 expression is de-
creased, implying that FOXP1 may be involved in these pro-
cesses. Decreased FOXP1 expression may be a contributing
factor for increased hepatic gluconeogenesis in the insulin re-
sistance state. The anti-diabetic drug metformin is proposed to
act through the suppression of hepatic glucose production,
although its action mechanism remains unclear. Thus, the sup-
pression of gluconeogenesis is feasible for treatment of diabe-
tes. In summary, our study provides a novel therapeutic target
for treatment of type 2 diabetes, and small molecules that
induce increases in FOXP1 levels may have the potential for
treatment of this disease.

FIGURE 7. Proposed model of FOXP1-mediated repression of hepatic gluconeogenesis. Under pathophysiological conditions (left panel) FOXP1 expression
levels were decreased, allowing FOXO1 binding to IRE of gluconeogenic genes, subsequently activating their expression. However, under the feeding
condition (right panel), increased FOXP1 proteins directly bind to IRE in the promoters of gluconeogenesis genes occupied by FOXO1 or physically interacts
with FOXO1, preventing FOXO1 binding, thereby inhibiting expression of hepatic gluconeogenic genes.
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