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The current studies show FGF15 signaling decreases hepatic
forkhead transcription factor 1 (FoxO1) activity through phos-
phatidylinositol (PI) 3-kinase-dependent phosphorylation. The
bile acid receptor FXR (farnesoid X receptor) activates expres-
sion of fibroblast growth factor (FGF) 15 in the intestine, which
acts through hepatic FGFR4 to suppress cholesterol-7a hydrox-
ylase (CYP7A1) and limit bile acid production. Because FoxO1
activity and CYP7A1 gene expression are both increased by fast-
ing, we hypothesized CYP7A1 might be a FoxO1 target gene.
Consistent with recently reported results, we show CYP7Al is a
direct target of FoxO1. Additionally, we show that the PI 3-ki-
nase pathway is key for both the induction of CYP7A1 by fasting
and the suppression by FGF15. FGFR4 is the major hepatic FGF
receptor isoform and is responsible for the hepatic effects of
FGF15. We also show that expression of FGFR4 in liver was
decreased by fasting, increased by insulin, and reduced by strep-
tozotocin-induced diabetes, implicating FGFR4 as a primary
target of insulin regulation. Because insulin and FGF both target
the PI 3-kinase pathway, these observations suggest FoxO1 is a
key node in the convergence of FGF and insulin signaling path-
ways and functions as a key integrator for the regulation of glu-
cose and bile acid metabolism.

Hepatic cholesterol is converted to bile acids, secreted into the
gallbladder, and during a meal is released into the small intestine to
enhance digestion and absorption of dietary lipids and fat-soluble
vitamins. The majority of the bile acid pool (95%) is recycled back
to the liver, whereas the remaining 5% is eliminated through fecal
excretion (1, 2). This is an important route for the elimination of
excess cholesterol and underscores the importance that bile acids
play in regulating mammalian cholesterol metabolism. The initial
and rate-controlling step in the classic pathway for cholesterol
conversion into bile acids is catalyzed by cholesterol 7c-hydroxyl-
ase (CYP7A1).2 CYP7A1 regulation is primarily transcriptional,
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and expression of its gene is dynamically regulated by hormones
and metabolites (2— 6). Importantly, bile acids themselves regulate
CYP7A1 gene expression through a multicomponent negative
feedback pathway.

One of the molecular pathways for bile acid regulation is
initiated by the activation of the farnesoid X receptor (FXR)
responding directly to bile acid agonists (7). Ligand-activated
FXR directly binds to a site in the promoter for the small het-
erodimer partner (SHP) gene and induces expression of SHP
mRNA (8, 9). The translated SHP protein lacks the signature
nuclear receptor zinc finger DNA binding domain but uses its
conserved dimerization motif to form protein-protein contacts
with DNA bound activators, usually other nuclear receptors, to
inhibit or interfere with their activation potential (10, 11).

The first identified target for SHP repression was the
CYP7A1 promoter, and SHP was proposed to interfere with
activation by the DNA-bound monomeric liver receptor homo-
logue 1 (LRH-1) nuclear receptor (8, 9). However, hepatic
nuclear factor-4 (HNF-4), another nuclear receptor that stim-
ulates CYP7A1 (12, 13), is also a target for SHP repression as
well (14). Bile acids activate the JNK pathway, which may also
play an important role in inhibition of CYP7A1 gene expression
by a SHP-independent mechanism (15). Other kinase signaling
pathways have been implicated in regulating CYP7A1, but
mechanistic information is incomplete (16 —18).

More recently, FXR has been shown to activate expression of
both the human fibroblast growth factor (FGF) 19 in primary
cultures of human hepatocytes (19) and its mouse orthologue,
FGF15, in the intestine in response to bile acids (20). FGF15
along with FGF21 and FGF23 compose a subfamily of FGFs that
are regulated by nuclear receptors and function as metabolic
hormones. Although FGF15 regulates bile acid metabolism,
FGF21 has an important role in glucose metabolism, peroxi-
some proliferator-activated receptor-a-dependent activation
of fatty acid oxidation, ketogenesis, and growth hormone func-
tion (21-24), whereas FGF23 regulates phosphate metabolism
(25). Most FGFs require strong binding to cell surface heparin
sulfate proteoglycans to stabilize binding to their cognate FGF
receptor. However, these three metabolic FGF hormones do
not bind tightly to heparin sulfate; rather, they utilize one of two
distinct but related cell surface co-receptors called klotho or
B-klotho, apparently as co-receptors (26 —29).

FGF15 produced in the distal small intestine signals through
FGFR4 in hepatocytes to inhibit expression of the liver CYP7A1

nal kinase; PI, phosphatidylinositol; WT, wild type; GFP, green fluorescent
protein; g-PCR, quantitative real time RT-PCR.

VOLUME 284 -NUMBER 17+APRIL 24, 2009


http://www.jbc.org/cgi/content/full/M808747200/DC1

FGF15/FGFR4 Integrates Metabolism of Bile Acid and Glucose

gene, providing an intriguing example of tissue communication
in metabolic regulation (24). Another report demonstrated that
serum levels of FGF19 in humans are increased by bile acid
feeding and decreased by a bile acid sequestrant (30). Thus, it is
likely that FGF-dependent bile acid regulation is conserved
between rodents and humans.

FXR and bile acids have been implicated as integrated regu-
lators of bile acid and glucose metabolism (31, 32). In support of
this connection, we found that CYP7A1 was induced by fasting
and during streptozotocin induced diabetes (33), two stressful
metabolic conditions where insulin signaling and glucose
metabolism are compromised. More recently, other reports
have also revealed an important role for bile acids in glucose
metabolism (34, 35).

Insulin has long been known to inhibit CYP7A1 (6, 36), but
the mechanism has not been fully revealed. Insulin binding to
its cell surface receptor initiates a signaling cascade through the
PI 3-kinase pathway, resulting in phosphorylation and activa-
tion of the serine/threonine protein kinase Akt. Akt in turn
phosphorylates forkhead transcription factor 1 (FoxO1l) on
three key residues, Thr-24, Ser-253, and Ser-316, converting
FoxO1 from a predominantly nuclear to a predominantly cyto-
plasmic location, rendering it unable to activate its nuclear tar-
get genes (37—42).

This redistribution and inhibition of FoxOl occurs in
response to insulin and other nutrient and growth signals that
activate the PI 3-kinase pathway in many tissues and cell types
including liver (42—45). Overall, nuclear localization and acti-
vation of FoxOl is associated with stressful conditions, which
in the liver occurs during fasting (43). Key hepatic FoxO1 target
genes include phosphoenolpyruvate carboxykinase (PEPCK)
and glucose-6-phosphatase (46 —48) that encode key gluconeo-
genic enzymes, which are turned on to produce glucose when
serum levels are low and insulin signaling is compromised.

Signaling through both insulin and FGF target the PI 3-ki-
nase pathway (38, 40, 42, 49), and both inhibit CYP7A1.
Because FoxOl1 is negatively regulated by PI 3-kinase signaling
and both FoxOl and CYP7A1l are induced by fasting, we
hypothesized that FoxO1 might be involved in the negative reg-
ulation of CYP7A1. Here, we show that FoxO1 directly regu-
lates CYP7A1 gene expression and that, similar to insulin,
FGF15/19 signaling leads to a PI 3-kinase-dependent phos-
phorylation and inhibition of FoxO1 in mice and in cultures
of primary hepatocytes. Thus, FoxOl is at a critical junction
in hepatic physiology where it links bile acids with glucose
metabolism.

EXPERIMENTAL PROCEDURES

Plasmids—The rat pGL3R7«-342 has been described previ-
ously (a gift from Dr. G. Gil, Virginia Commonwealth Univer-
sity) (50). Point mutations were introduced into putative
FoxO1l binding sites designated FoxO1/1 or FoxO1/2 by
QuikChange site-directed mutagenesis (Stratagene) to gener-
ate pGL3R7a-342/M1, pGL3R7a-342/M2, pGL3R7a-342/M1
and -2, and pGL3R7«-228/M1. The following primers were
used: M1, 5'-CTAGTAGGAGGACAAATAGTGGGTGCTT-
TGGTCACTCAAGTTCA-3'; M2, 5'-TGACAGATGTGC-
TCATCTGGGTACTTCTTTTTCTACACACAG-3'.
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pGL3R7-228 was constructed by PCR-based amplification
using the following primers: forward primer, 5'-ATGTTAT-
GTCAGCACATGAGG-3'; reverse primer, 5'-AAAAGCAG-
GAAAATTTCCAAAGG-3'. The PCR product was digested
with Sstl and HindIIl, which were added to the forward and
reverse primers, respectively, for cloning purpose and inserted
into the Sstl and HindlIII sites of pGL3-basic. The human
CYP7A1 promoter construct ph-371/+24-Luc (36) was
obtained from Dr. J. Chiang (Northeastern Ohio University).

Cytomegalovirus-SHP was a gift from Dr. D. Mangelsdorf
(University of Texas Southwestern Medical Center). FLAG-
FoxO1/WT, FLAG-FoxO1/TSS, and TK-IRS3 were gifts from
Dr. T. Unterman (University of Illinois College of Medicine).
pCMV6-Akt-WT and pCMV6-Akt-K179M were provided by
T. Franke (Columbia University) through Dr. D. Fruman (Uni-
versity of California, Irvine, CA).

Cell Culture and Transient Transfection Assay—HepG2 cells
were maintained in minimum essential medium supplemented
with 10% fetal bovine serum at 37 °C and 5% CO,. Transient
transfection was performed by the calcium phosphate copre-
cipitation method as described (33). Values represent the mean
of duplicates = S.D. Each experiment was repeated at least
three times.

Animal Studies—All animal experiments were approved by
the Institutional Animal Care and Use Committee at UC Irvine
(protocol 97—1545). FoxO1%°*/f°x mijce expressing Cre recom-
binase under the al-antitrypsin promoter (51) were obtained
from Dr. D. Accili (Columbia University). These mice were
crossed, generating liver-specific FoxO1 knock-out mice (con-
firmed by PCR of genomic DNA as described (51)) and their
littermates, FoxO1%°*/1°* which were used as controls. These
mice are in the FVB/N strain. Fasting experiments were per-
formed with 8 —9-week-old male mice, as described below.

In other studies 4-week-old B6129 male mice were obtained
from Taconic and maintained on a 12-h light/dark cycle with
free access to food and water. The mice were allowed to adapt to
new environments for at least 1 week before experiments. At 8
weeks of age mice were fasted for 24 h, and all mice were sacri-
ficed at 8:00 a.m. (end of the dark cycle). Livers and ileums were
removed and frozen in liquid nitrogen and stored at —80 °C
until RNA was isolated.

For the induction of diabetes, 4-week-old 129SVE male mice
(Taconic) were treated with streptozotocin by intraperitoneal
injections (100 pug/g of body weight) daily for 3 days to induce
type I diabetes, as described previously (33). Mice were sacri-
ficed, and livers were processed as described above.

Overexpression of FGF15 or FoxOl A256 in mice was
achieved through adenoviral delivery. For this, recombinant
adenoviruses expressing either GFP, FGF15 (a gift from Dr. S.
Kliewer, University of Texas Southwestern Medical Center), or
FoxO1 A256 (a gift from D. Accili, Columbia University) were
first propagated in 293 cells and purified by CsCl gradient cen-
trifugation. A total of 1 X 10° plaque-forming units of each
adenovirus was administered into 8-week-old 129SVE male
mice (Taconic) by intravenous injection (4 animals in each
group). 7 days after adenovirus inoculation mice were sacrificed
for RNA and protein analysis. Where indicated, mice were
fasted before sacrifice as described above.
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Primary Mouse Hepatocyte Preparation—Primary mouse
hepatocytes were isolated from 7—-9-week-old C57BL/6 male
mice (The Jackson Laboratory) by liver collagenase perfusion as
described previously (52) with minor modifications. Briefly,
mice were anesthetized using a ketamine/xylazine mixture. The
liver was perfused with Earle’s balanced salt solution (EBSS)
(Invitrogen) supplemented with 0.5 mMm EGTA through the
cannulated portal vein at a flow rate of 4 ml/min for 15 min
followed by perfusion with EBSS supplemented with 0.3 mg/ml
collagenase (Wako Chemicals) and 4.8 mm CacCl, for 20 min.
The liver was dissected from the mouse, and dissociated cells
were dispersed gently in Williams” E medium supplemented
10% fetal bovine serum. Cells were filtered through a 100-um
nylon cell strainer (BD Falcon), and hepatocytes were separated
by a density gradient centrifugation using 45% Percoll (Sigma)
solution. Hepatocyte viability was monitored by trypan blue
exclusion, and more than 90% of cells were consistently viable.
The isolated cells were plated in collagen-coated 6-well dishes
at a density of 6 X 10°/well. After a 4-h attachment, cells were
overlaid with Matrigel (Collaborative Biomedical Products,
Bedford, MA) and maintained in serum-free Williams E
medium supplemented with 10 nm dexamethasone, 2 mm glu-
tamine, 100 units/ml penicillin, 100 units/ml streptomycin.
48 h after isolation, cells were treated with 100 nm human insu-
lin (Sigma) for 24 h or 80 ng/ml FGF19 (R&D Systems) for 6 h
and harvested for RNA analysis. Insulin or FGF19 additions
were staggered so that cells were harvested at the same time.
For the dose-response experiment, cells were treated with 0, 40,
or 80 ng/ml FGF19 for 6 h, and RNA was isolated. Cells were
treated with 100 nm wortmannin (Calbiochem) for 30 min
before the treatment with FGF19. For Western analysis, cells
were treated with 30 nMm insulin or 80 ng/ml FGF19 for 30 min,
and total cell lysates were prepared. Cells were treated with 100
nM wortmannin (Calbiochem) or 20 um SP600125 (Calbio-
chem) 2.5 um PIK 90 (Axon Medchem BV, The Netherlands)
for 30 min before the treatment with FGF19 or insulin where
indicated.

RNA Isolation and Analysis—Total RNA was isolated using
TRIzol (Invitrogen) according to the manufacturer’s instruc-
tions. For quantitative real time RT-PCR (q-PCR), RNA was
reverse-transcribed using the iScript cDNA synthesis kit (Bio-
Rad) at 42 °C for 30 min. cDNA was amplified and quantified
using the iQ SYBR Green Supermix (Bio-Rad) according to the
manufacturer’s instructions in the iQ5 real-time PCR detection
system (Bio-Rad) under the following conditions: initial dena-
turation at 95 °C for 5 min and 40 cycles of 95 °C for 30 s, 58 °C
for 30 s, and 72 °C for 30 s. q-PCR was performed in triplicate
for each sample and repeated at least three times. Ct values were
used to calculate the relative expression level normalized to
the expression of the housekeeping ribosomal protein L32. The
results were expressed as the mean = S.D. A melting curve
analysis was performed for each sample after PCR amplification
to verify that the amplicon is homogeneous in the absence of
primer dimmers and DNA contamination. The sequences of
primers used in q-PCR are available upon request. RNA from
individual animals (4—6 animals in each group) was analyzed
separately, and a Student ¢ test was used for comparative statis-
tical analysis as indicated in the individual figure legends.
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Glucose Production Assay—Primary mouse hepatocytes were
isolated from 8-week-old C57BL/6 male mice after overnight
fasting, as described above. After a 4-h attachment in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS), primary cells were cultured over-
night in DMEM with 5% FBS. The medium was then replaced
with serum- and glucose-free Dulbecco’s modified Eagle’s
medium (pH 7.4) supplemented with 2 mm sodium lactate
without phenol red. Where indicated, 20, 40, or 80 ng/ml
FGF19 was added to the medium. After a 3-h incubation, the
medium was collected, and glucose concentrations were meas-
ured using the Amplex red glucose assay kit (Invitrogen).

Electrophoretic Mobility Shift Assays—Nuclear extracts were
prepared from 293T cells transfected with a vector expressing
FLAG-FoxOl, and 5 ug of nuclear protein was used in electro-
phoretic mobility shift assays as described previously (33). For
supershift experiments anti-FLAG M2 mouse monoclonal
(Sigma) was incubated with the nuclear extract for 20 min on
ice before incubation with the labeled probes. Competition
experiments were performed in binding reactions where a
100-fold molar excess of unlabeled probes was incubated
with nuclear extracts for 20 min before incubation with the
labeled probes. The sequences of one strand of the comple-
mentary oligonucleotide probes were as follows: wild type
FoxO1/1, 5'-AGGACAAATAGTGTTTGCTTTGGTCAC-
TCA-3'; mutant FoxO1/1, 5'-AGGACAAATAGTGggTGCT-
TTGGTCACTCA-3'; wild type FoxO1/2,5'-TGTGCTCATC-
TGTTTACTTCTTTTTC-3'; mutant FoxO1/2, 5'-TGTGCT-
CATCTGggTACTTCTTTTTC-3'; insulin-like growth factor
binding protein-1/insulin response element, 5'-CACTAGCA-
AAACAAACTTATTTTGAACAC-3'.

Protein Isolation and Blotting—Total cell lysates from pri-
mary mouse hepatocytes or mouse livers infected with either
adenovirus expressing GFP or FGF15 were fractionated on 8%
SDS-PAGE, transferred to nitrocellulose membranes, and ana-
lyzed first by Ponceau S staining to confirm that equal amounts
of total protein were both loaded and transferred in each lane.
Then the blot was incubated with an indicated antibody fol-
lowed by a secondary antibody conjugated to horseradish per-
oxidase. Reactivity was then detected with the ECL kit (Pierce).
The primary antibodies were obtained as follows: anti-hemag-
glutinin (HA) (clone 12CAS5) from Roche Applied Science, total
FoxO1, phospho-FoxO1 (Thr-24) and phospho-Akt (Ser473)
from Cell Signaling Technology, total Akt from Santa Cruz Bio-
technology, anti-FLAG M2 mouse monoclonal from Sigma,
mouse FGFR4 from R&D systems (AF2265), and mouse B-actin
from Sigma (A1978). Antibody against hepatic nuclear factor 4
was from Dr. F. Sladek (University of California, Riverside, CA).

Adenovirus Infection of Primary Mouse Hepatocytes—Pri-
mary mouse hepatocytes were seeded in 100-mm dishes at a
density of 4 X 10° cells/dish. 16 h after incubation in Matrigel,
cells were infected with a recombinant adenovirus expressing
FoxO1-WT or FoxO1-A256, a dominant negative FoxO1 lack-
ing the carboxyl-terminal domain (from Dr. D. Accili, Colum-
bia University (40, 48)) or GFP at a multiplicity of infection of
~25 and incubated for 24 h in serum-free Williams’ E medium.
Hepatocytes were collected for chromatin immunoprecipita-
tion assays or RNA analysis for q-PCR as described above and in
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the figure legends. Total cell lysates were also prepared for
Western blotting to confirm the expression of FoxO1.
Chromatin Immunoprecipitation Assays—Chromatin im-
munoprecipitation assays were performed essentially as
described previously (5) with minor modifications. Primary
mouse hepatocytes were fixed in 1% formaldehyde for 10 min
and lysed. Immune complexes were prepared using anti-HA
(clone 12CA5) (Roche Applied Science) or the FoxOlantibody
(Cell Signaling Technology catalog no. 9454). The following
primers were used to amplify the specific promoters:
mCYP7A1 forward primer (—367),5'-TGGAAAGCTTCTGC-
CTGTTT-3'; mCYP7A1 reverse primer (—208), 5'-CGAAG-
GTCTGTCCCTCATGT-3'; mYY1 exon 4 forward, 5'-GCTG-
CACAAAGATGTTCAGGGATAA-3'; mYY1 exon 4 reverse,
5'-CTGAAAGGGCTTTTCTCCAGTATG-3".

RESULTS

Fasting Induction of CYP7A1 Requires Hepatic FoxOIl—
FoxOl is animportant transcriptional regulator for hepatic glu-
coneogenesis during fasting, and because CYP7A1l is also
induced by fasting, we hypothesized that FoxO1 might also reg-
ulate CYP7A1 gene expression. In support of this possibility,
when FoxO1 was expressed at elevated levels in a transgenic
mouse model, CYP7A1 was induced (53). To test the role of
FoxO1 in CYP7A1 more directly, we evaluated CYP7A1 induc-
tion in I-FoxO1 mice where the FoxO1 gene was deleted specif-
ically in liver (51). As shown in Fig. 1, the induction of CYP7A1
gene expression by fasting was severely blunted in the I-FoxO1
mice relative to their litter mate controls.

FoxOl1 Activation of the CYP7A1 Promoter—Analysis of the
proximal region of the murine and human CYP7A1 promot-
ers revealed two conserved putative FoxO1 binding sites,
and electrophoretic mobility shift assays and transient DNA
transfections showed that FoxO1 bound specifically to both
murine sites and that one site at —281 was crucial for FoxO1
transactivation (supplemental Figs. 1-3). These results are
consistent with another recent report showing that FoxO1
activates the rat CYP7A1 promoter (54). Our studies also
revealed that the crucial FoxO1 site is conserved in the
human promoter, which also bound FoxO1 in an electro-
phoretic mobility shift assay and was activated by FoxO1 in
transfection assays (supplemental Fig. 4).

We also analyzed the binding of FoxO1 to the genomic
mouse CYP7A1 promoter in hepatocytes using the chromatin
immunoprecipitation technique. For this analysis primary
mouse hepatocytes were infected with adenoviruses expressing
either an HA epitope-tagged version of FoxO1 or a control
GFP-expressing virus, and an antibody to the HA epitope was
used to precipitate FoxOl-bound chromatin followed by
q-PCR with primers for the CYP7A1 promoter or a control
nonspecific region of the genome from the YY1 locus (Fig. 24).
The results show that the CYP7A1 promoter was specifically
enriched by the precipitation with the HA antibody.

A Dominant Negative FoxO1 Construct Inhibits CYP7AI
Expression in Mouse Primary Hepatocytes—To address the role
of FoxOl1 in activation of CYP7A1 by an independent method,
we infected primary hepatocytes with an adenovirus expressing
FoxO1-A256 (40, 48), a dominant negative version of FoxO1
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FIGURE 1. CYP7A1 induction by fasting is blunted in liver-specific FoxO1
knock-out mice. A and B, total RNA was isolated from fed or fasted (24 h)
I-FoxO1 and littermate control mice. mRNA levels were analyzed by g-PCR as
described under “Experimental Procedures.” Results are expressed as -fold
change relative to those of the fed littermate control. The mean values
obtained from triplicates in each group as shown with error bars. The p values
were obtained by comparing the mean of mRNA levels of littermate control
to that of I-FoxO1 under fasted conditions. p < 0.005 (*) and p < 0.05 (**) for
CYP7A1 and PEPCK, respectively.

lacking the carboxyl-terminal domain, and this treatment sig-
nificantly reduced CYP7A1 mRNA levels (Fig. 2B).

FoxOl1 Transactivation of the CYP7A1 Promoter Is Inhibited
by Akt—Insulin signaling through the PI 3-kinase pathway acti-
vates Akt, which in turn phosphorylates FoxO1, leading to its
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FIGURE 2. FoxO1 binds to and is required for activation of CYP7A1 gene
promoter. A, chromatin was prepared from primary mouse hepatocytes
infected with an adenovirus expressing GFP (lanes 1 and 4) or HA-tagged
FoxO1 (lanes 2 and 3 and lanes 5 and 6). Chromatin immunoprecipitation
assays were performed with an anti-HA (lanes 1, 3, 4, and 6) or mouse IgG
(lanes 2 and 5), and immunoprecipitates were analyzed by g-PCR. Results are
expressed as -fold change in comparing the level of DNA amplification spe-
cifically precipitated by the HA antibody from the chromatin prepared from
cells infected with FoxO1 relative to that infected with GFP. The level of DNA
amplification precipitated by a normal mouse IgG fraction with chromatin
from the FoxO1-infected cells (lanes 2 and 5) and the level of recruitment of
FoxO1 to a non-relevant region of the genome at the YY1 locus (lane 6) are
shown as negative controls. The data represent the mean of triplicates for two
individual experiments and include error bars. Total FoxO1 expression was
monitored by immunoblotting total chromatin-associated proteins with the
HA epitope antibody from GFP- or HA-FoxO1-infected cells as indicated
(inset). B, mouse primary hepatocytes were cultured in the absence of insulin
and infected with adenovirus constructs expressing GFP or FoxO1-A256, a
dominant negative version of FoxO1, as noted. Cells were harvested 24 h after
infection, and total RNA was analyzed by g-PCR for CYP7A1 and FoxO1 and
normalized to ribosomal protein L32 RNA levels as described under “Experi-
mental Procedures.” In the comparisons marked by an asterisk, p < 0.0007 (¥).

nuclear exclusion and inhibition of target gene activation (37,
38,40, 42). To determine whether this signaling pathway might
also play a role in regulation of CYP7A1, we transfected an Akt
expression construct and showed that it prevented the FoxO1-
dependent stimulation of the CYP7A1 reporter promoter (Fig.
3). In contrast, a kinase-defective version of Akt (Akt-K179M)
(55) was unable to reverse the FoxO1 stimulation. Similarly,
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FIGURE 3. FoxO1 transactivation of the CYP7A1 promoter is inhibited by
Akt. HepG2 cells were transfected with expression vectors for FoxO1-WT (0.5
1g), FoxO1-TSS (0.5 ug), Akt-WT (0.5 ug), or Akt-K179M (0.5 ug) along with
pGL3R7a-342 (2 ng) as indicated. Results are expressed as corrected lucifer-
ase light units divided by the internal control signal for B-galactosidase activ-
ity. -Fold activation was calculated as in supplemental Fig. 2. All samples
showing statistically significant differences when compared together (p <
0.01) are indicated by different symbols.

when a constitutively active version of FoxO1, where all three
Akt phosphorylation sites are changed to alanines (FoxO1-
TSS) (56), was transfected along with the wild type Akt con-
struct, robust FoxO1 stimulation was still observed (Fig. 3).

FGF1S5 Inhibits Expression of CYP7A1 and Other FoxO1 Tar-
get Genes through Phosphorylation of FoxOl in Mice—Like
insulin, FGF signaling feeds into the PI 3-kinase pathway (49).
Because insulin signaling decreases FoxO1 activity, we hypoth-
esized that the recently described FGF15-dependent inhibition
of CYP7A1 might decrease FoxOl1 in a similar manner. To test
this hypothesis and to determine whether FGF15 might play a
more global role in FoxO1-dependent gene expression, we eval-
uated the effects of FGF15 overexpression on FoxO1 phospho-
rylation and expression of CYP7A1 and other FoxO1 target
genes in mice. Recombinant adenoviruses expressing GFP or
FGF15 were introduced into chow-fed wild type mice. After 6
days, half of the animals in each infected group were fasted for
24 h, and all animals were sacrificed the following morning.
Consistent with our earlier observations (Fig. 1) (33), expres-
sion of CYP7A1, PEPCK, and the transcriptional co-activator
PGC-1a were induced by fasting in the control animals infected
with the GFP expression adenovirus (Fig. 44). In the animals
expressing viral-encoded FGF15, CYP7A1 expression was sig-
nificantly repressed in both chow-fed and fasted mice. This
provides further evidence of a role for FoxO1l in CYP7A1l
expression; infection of chow-fed mice with an adenovirus
expressing a dominant negative version of FoxO1 (A256). Inter-
estingly, expression of PEPCK was not affected by FGF15 in the
chow-fed mice, but the fasting-dependent induction was com-
pletely prevented. PGC-1a mRNA expression is also activated
by FoxO1 (57), and FGF15 also blunted its induction by fasting
(Fig. 4C).

Immunoblotting analyses of hepatic protein extracts from these
same animals demonstrated that the phosphorylation of both
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FIGURE 4. FGF 15 inhibits CYP7A1 and induces phosphorylation of FoxO1
in livers of mice. Mice were inoculated with the specified adenovirus (Ad)
constructs and treated as described under “Experimental Procedures.” Total
RNA was isolated and analyzed for CYP7A1 (A), PEPCK (B), or PGC-1« (C) gene
expression. mRNA levels were analyzed from pooled RNA in each group (4-6
animals in each group) by g-PCR as described under “Experimental Proce-
dures.” Results are expressed as -fold change relative to those of chow-fed
mice infected with Ad-GFP, FGF15, or FoxO1 A256 as indicated. The mean
values obtained from triplicates in each group are shown with error bars.
Where pairwise comparisons provide p < 0.01, samples are labeled with a
different symbol. D, protein extracts were prepared from pieces of the same
mouse livers described in A-C. Pooled protein samples from animals in each
group were analyzed by 8% SDS-PAGE and Western blotting with the indi-
cated antibodies. P-FoxO1, phospho-FoxO1; T-FoxO1, total FoxO1; P-Akt,
phospho-Akt, T-Akt, total Akt.

FoxO1 and Akt was increased in the Ad-FGF15-treated animals in
both fasting and chow-fed animals (Fig. 4D). These results are con-
sistent with FGF15 stimulating hepatic signaling through the PI
3-kinase pathway, resulting in inactivation of FoxO1 and repres-
sion of CYP7A1 and other FoxO1 target genes.

FGF15 Overexpression Decreases Expression of CYP7AI and
PEPCK in [-FoxOI Mice—The data so far presented indicate
that FoxO1 activates the CYP7A1 promoter, and FoxO1 is reg-
ulated by FGF15 signaling. To determine whether FoxO1 rep-
resents the only pathway for FGF15 inhibition, we evaluated the
effects of overexpressing FGF15 on the fasting-dependent
induction of CYP7A1l and PEPCK in WT and I-FoxO1 mice
(Fig. 5). As in Fig. 1, the fasting-dependent induction of both
CYP7A1 and PEPCK was blunted in the 1-FoxO1 animals. The
lower level of fasting induction for PEPCK was only partially
blunted by Ad-FGF15 infection; however, CYP7A1 expression
was reduced to the same level in both WT and 1-FoxO1 sam-
ples. These results support a role for FoxO1 in FGF15 signaling,
but they also indicate that PI 3-kinase regulation of FoxO1 is
not the only pathway by which FGF15 inhibits CYP7A1.

FGF19 Inhibits Expression of CYP7A1 and Other FoxO1 Tar-
get Genes in Primary Hepatocytes—The negative effects of
FGF15 signaling on FoxOl1 target gene expression were also
evaluated in primary mouse hepatocytes treated with recombi-
nant FGF19, the human orthologue of mouse FGF15. The
results in Fig. 6 show a dose-dependent inhibition of FoxO1
target genes CYP7A1, PEPCK, and glucose-6-phosphatase in
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FIGURE 6. FGF19 inhibits CYP7A1 and other FoxO1 target genes in
primary hepatocytes. A, primary mouse hepatocytes were treated with 0,
40 ng/ml, or 80 ng/ml FGF19 for 6 h, and total RNA was isolated and
analyzed for expression of the indicted genes by q-PCR as described under
“Experimental Procedures.” Data were analyzed as described in the leg-
end to Fig. 4.L32 mRNA levels are shown as a negative control. B, primary
mouse hepatocytes were cultured in serum- and glucose-free medium
with or without 20, 40, or 80 ng/ml of FGF19 as indicated. After a 3-h
incubation, the medium was assayed for glucose production as described
under “Experimental Procedures.” p = 0.006, comparing 0 and 80 ng/ml
FGF19. C, chromatin was prepared from primary mouse hepatocytes
treated with 80 ng/ml FGF19 for 6 h, as described under “Experimental
Procedures.” Chromatin immunoprecipitation (ChlIP) assays were per-
formed with an anti-FoxO1 or control mouse IgG fraction, and immuno-
precipitates were analyzed by g-PCR. Results are expressed as -fold
change in comparing the level of DNA amplified from chromatin specifi-
cally precipitated by the FoxO1 antibody with that precipitated by a con-
trol mouse IgG. The recruitment of FoxO1 to a non-relevant region of the
genome in the YY1 locus is shown as a negative control. Data represent
the mean of triplicates and include error bars. *, p = 0.02.
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FIGURE 7. FGF19 induces phosphorylation of FoxO1 in primary mouse
hepatocytes. A, primary mouse hepatocytes were treated with 80 ng/ml
FGF19 or 30 nm insulin for 30 min. Where indicated, primary mouse hepato-
cytes were treated with 100 nm wortmannin (W) or 20 um SP600125 (S) for 30
min before treatment with FGF19. Total cell lysates were analyzed by 8%
SDS-PAGE and Western blotting with an antibody against total-FoxO1
(T-FoxOT1) or phospho-FoxO1 (P-FoxO1). B, primary mouse hepatocytes were
treated with 80 ng/ml FGF19 for 30 min. Total cell lysates were analyzed as in
A using an antibody against total-Akt (T-Akt) or phospho-Akt (P-Akt). C, total
RNA was isolated from primary mouse hepatocytes treated with either wort-
mannin (100 nm) or FGF19 (80 ng/ml) alone or both, as indicated. Wortmannin
was added at 30 min before the treatment of FGF19 for 6 h. mRNA levels were
analyzed by g-PCR as described in the legend to Fig. 4.

response to recombinant FGF19 treatment (Fig. 6A) as well as a
direct loss of FoxO1 binding to the CYP7A1 promoter in hepa-
tocytes as assayed by chromatin immunoprecipitation assay
(ChIP, Fig. 6C). Along with the decrease in gluconeogenic gene
expression, glucose production by FGF19 from primary hepa-
tocytes was also inhibited by 40% (Fig. 6B).

The Effects of FGF19 on FoxO1 Target Genes Require the PI
3-Kinase Pathway—To determine whether FGF19-depend-
ent phosphorylation of FoxO1 and inhibition of target gene
expression was mediated through the PI 3-kinase pathway,
primary mouse hepatocytes were treated with wortmannin, a
PI 3-kinase pathway inhibitor (58), or SP600125, a JNK path-
way inhibitor (59), before the treatment with FGF19. Wort-
mannin almost completely blocked phosphorylation by
FGF19, whereas SP600125 had no effect (Fig. 7A). Similar
results were observed for Akt (Fig. 7B). Additionally, wort-
mannin also prevented the FGF19-dependent down-regula-
tion of FoxO1-dependent target gene expression (Fig. 7C),
providing further evidence that FGF19 inhibition of FoxO1
target gene expression requires signaling through the PI
3-kinase pathway.

Fasting Reduces FGFR4 mRNA and Protein Levels in Mouse
Liver—Decreased phosphorylation of FoxO1 throughinsulin-
dependent PI 3-kinase signaling provides an explanation for
the increase in CYP7A1 mRNA levels during fasting. Thus,
we wondered whether the bile acid feedback regulation of
hepatic CYP7A1 through intestine-derived FGF15 might
also target FoxO1 through PI 3-kinase signaling. In fact, a
recent report demonstrated that FGF signaling through PI
3-kinase regulates the related FoxG1 protein in the verte-
brate forebrain (60). If the FGF19/15 signaling pathway plays
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error bars. At the bottom, FGFR4 protein expression in fed and fasted mice was
analyzed by immunoblotting with a-tubulin as control. *, p = 0.000005; **,
p = 0.00008; #, p = 0.0077.

arole in the regulation of CYP7A1 during fasting, then either
intestinal FGF15 production or hepatic expression of FGFR4
should be decreased by fasting. As shown in Fig. 8, along with
induction of CYP7A1, intestinal FGF15 mRNA was signifi-
cantly induced (2.5-fold), whereas hepatic levels of FGFR4
mRNA and protein were significantly reduced by fasting,
suggesting that reduced hepatic FGF15 signaling during fast-
ing results from a decrease in hepatic FGFR4. There was no
change in expression of the hepatic FGFR4 co-receptor
B-klotho by fasting (Fig. 8D).
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RNA or protein was prepared as described under “Experimental Procedures,”
and specific mRNAs were analyzed by g-PCR and normalized to ribosomal
protein L32 mRNA. FGFR4 protein levels were measured by immunoblotting
with total protein extracts from control, insulin-treated, or insulin-treated
plus wortmannin (W) or PIK 90 (P) as described under “Experimental Proce-
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a-tubulin. B, mice were injected with streptozotocin (S7Z) to induce Type |
diabetes as described under “Experimental Procedures.” Serum glucose lev-
els were 141.50 = 13.89 mg/dI for the control (N) and 433.25 = 16.47 mg/dI
for the streptozotocin-treated groups (p < 0.0001). Total RNA was prepared,
and expression of CYP7A1, FGFR4, and B-klotho mRNAs were analyzed by
g-PCR and normalized to ribosomal protein L32 mRNA. *, p = 0.00002; **,p =
0.0001; ***, p = 0.0003; #, p = 0.00009.
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FGFR4 Is Regulated by Insulin—The decrease in FGFR4
expression by fasting suggests FGFR4 might be a direct target of
insulin signaling. Consistent with this idea, hepatic FGFR4
mRNA and protein expression were induced by insulin treat-
ment of primary hepatocytes, and two different PI 3-kinase
inhibitors prevented the protein induction (Fig. 94). Addition-
ally, the mRNA was repressed in livers of mice that were made
diabetic by injection with streptozotocin (STZ, Fig. 9B). Once
again, expression of the co-receptor B-klotho was not altered by
streptozotocin.

DISCUSSION

Our previous work demonstrated that CYP7A1 expression
was induced by fasting (33), a condition known to result in
elevated nuclear FoxO1. Inagaki et al. (20) reported that
intestinal production of FGF15 plays a key role in bile acid
feedback of hepatic CYP7A1, and when we (Figs. 1-3 and 6)
and others (54, 61) determined that CYP7A1 was a direct
target of FoxO1 activation, we hypothesized that FGF15
might regulate hepatic FoxO1 activity (Fig. 10, left). Consist-
ent with this prediction, our current results show that
hepatic FoxOl is inhibited by FGF15 signaling through the
PI 3-kinase pathway.

In addition to intestinal FGF15, hepatic expression of SHP is
also important for bile acid feedback of CYP7A1 (20), and SHP
was first shown to inhibit activation of CYP7A1 through inter-

APRIL 24, 2009+VOLUME 284 -NUMBER 17

acting with the key CYP7A1 promoter factor liver receptor
homologue 1 (8, 9). SHP also interacts with FoxO1 and inhibits
its transcriptional activity as well (62). It is also noteworthy that
efficient activation of the CYP7A1 promoter by FoxO1 also
requires the liver receptor homologue 1 DNA binding site,?
suggesting the proteins work in concert to stimulate CYP7A1
expression. Taken together, the available evidence supports key
roles for both SHP and FoxOl in efficient repression of
CYP7A1 by FGF15.

In Fig. 5, the fasting induction of CYP7A1 was still efficiently
repressed in the 1-Foxol mouse when FGF15 was overex-
pressed by adenovirus infection. The magnitude of the inhibi-
tion for PEPCK was reduced, suggesting FoxOl1 is at least partly
responsible for transmitting the FGF15 signal. However, when
taken together with all of our other data, these results indicate
that FGF15 likely inhibits CYP7A1 through more than one sig-
naling pathway. This is not unexpected, as there are already
documented redundant pathways for regulation of CYP7A1
(63). Additionally, FGF receptor signaling is known to feed
into ERK (extracellular signal-regulated kinase)-, p38-, and
JNK-signaling pathways (64) in addition to PI 3-kinase, and
there is evidence for JNK-mediated inhibition of CYP7A1
(63).

FoxOl, liver receptor homologue 1, and hepatic nuclear fac-
tor 4 are all key activators of the CYP7A1 promoter, and all are
targets for coactivation by PGC-1a. The PGC-1la gene pro-
moter is also activated by FoxO1 (57), and the co-activator
function of PGC-1a protein is inhibited directly by PI 3-kinase-
dependent phosphorylation (65). Our results show FGF15 also
inhibits the fasting-dependent increase in PGC-1a mRNA (Fig.
4). Thus, in addition to targeting the direct action of FoxO1,
FGF15 and insulin both inhibit CYP7A1 expression through
repressing PGC-1a, which would have pleiotropic effects on
the CYP7A1 promoter.

Liver mRNA and protein for FGFR4, the isoform responsible
for the hepatic effects of FGF15 (20), was repressed by fasting
(Fig. 8), indicating that hepatic FGF15 signaling is attenuated
during nutrient deprivation because of the decrease in FGFR4
(Fig. 10, right). Yu et al. (66) also showed that CYP7A1 mRNA
levels are elevated in FGFR4 knock-out mice. Thus, there is an
increase in CYP7A1 expression in two different in vivo situa-
tions where FGFR4 mRNA levels are reduced.

Our experiments reveal that FGFR4 is regulated by insulin,
and because insulin and FGF both feed into the PI 3-kinase
pathway (our results and Ref. 60), growth factor signaling through
FGFR4 may play an important role in hepatic insulin action. In
support of this idea, FGFR4 knock-out mice have impaired glucose
tolerance (67), and transgenic expression of FGF19 reverses diabe-
tes in the leptin-deficient ob/ob mouse (68).

Even though FGFR4 levels decline, the major reason that
both CYP7A1 and PEPCK are induced during fasting is proba-
bly due to attenuated insulin signaling and the resulting
increase in nuclear FoxO1. However, the decrease in FGFR4
signaling probably also plays a supportive role. Thus, it was
interesting that when FGF15 was provided to mice through an

3 D. J. Shin, unpublished observations.
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adenovirus construct (Fig. 4), it was sulfficient to activate PI
3-kinase signaling and inhibit the fasting-dependent activation
of both CYP7A1 and PEPCK. This suggests that either the
lower level of FGFR4 or another FGFR isoform is capable of
responding to high levels of FGF15 supplied by the adenovirus
vector. Additionally, recombinant FGF19 decreased FoxO1-de-
pendent gene activation and glucose production in primary
hepatocytes (Figs. 6 and 7). These observations suggest that
exogenous delivery of FGF15/19 might be therapeutically ben-
eficial to activate hepatic PI 3-kinase signaling and decrease
hepatic glucose production under diabetic conditions where
insulin signaling is compromised.

The expansion and contraction of the gall bladder to either
fill with or secrete bile acids is regulated by FGF15 and chole-
cystokinin. During the early phase of a meal, cholecystokinin is
secreted from the proximal intestine to enhance gall bladder
contraction, delivering bile acids to the intestine to aid in diges-
tion of fats and fat-soluble vitamins (69). As the bile acids tran-
sit the intestine, they increase production of FGF15 from the
distal intestine to regulate bile acid production in the liver.
Additionally, intestinal FGF15 stimulates gall bladder filling
with bile, which is enhanced during fasting (70). Interest-
ingly, the fasting-dependent increase in intestinal FGF15
mRNA in our experiments (Fig. 7) provides a possible mech-
anism for this key nutritional response (Fig. 9, right). The
mouse gallbladder expresses only minor amounts of FGFR4
but relatively higher levels of FGFR3, which is also a target
for FGF15 signaling and probably functions to relay the
FGF15 signal for gallbladder filling (70). It is likely that
induction of hepatic CYP7A1 at a time when gall bladder
filling is stimulated is important to provide the correct bal-
ance of bile acids to mix with available cholesterol and phos-
pholipids for optimal bile consistency.

Hepatic expression of FGF21, which is highly related to
FGF15/19, is induced during fasting and activates fatty acid
oxidation and ketogenesis in the liver through a peroxisome
proliferator-activated receptor-a-dependent process (22, 23).
However, evidence suggests that the hepatic effects of FGF21
may be indirect, as FGF21 does not efficiently signal through
FGFR4, which as mentioned above is the major hepatic
FGFRisoform (27). Our results showing that FGFR4 declines
with fasting (Fig. 8) are consistent with this conclusion. It is
likely that the hepatic effects of FGF21 are through FGF21
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receptor «. However, a recent
report suggested the FGF21
decreases lipolysis (71), indicating
there is still much to learn in this interesting area.

Taken together with these additional observations, our
results provide evidence for an intriguing pattern of nutritional
and tissue-specific regulation of FGFR isoforms 1, 3, and 4 that
explains the specific metabolic specificity of FGF15/19 and -21.
Differential expression of the FGFR co-receptors klotho and
B-klotho could provide additional tissue specificity in signaling
through these hormonal FGFs (26, 27, 29). However, changes in
expression of B-klotho mRNA, the co-receptor responsible for
FGEFR4 signaling in the liver, were not observed in our studies
(Figs. 8 and 9).

Our results also suggest some of the positive effects attribut-
able to bile acids and FXR on hepatic insulin signaling are likely
due to their activation of FGF15 expression in the intestine,
which in turn stimulates hepatic PI 3-kinase activity through
FGFR4. This conclusion is supported by recent studies that
show FXR agonist treatment increased hepatic PI 3-kinase sig-
naling and lowered glucose levels in wild type and a genetic
model of diabetic mice (34, 35).

The critical FoxO1 binding site identified here is conserved
in the human CYP7A1 promoter, which was also activated by
FoxO1 (supplemental Fig. 4). Additionally, dietary manipula-
tion of bile acids modulate the circulating levels of FGF19 in
humans, indicating that the FGF signaling pathway plays a sig-
nificant role in regulation of human bile acid metabolism (30).
Thus, the mechanism described here is likely conserved in
humans.

Finally, because FoxO1 activation is associated with cell cycle
arrest and growth inhibition in other physiologic contexts (72),
it is likely that the recently described stimulation of liver regen-
eration by bile acids (73) is also mediated at least in part through
FGF15 inhibition of hepatic FoxO1 action.
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