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The primary bile acid receptor farnesoid X receptor (FXR)
maintains lipid and glucose homeostasis by regulating expres-
sion of numerous bile acid-responsive genes, including an
orphan nuclear receptor and metabolic regulator SHP. Using
SHP as a model gene, we studied how FXR activity is regulated
by p300 acetylase. FXR interaction with p300 and their recruit-
ment to the SHP promoter and acetylated histone levels at the
promoter were increased by FXR agonists in mouse liver and
HepG2 cells. In contrast, p300 recruitment and acetylated his-
tones at the promoter were not detected in FXR-null mice. p300
directly interacted with and acetylated FXR in vitro. Overex-
pression of p300 wild type increased, whereas a catalytically
inactive p300mutant decreased, acetylated FXR levels and FXR
transactivation in cells. While similar results were observed
with a related acetylase, CBP,GCN5did not enhance FXR trans-
activation, and its recruitment to the promoter was not
increased by FXR agonists, suggesting functional specificity of
acetylases in FXR signaling. Down-regulation of p300 by siRNA
decreased acetylated FXR and acetylated histone levels, and
occupancy of FXR at the promoter, resulting in substantial inhi-
bition of SHP expression. These results indicate that p300 acts
as a critical coactivator of FXR induction of SHP by acetylating
histones at the promoter and FXR itself. Surprisingly, p300
down-regulation altered expression of othermetabolic FXR tar-
get genes involved in lipoprotein and glucose metabolism, such
that beneficial lipid and glucose profiles would be expected.
These unexpected findings suggest that inhibition of hepatic
p300 activity may be beneficial for treating metabolic diseases.

Farnesoid X receptor (FXR)2 is a member of the nuclear
receptor superfamily and the primary biosensor for endoge-

nous bile acids (1–4). Upon activation by physiological concen-
trations of bile acids, FXR regulates expression of a number of
bile acid-responsive genes in liver, kidney, and intestines (5).
Previous studies utilizing synthetic FXR ligands and FXR-null
mice have demonstrated that FXR plays a central role in main-
taining whole body lipid and glucose homeostasis (6, 7). It has
been established that bile acid-activated FXR regulates choles-
terol and bile acid levels by induction of the orphan nuclear
receptor and metabolic repressor, small heterodimeric partner
(SHP) (8, 9). SHP inhibits the transcription of cholesterol
7�-hydroxylase (CYP7A1), a key enzyme in the conversion of
cholesterol to bile acids in the classical bile acid biosynthetic
pathway (10, 11). In addition to its crucial role in cholesterol
and bile acid homeostasis, functions of FXR have recently been
extended to glucose and fatty acid metabolism, prevention of
gallstone formation, liver regeneration, and inhibition of intes-
tinal bacterial growth (12–17). Although such important bio-
logical roles of FXR have now been established, molecular
mechanisms by which FXR activity is modulated are largely
unknown.
Nuclear receptors, including FXR, collaborate with a num-

ber of transcriptional cofactors to effectively modulate tran-
scription of their target genes (18, 19). A recent study dem-
onstrated that FXR activity is modulated by a metabolic
coactivator, PGC-1� (PPAR� coactivator �) in response to
fasting (20). PGC-1� enhances FXR gene transcription by
coactivation of PPAR� and HNF-4 (hepatic nuclear factor 4)
and also acts as a coactivator of FXR (20). Furthermore, his-
tone arginine methyltransferases, CARM1 (coactivator-as-
sociated arginine methyltransferase 1, Ref. 21) and PRMT1
(protein arginine methyltransferase1, Ref. 22), and a tran-
scriptional mediator, DRIP205, (23), have been shown to
interact with FXR in vitro and coactivate FXR in cell-based
reporter assays. Whether these cofactors identified from in
vitro and cultured cell studies could regulate FXR activity in
metabolic pathways in vivo needs to be established.
The transcription cofactor p300 functions in diverse biolog-

ical pathways, including differentiation, development, and pro-
liferation (24, 25) and expression of p300 is altered in human

* This work was supported, in whole or in part, by National Institutes of Health
Grants CA103867 and CA124760 (to C. M. C.) and DK062777 and AHA
0756028Z (to J. K. K.). The costs of publication of this article were defrayed
in part by the payment of page charges. This article must therefore be
hereby marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1–S7.

1 To whom correspondence should be addressed: 407 S. Goodwin Ave.,
Urbana, IL, 61801. Tel.: 217-333-6317; Fax: 217-333-1133; E-mail:
jongsook@uiuc.edu.

2 The abbreviations used are: FXR, farnesoid X receptor; SHP, small het-
erodimer partner; CYP7A1, cytochrome P450 7A1; CA, cholic acid; CDCA,
chenodeoxy cholic acid; ChIP, chromatin immunoprecipitation; HDAC, his-

tone deacetylase; HAT, histone acetylase; TSA, trichostatin A; Nam, nico-
tine amide; Ad, adenovirus; HDL, high density lipoprotein; VLDL, very low
density lipoprotein; WT, wild type; MOI, multiplicity of infection; GST, glu-
tathione S-transferase.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 50, pp. 35086 –35095, December 12, 2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

35086 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 50 • DECEMBER 12, 2008

http://www.jbc.org/cgi/content/full/M803531200/DC1


gastric, colorectal, and prostate carcinomas (26). Mice lacking
the p300 gene die at earlymid-gestation, suggesting that p300 is
critical for embryonic development and organogenesis (27).
p300 is a histone acetyl transferase (HAT) that catalyzes the
acetylation of lysine residues not only in nucleosomal histones,
but also in non-histone proteins, such as nuclear receptors,
cofactors, and basal transcription factors, resulting in enhanced
gene transcription (28, 29). Despite its functions in diverse bio-
logical processes, a role for p300 inmetabolic regulation has not
been reported.
Small heterodimer partner (SHP) is a well known FXR target

and metabolic regulator (8, 9). SHP is an unusual orphan
nuclear receptor, which lacks a DNA binding domain but con-
tains a putative ligand binding domain (30). SHP interacts with
and inhibits the activity of numerous nuclear receptors that are
involved in regulation of diverse metabolic pathways (31–33).
We recently reported that bile acid-induced SHP inhibits tran-
scription of its target genes, includingCYP7A1, by coordinately
recruiting chromatin-modifying cofactors, such as mSin3A/
HDACs corepressors, G9a histone lysine methyltransferase,
and Swi/Snf-Brm remodeling complex to the promoter, result-
ing in chromatin remodeling and histonemodification (32, 34).
Marked alterations in cholesterol and bile acid levels in SHP-
null mice have established a role for SHP in lipid homeostasis
(35, 36). Interestingly, chronically elevated expression of SHP
has been shown to associate with development of fatty liver and
related metabolic disorders (37–39). Despite the established
function of SHP in maintaining cholesterol and bile acid levels
in health and disease states, how SHP is induced by bile acid-
activated FXR remains relatively unknown.
Frommolecular, cellular, and mouse in vivo studies, we have

obtained evidence indicating that p300 is critically involved in
ligand-activated FXR signaling, particularly in SHP gene induc-
tion, by acetylating histones at the SHP promoter and FXR
itself. Down-regulation of p300 substantially reduced SHP
expression and further, altered expression of other hepatic FXR
target genes, such that beneficial lipid and glucose profiles
would be expected.We propose that inhibition of hepatic p300
activity may be beneficial for treating fatty liver disease and
related metabolic disorders.

EXPERIMENTAL PROCEDURES

Cell Culture—Human hepatoma HepG2 cells (ATCC
HB8065) were grown in phenol red-free Dulbecco’s modified
Eagle’s medium (DMEM)/F12 (1:1). COS-1 cells were grown in
DMEM media. Media were supplemented with 100 units/ml
penicillin G-streptomycin sulfate and 10% heat-inactivated
fetal bovine serum. For down-regulation of p300, HepG2 cells
were infected with 5–25MOI of Ad-empty or Ad-sip300, and 2
days later, cells were transfected with reporter and expression
plasmids as indicated in the figure legends, and reporter assays
were done.
Mouse inVivo Experiments—Eight-week-oldmalemicewere

maintained on a 12-h light and 12-h dark cycle. Cholic acid
(CA) feeding was started at 5:00 PM to reduce variability
between experiments, and food intake was monitored. For
GW4064 experiments, mice were treated with GW4064 (2
mg/20 g mouse in 1% Tween 80 and 1% methylcellulose) or

vehicle using oral gavage and 3 h later, livers were collected for
further studies. For adenoviral experiments, mice were injected
with about 0.5 � 109 active viral particles (Ad-empty,
Ad-3Flag-FXR) in 200 �l of phosphate-buffered saline via the
tail vein, and 4–7 days after infection, themicewere fed normal
chow or chow supplemented with 0.5% CA for 3–24 h. All the
animal use and adenoviral protocols were approved by the
Institutional Animal Care and Use and Institutional Biosafety
Committees at University of Illinois at Urbana-Champaign and
were in accordance with National Institutes of Health
guidelines.
Plasmids and Adenoviral Vectors—Expression vectors for

Gal4-FXR and 3Flag-FXR (40) were kindly provided by R. Sato,
for p300 wild type and mutant (41) by M. Stallcup, and for
GCN5 wild type and mutant by P. Puigserver. Reporter plas-
mids, SHP promoter-luc (42) and FXRE-tk-luc (21), were pro-
vided by Y. Lee and M. Ananthanarayanan, respectively. An
adenoviral vector expressing p300 siRNA (Ad-sip300) was
kindly provided byDr. P. Rotwein (44). Adenoviral vectorswere
amplified, purified, and titered as described (34, 45).
Real-time RTPCR—Total RNA was isolated using TRIzol

reagent, and cDNA was synthesized and RTPCR was per-
formedwith an iCycler iQ (Bio-Rad). The amount of PCRprod-
uct for each mRNA was normalized by dividing by the amount
of 36B4 PCR product. Sequences of the primers are available
upon request.
In Vitro and in Cell Acetylation Assays—For in vitro acetyla-

tion assays, p300, CBP, pCAF, and GCN5, were purified from
Sf9 insect cells infectedwith baculovirus encoding each of these
proteins, as described (43). 1 �g of purified GST, GST-FXR, or
core histones were incubated with each of the purified HATs in
the presence of [3H]acetyl-CoA (0.25 �Ci) in acetylation buffer
(50 mM Hepes, pH 7.9, 10% glycerol, 1 �M GW4064). After
incubation at 30 °C for 1 h, the proteins were separated by SDS-
PAGE, proteins were detected by Coomassie Blue staining, and
radioactivity was detected by fluorography.
To detect acetylated FXR in cells, HepG2orCOS-1 cells were

transfected with expression plasmids for p300 (or infected with
Ad-p300 wild type), along with Ad-Flag-FXR (5 MOI). Cells
were treated with histone deacetylase inhibitors such as 0.5 �M
trichostatin A (TSA) and 5 mM nicotinamide (Nam), in the
presence of 200 nM GW4064 for 5 h and collected for co-IP
assays as described (46–51). Briefly, 3� Flag-FXR was immu-
noprecipitated in post-translationalmodification (PTM) buffer
(50 mM Tris-HCl, pH 8.0, 5 mM EDTA, 10% glycerol, 150 mM
NaCl, 1% Nonidet P-40, 0.1% SDS, protease inhibitors, 1 �M
TSA, 10mM sodiumbutyrate, 10mMNam, 1mMdithiothreitol,
and phosphatase inhibitors) with 1 �g of either M2 antibody
(Sigma, Inc) or goat FXR antibody (Santa Cruz Biotechnology,
sc-1204) and immunoprecipitates were stringently washed
with PTM buffer. Acetylated Flag-FXR in the immunoprecipi-
tates was detected byWestern blotting using acetyl lysine anti-
body (Cell Signaling, Inc). Membranes were stripped and Flag-
FXR was detected byWestern blotting using M2 or rabbit FXR
(sc-13063) antibody.
Coimmunoprecipitation (Co-IP) Assays—To examine pro-

tein-protein interactions in mouse liver, co-IP assays were per-
formed essentially as described (32, 34, 45). Briefly, 0.25–0.5
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mg of mouse liver nuclear extracts was incubated with 1 �g of
p300 antibody (sc-584) at 4 °C overnight. The immune complex
was isolated by incubation with protein G-agarose, and pro-
teins in the immunoprecipitates were detected by Western
blotting.
Chromatin Immunoprecipitation (ChIP) Assays—ChIP

assays in HepG2, normalmice, and FXR-null mice were carried
out essentially as described (32, 34, 45, 52). In re-ChIP assays,
chromatin was first immunoprecipitated with antisera to FXR
and then eluted with 100 �l of elution buffer with 10 mM dithi-
othreitol at 37 °C for 30 min and then, diluted (25-fold) with
dilution buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 2 mM
EDTA, 1%TritonX-100), and re-immunoprecipitatedwith IgG
or p300 antibody. ChIP experiments were repeated at least
three times with reproducible results. Sequences of the ChIP
primers for mouse and human SHP promoters are available
upon request.

RESULTS

Cholic Acid Feeding Increases the Interaction of p300 with
FXR in Mouse Liver—To determine if the p300 acetylase is
involved in bile acid signaling in vivo, we first examined the
effects of cholic acid (CA), a primary bile acid and natural FXR
agonist, on p300 interaction with FXR in mouse liver. Mice
were infected with Ad-Flag-FXR or control Ad-empty and
then, fed normal chow or 0.5% CA-supplemented chow for
6 h. In Western analysis of liver extracts, Flag-FXR was not
detected in the Ad-empty-infected mice and was present at
similar levels in the two Ad-Flag-FXR groups (supplemental
Fig. S1). p300 was immunoprecipitated from liver nuclear
extracts, and Flag-FXR in the immunoprecipitateswas detected
by Western blotting. The levels of Flag-FXR were similar in
input samples, butwere substantially increased in the anti-p300
immunoprecipitates after CA feeding and not detected in the
IgG control precipitates (Fig. 1A).
We confirmed these results with endogenous FXR without

overexpression of Flag-FXR. First, to confirm that CA feeding is
operating in vivo, we measured the mRNA levels of Shp, a well
known FXR target and metabolic corepressor, and Cyp7a1, a
key bile acid biosynthetic enzyme and inhibited by Shp. The
mRNA levels of Shpwere significantly increased, whereas those
of Cyp7a1 were decreased, after 6 h of CA feeding (Fig. 1B).
Endogenous FXR was immunoprecipitated with FXR antisera
or IgG and p300 was detected. While p300 was not detected in
the IgGprecipitates, the amount of p300 in the anti-FXR immu-
noprecipitates was increased by CA feeding (Fig. 1C). Endoge-
nous p300 levels were not changed after 6 h of CA feeding
(supplemental Fig. S2). These results indicate that CA feeding
increases the interaction of p300 with FXR in mouse liver, sug-
gesting that p300 may be involved in bile acid-activated FXR
signaling in vivo.
p300 Enhances FXR Transactivation—To determine

whether the p300/FXR interaction is functionally relevant, we
tested the effects of down-regulation of p300 on FXR activity.
Infection with Ad-sip300 decreased the endogenous p300
mRNA levels by 80% in HepG2 cells (supplemental Fig. S3). It
was shown that infection with this Ad-sip300 did not reduce
mRNA levels of the acetylase CBP, which is highly conserved

and functionally related with p300 (44). Expression of FXR and
RXR� activated the FXRE reporter in the presence of chenode-
oxy cholic acid (CDCA), a primary bile acid, or GW4046, a
synthetic FXR agonist (Fig. 2A, lanes 2, 9, 16). Infection with
increasing amounts of Ad-sip300 progressively and signifi-
cantly inhibited FXR transactivation (Fig. 2A, lanes 9–22).
These results indicate that p300, at endogenous levels, func-
tions as a coactivator of ligand-activated FXR.
Because SHP is awell knowndirect FXR target, we also tested

if p300 coactivates FXR transactivation of the natural SHP pro-
moter. Treatment with GW4064 or CDCA substantially
increased FXR activity on the SHP promoter (Fig. 2B, lanes 2, 9,
16). Ad-sip300 significantly reduced the FXR activity in a dose-
dependent manner, whereas Ad-empty had little effect (lanes
9–22). These results indicate that p300 functions as a coactiva-
tor for FXR transactivation of the SHP promoter.
CA Feeding Induces Recruitment of p300 to the Shp Promoter

in Mouse Liver—To further determine whether p300 is
involved in ligand-activated FXR signaling, we examined

FIGURE 1. CA feeding increases p300 interaction with FXR in mouse liver.
A, mice were tail vein-injected with Ad-3Flag-FXR or control Ad-empty and 5
days later, were fed normal (�) or 0.5% CA-supplemented (�) chow for 6 h.
p300 was immunoprecipitated from liver nuclear extracts, and Flag-FXR in
the immunoprecipitates was detected by Western blotting. B and C, unin-
fected mice were fed normal or 0.5% CA chow for 6 h, and livers were col-
lected for further studies. B, the Shp and Cyp7a1 mRNA levels were deter-
mined by q-RTPCR, and normalized to those of 36B4. The S.E. was calculated
using the Student’s t test (n � 3); *, p � 0.05. C, interaction between endog-
enous p300, and FXR was detected by coimmunoprecipitation. FXR was
immunoprecipitated from liver nuclear extracts, and p300 in the immunopre-
cipitates were detected by Western blotting. p300 and IgG heavy chain are
indicated by an arrow and asterisk, respectively.
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whether p300 can be recruited to the SHP promoter after CA
feeding. In ChIP assays, FXR was associated with the Shp pro-
moter in livers of control mice, and CA feeding significantly
increased FXR occupancy at the promoter (Fig. 3,A and B). CA
feeding also substantially increased recruitment of p300 to the
promoter (Fig. 3A). Consistent with p300 recruitment, acetyla-
tion of histone H3 at K9/K14, a gene activation histone mark,
was increased. These effects were not observed for the control
Gapdh sequence (Fig. 3A).

To monitor temporal association of FXR and p300 with the
Shp promoter, time course ChIP assays were done. To confirm
that CA feeding effectively altered expression of the Shp gene,
mRNA levels were monitored by q-RTPCR. The Shp mRNA
levels were increased by about 2-fold as early as 6 h of CA
feeding (supplemental Fig. S4). Association of FXR with the
promoter was detected in livers of untreated mice and was
increased by 6 h after CA feeding (Fig. 3C). p300 was recruited
to the Shp promoter at 3 h of CA feeding and reached a maxi-

mum at 6 h. Consistent with p300 recruitment, acetylated his-
tone H3 levels were increased after CA feeding (Fig. 3C).
To determine whether the p300 recruitment was dependent

on FXR, we performed ChIP assays in FXR-null mice and nor-
mal mice in parallel. It has been demonstrated that Shp expres-
sion was substantially reduced in FXR-null mice fed either con-
trol chow or CA-supplemented chow (7). In FXR-null mice,
association of FXRwas not observed, as expected, and the asso-
ciation of p300, acetylated histones, and RNA polymerase II
was also largely eliminated (Fig. 3D). These results demonstrate
that recruitment of p300 to the Shp promoter is FXR-depend-
ent. Interestingly, association of RXRwas observed in wild type
and FXR-null mice independent of CA feeding, suggesting that
another nuclear receptor that can form a heterodimer with
RXR was present at the promoter.
Ligand-regulated FXR Induction of SHP in HepG2 Cells—

The mechanism of p300-mediated coactivation of FXR signal-
ing was studied in more detail in HepG2 cells. The effects of
FXR ligands on the levels of acetylated histones at the SHP
promoter were first studied to determine if FXR activation
resulted in the same histone modification in HepG2 cells as in
vivo. Acetylated histone H3 K9/K14 was detected in untreated
cells, and the levels were increased after treatment with CDCA,
and even more dramatically by treatment with GW4046

FIGURE 2. p300 enhances FXR transactivation. HepG2 cells were infected
with increasing amounts (5–25 MOI, indicated by triangles) of Ad-sip300 or
Ad-empty, and 2 days later, the cells were transfected with 200 ng of (FXRE)3-
luc (A) or SHP promoter-luc (B) vectors along with expression plasmids for FXR
and RXR. Cells were treated with ligands overnight and luciferase and �-ga-
lactosidase activities. The values for firefly luciferase activities were normal-
ized by dividing by the �-galactosidase activities. The S.E. was calculated
using the Student’s t test (n � 3), *, p � 0.05 and NS, not statistically signifi-
cant, compared with control lanes 9 or 16.

FIGURE 3. CA feeding increases association of p300, FXR, and acetylated
histone H3 K9/K14 with the Shp promoter. A and B, mice were fed normal
or CA chow for 6 h, and livers were collected for ChIP analyses. B, the FXR band
intensity was measured by densitometry, and the band intensity from control
samples was set as 1. The S.E. was calculated using the Student’s t test (n � 3).
C, mice were fed CA chow for indicated times, and livers were collected for
ChIP assays. D, FXR knockout (k/o) mice or normal mice were fed normal or CA
chow for 6 h and association of indicated factors or acetylated histones with
the Shp promoter were determined by ChIP analyses. For ChIP assays,
sheared chromatin was precipitated with the indicated antibodies, and SHP
promoter DNA was amplified by PCR. DNA from samples before immunopre-
cipitation was used for amplification in the total sample.
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(Fig. 4A). Interestingly, co-treatment with the reported FXR
antagonist, gugglesterone (53), blocked the CDCA-mediated
increase in histone H3 acetylation and reduced acetylation to
lower than basal levels (Fig. 4A). These results suggest that
ligand-regulated FXR signaling in HepG2 cells is similar to that
observed in mouse liver in vivo.
In ChIP assays, FXR association with the SHP promoter and

p300 recruitment were markedly increased after GW4064 (Fig.
4B) or CDCA treatment (Fig. 4C). Consistent with the p300
recruitment, acetylation of histone H3 K9/K14 was also
increased. An increase in the association of FXR and p300 was
detected as early as 1 h after CDCA treatment reaching a max-
imum at 3–6 h (Fig. 4D). These ChIP studies indicate that p300
is recruited to the SHP promoter in a FXR ligand-dependent
manner.
ChIP studies from FXR-null mice indicate that p300 recruit-

ment to the SHP promoter is FXR-dependent (Fig. 3D). To
further determine if p300 and FXR are simultaneously associ-
ated with the promoter, chromatin immunoprecipitated with
FXR antisera was re-precipitated with p300 antisera. SHP pro-
moter sequences were detected in CDCA-treated samples that
had been re-precipitated with p300 antibody (Fig. 4E). These
results suggest that both p300 and FXR are simultaneously
associated with the promoter.
p300 Down-regulation Decreases Acetylated Histone Levels

and FXR Binding at the SHP Promoter—To directly determine
if increased histoneH3K9/K14 acetylation and FXR occupancy
at the SHP promoter is dependent on p300, p300 was down-
regulated over 70% by infection with Ad-sip300 (Fig. 5, A and
C). GW4064 treatment increased SHP mRNA levels about
3-fold, and this increase was largely inhibited by p300 siRNA
(Fig. 5A). Acetylated histone H3 K9/K14 levels and association

of FXR and RNA polymerase II with the promoter were
increased by GW4064, and these increases were largely elimi-
nated in cells infected with Ad-sip300 (Fig. 5B). Similar effects
of p300 siRNA were observed with CDCA treatment (Fig. 5D).
These results demonstrate that increased histone H3 K9/K14
acetylation and enhanced FXR binding to the SHP promoter
are dependent on p300, suggesting that p300 coactivates FXR-
mediated SHP induction by increasing acetylation of promoter
histones and FXR binding to the promoter chromatin.
FXR Is Acetylated by p300 in Vitro and in Cells—The binding

of transcriptional factors to promoter chromatin is increased,
not only by acetylation of histones, but also by acetylation of the
DNA binding factors (54, 55). Because FXR binding to the SHP
promoter was inhibited by down-regulation of p300 (Fig. 5, B
and D), we further asked whether FXR can be acetylated by
p300. To test this possibility, we examined first whether p300
can directly interact with and acetylate FXR in vitro. GST pull-

FIGURE 4. FXR agonists increase association of p300, FXR, and acetylated
histones at the SHP promoter in HepG2 cells. A, HepG2 cells were treated
for 6 h with FXR ligands as indicated and acetylated histone H3 K9/14 levels at
the SHP promoter. GS denotes gugglesterone. B–E, HepG2 cells were treated
with GW4064 (B) or CDCA (C) for 3 h. HepG2 cells were treated with CDCA for
indicated times (D). A–D, samples were analyzed by ChIP assay as described in
the legend to Fig. 3. E, in re-ChIP assays, chromatin was first immunoprecipi-
tated with antisera to FXR and then, re-immunoprecipitated with IgG or p300
antibody.

FIGURE 5. Increased FXR binding and histone acetylation at the SHP pro-
moter after treatment with FXR agonists are p300-dependent. HepG2
cells were infected with Ad-sip300 (sip300) or Ad-empty (empty) and 3 days
later, cells were treated with GW4064 (A and B) or CDCA (C and D). Cells were
harvested for q-RTPCR (A and C) or ChIP (B and D) assays as described in the
legends to Figs. 1 and 3, respectively. The S.E. was determined by the Stu-
dent’s t test; *, p � 0.05 (n � 3).
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down assays showed that FXR directly interacted with p300
in vitro (supplemental Fig. S5). To determine whether FXR
can be acetylated by p300, GST-FXR, or control GST were
incubated with purified p300 in the presence of [3H]acetyl-
CoA. Acetylation of GST-FXR as well as GST-FXR fragment
was detected, whereas acetylation of GST was not (Fig. 6A).

In both reactions, auto-acetylation
of p300 was detected.
To further confirm these results,

Flag-FXR was expressed in HepG2
cells by infection with Ad-Flag-
FXR. Purified Flag-FXR was incu-
bated with the p300 acetylase and
acetylated FXR was detected by
Western blotting using acetyl
lysine antibody. Flag-FXR was
robustly acetylated by p300 in
vitro (Fig. 6B).
To examine whether FXR can be

acetylated in cells, COS-1 cells
were transfected with plasmids for
Flag-FXR and treated with de-
acetylase inhibitors, and then,
acetylated FXR levels were detected.
Acetylated FXR levels were
increased by deacetylase inhibitor
treatment (Fig. 6C), and similar
results were observed in HepG2
cells (not shown). These results sug-
gest that FXR is an acetylated pro-
tein that undergoes dynamic acety-
lation and deacetylation in cells.
To determine if p300 acetylates

FXR in cells, COS-1 cells were
transfected with plasmids for Flag-
FXR and p300 wild type and acety-
lated FXR levels were detected.
Acetylated FXR levels were elevated
in cells overexpressing p300 (Fig.
6D). Similar results were observed
after immunoprecipitation with
FXR antibody instead of M2 anti-
body (supplemental Fig. S6). These
results suggest that p300 increases
FXR acetylation levels in cells.
To directly determine whether

p300 acetylates FXR, HepG2 cells
were infected with Ad-3Flag-FXR
and either Ad-empty or Ad-p300
wild type and further infected with
Ad-sip300 or catalytically inactive
Ad-p300 mutant. Acetylated FXR
levels were markedly increased in
cells infected with Ad-p300 wild
type (Fig. 6E, lanes 1 and 2). Ele-
vated acetylated FXR levels by
p300 were decreased in cells co-
infected with Ad-sip300 (lane 3)

or a higher dose of Ad-p300 mutant (lane 5). In control
experiments, infection of Ad-sip300 markedly decreased the
p300 protein levels (supplemental Fig. S7). Consistent
results were observed in COS-1 cells transfected with plas-
mids for p300 wild type and mutant (not shown). These
results indicate that FXR is acetylated by p300 in cells.

FIGURE 6. FXR is acetylated by p300 in vitro and in cells. A, GST-FXR or control GST was incubated with
purified p300 and [3H]acetyl-CoA, and acetylated proteins were detected by fluorography after SDS-PAGE.
Acetylated FXR bands are indicated by arrows and auto-acetylated p300 is indicated by an asterisk. The dotted
arrow denotes a degraded fragment of FXR, which was confirmed by Western analysis using FXR antibody.
B, isolated Flag-FXR from HepG2 cells were incubated with p300 and acetyl-CoA in vitro, and acetylated FXR
and FXR were detected by Western blotting as indicated. C and D, COS-1 cells were transfected with plasmids
for Flag-FXR and p300 wild type (WT). The cells were treated with 200 nM GW4064 and HDAC inhibitors, 500 nM

TSA and 5 mM Nam, for 5 h, and cell extracts were prepared. Flag-FXR was immunoprecipitated with M2 and
acetylated FXR in the immunoprecipitates were detected by Western blotting using acetyl lysine antibody
(upper panel). The membrane was stripped, and FXR was detected by FXR antibody (lower panel). IgG heavy
chain is indicated by an asterisk. E, HepG2 cells were infected with Ad-3Flag-FXR and adenoviral vectors
expressing p300 WT, p300 siRNA (sip300), or a catalytically inactive p300 mutant (MT), as indicated. Flag-FXR
was immunoprecipitated with goat FXR antibody and acetylated FXR in the immunoprecipitates were
detected by Western blotting using acetyl lysine (upper panel). The use of goat FXR antibody increases sepa-
ration of the Flag-FXR from the nonspecific IgG heavy chain compared with the mouse M2 antibody. FXR in the
immunoprecipitates were detected with rabbit FXR antibody (lower panel). Above the upper panel, the num-
bers in parentheses are the intensities for the acetylated protein bands relative to the corresponding total FXR
(lower panel) with control sample (lane 1) set to 1.0. F, HepG2 cells were cotransfected with plasmids of 200 ng
of Gal4-TATA-luc reporter and 5 ng of Gal4-DBD or Gal4-FXR in the presence of p300 wild type or mutant as
indicated. Cells were treated with vehicle or 200 nM GW4064 overnight and harvested for reporter assays. The
values for firefly luciferase activities were normalized by dividing by the �-galactosidase activities. The S.E. was
calculated using the Student’s t test (n � 3); *, p � 0.05.
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p300 Acetylase Activity Is Important for FXRTransactivation—
To determine whether the p300 acetylase activity is important
in enhancing FXR activity, we examined the effect of overex-
pression of p300 wild type or a catalytically inactive p300
mutant on FXR transactivation in HepG2 cells. Exogenous
expression of p300 wild type significantly enhanced FXR trans-
activation in GW4064-dependent manner but overexpression
of a catalytically inactive p300 mutant did not increase FXR
transactivation (Fig. 6F). Consistent results were observed in
cells treated with CDCA (not shown). These results with the
p300 mutant indicate that p300 acetylase activity is required
for p300-mediated coactivation of FXR, further suggesting that
p300 enhances FXR activity by increasing acetylation of both
histones at the target gene promoter and probably FXR.
CBP, but Not GCN5, Coactivates FXR Induction of SHP—To

test if FXR can be acetylated by other HATs, in vitro acetylation
studies were done with CBP, pCAF, and GCN5 as well as p300.
Core histones or GST were also incubated with HATs to serve
positive or negative controls, respectively. GST-FXRwas acety-
lated by p300 and to a lesser extent by CBP, but not efficiently
acetylated by pCAF or GCN5 (Fig. 7A). In contrast, histones
were robustly acetylated by all these acetylases (Fig. 7B). GST
protein was not acetylated by any of these HATs (not shown).
In functional reporter assays, overexpression of p300 signif-

icantly increased FXR transactivation in HepG2 cells, whereas
p300 mutant did not (Fig. 7C, lanes 4–8). In contrast, overex-
pression of GCN5 wild type or catalytically inactive mutant did
not alter FXR transactivation (Fig. 7C, lanes 9–12). As a con-
trol, expression of GCN5 proteins in transfected cells was con-
firmed by Western analyses (not shown).
To further determine the functional specificity of acety-

lases in ligand-activated FXR signaling in vivo, the recruit-
ment of p300, CBP, and GCN5, to the SHP promoter was
examined in mouse liver after treatment with GW4064.
GW4064 treatment increased the Shp mRNA levels by
6-fold.3 In ChIP studies, promoter occupancy of FXR, p300,
or RNA polymerase II was substantially increased after
GW4064 treatment (Fig. 7D). Recruitment of CBP was also
markedly increased. In contrast, GCN5 was associated with
the promoter and GW4064 treatment did not increase the
promoter occupancy. Similar associations of these acetylases
with the SHP promoter were observed in mouse liver after
CA feeding (not shown). These results suggest that p300 and
possibly CBP, but not GCN5, are directly involved in ligand-
activated FXR induction of SHP, suggesting functional spec-
ificity of acetylases in FXR signaling.
Effects of p300 Down-regulation on Expression of other Meta-

bolic FXR Target Genes—Function of p300 in metabolic path-
ways was analyzed by testing the effects of down-regulation of
p300 on expression of FXR target genes. The p300mRNA levels
were reduced by 70% by Ad-sip300 infection and were not
altered by CDCA or GW4064 treatment in HepG2 cells (Fig.
8A). The functions of representative FXR target gene products
that are examined in this study are briefly summarized in Fig.
8E. Down-regulation of p300 resulted in substantial decreases

in SHP mRNA levels and significant decreases in BSEP mRNA
levels in cells treated with vehicle or FXR agonists (Fig. 8B).
CDCA or GW4064 treatment reduced CYP7A1 mRNA levels
about 70% as expected and while infection with Ad-sip300
reduced basal levels of CYP7A1, a further reduction was not
observed with agonist treatment (Fig. 8B). The mRNA levels of
ApoCII or ApoE were not changed by Ad-sip300 infection, and
interestingly, PLTP and VLDLR mRNA levels were increased
(Fig. 8C). The mRNA levels of ApoA1 were reduced by CDCA
treatment and down-regulation of p300 reversed the inhibition
of ApoA1 expression (Fig. 8C). Strikingly, down-regulation of
p300 reduced mRNA levels of G-6-Pase and reduced those of
PEPCK (Fig. 8D).
These data indicate that down-regulation of p300 has differ-

ential effects on the expression of hepatic FXR target genes
involved in lipoprotein and glucose metabolism. Interestingly,
the changes in expression of genes involved in lipidmetabolism3 J. Y. Lee and J. K. Kemper, unpublished data.

FIGURE 7. Functional specificity of acetylases in ligand-activated FXR sig-
naling. A, purified p300, CBP, pCAF, or GCN5, were incubated with GST-FXR
and [3H]acetyl-CoA. The positions of acetylated FXR and FXR fragment are
indicated by solid and dotted arrows, respectively. Auto-acetylated p300, CBP,
and pCAF are indicated by asterisks. B, as a control, core histones (CH) were
also incubated with each of acetylases and subjected to fluorography (upper
panel) or Coomassie Blue staining (lower panel) after SDS-PAGE. C, HepG2 cells
were cotransfected with Gal4-TATA-luc reporter and Gal4-DBD or Gal4-FXR in
the presence of p300 or GCN wild type (WT) or catalytically inactive mutants
(MT). Cells were treated with vehicle or 200 nM GW4064 overnight and har-
vested for reporter assays. The values for firefly luciferase activities were nor-
malized by dividing by the �-galactosidase activities. The S.E. was calculated
using the Student’s t test (n � 3). D, mice were treated with GW4064 using oral
gavage and 3-h later, liver were collected for ChIP assays as described in the
legend to Fig. 3.
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are in directions that would lead to improved lipid profiles, and
those in glucose metabolism would lead to decreased serum
glucose levels.

DISCUSSION

We present evidence indicating
that the p300 acetylase acts as a crit-
ical regulator in hepatic SHP gene
induction, by coactivating ligand-
activated FXR via acetylation of his-
tones at the SHP promoter and
probably FXR itself (Fig. 9). Several
lines of evidence support this con-
clusion. First, the p300 interaction
with FXR was increased, p300 was
recruited to the SHP promoter, and
histone H3 K9/K14 acetylation (a
gene activation histone mark) at
the promoter was increased after
treatment with FXR agonists. Fur-
ther, the time course of increased
acetylation at the promoter after
ligand treatment correlated with
that of p300 in both HepG2 cells
and mouse liver in vivo. Most
importantly, down-regulation of
p300 by siRNA nearly completely
blocked the increased histone
acetylation and substantially in-
hibited expression of the SHP
gene. These results strongly sug-
gest that p300 coactivates FXR
induction of SHP by acetylating
histones at the promoter.
p300 may also coactivate ligand-

activated FXR by acetylation of FXR
itself (Fig. 9).We observed that FXR
is acetylated by p300, and acetylated
FXR levels were increased by p300
wild type and decreased by a catalyt-
ically inactive p300 mutant or
siRNA for the p300. Importantly,
increased occupancy of FXR and
RNA polymerase II at the SHP pro-

moter after treatment with FXR agonists was largely eliminated
by down-regulation of p300. These results, taken together, sug-
gest that p300 coactivates ligand-activated FXR induction of
SHP by acetylating both histone at the promoter and FXR
itself, which may contribute to increased association of FXR
and RNA polymerase II with the promoter. Consistent with
these, in functional reporter assays, overexpression of the
p300 mutant blocked FXR transactivation, while p300 wild
type significantly increased FXR activity. To directly demon-
strate functional roles of FXR acetylation in the modulation
of FXR activity, lysine residues in FXR acetylated by p300
remain to be determined.
We also observed that endogenous FXR was acetylated at a

low level, and acetylated FXR levels were not markedly
increased after CA feeding or treatment with GW4064 in
mouse liver (not shown). It is possible that acetylation and
deacetylation of FXR are dynamic processes under normal

FIGURE 8. Down-regulation of p300 results in differential effects on the expression of FXR target genes.
A–D, HepG2 cells were infected with Ad-sip300 or Ad-empty, 3 days later, cells were treated with ligands
overnight, and the mRNA levels of FXR target genes were determined by q-RTPCR. V, C, and GW indicate
vehicle, 50 �M CDCA, and 100 nM GW4064, respectively. Statistical significance was determined by the Stu-
dent’s t test; *, p � 0.05; NS indicates not statistically significant (n � 3). E, representative FXR target genes
examined in this study are listed with a brief description of the function of their gene products.

FIGURE 9. A proposed molecular mechanism by which p300 coactivates
ligand-activated FXR induction of SHP. Unliganded FXR/RXR heterodimer
is associated with the SHP promoter and acetylated histone H3 levels are
minimal, resulting in basal levels of SHP expression. Activation of FXR signal-
ing by bile acids or GW4064 increases the FXR interaction with p300 and
recruits p300 to the SHP promoter. The recruited p300 increases both histone
H3 acetylation at K9/14 (a gene activation histone mark) and FXR acetylation,
which would increase the association of FXR, coactivator complexes, and RNA
polymerase II with the SHP promoter (the solid circle denotes increased FXR
binding, compared with the dotted circle in the basal state). These processes
at the promoter lead to the SHP gene induction in hepatocytes in response to
ligand-activated FXR signaling.
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physiological conditions so that acetylated FXR levels are tran-
siently elevated in response to activated FXR signaling pathway
in hepatocytes. Whether constitutively elevated FXR acetyla-
tion is associated with pathological states will be an interesting
question.
In vitro acetylation studies showed that FXR can be acety-

lated by p300 and CBP, but to a much lesser extent by GCN5
and pCAF. Also, overexpression of GCN5 did not increase FXR
transactivation, whereas p300 significantly increased FXR
activity. Consistent with these results, association of GCN5
with the SHPpromoterwas not increased, whereas recruitment
of p300 and CBP was substantially increased in mouse liver
after GW4064 treatment. These results suggest a functional
specificity for p300 and probably CBP, but not GCN5, in coac-
tivating ligand-activated FXR induction of SHP.
We observed unexpected intriguing results that down-regu-

lation of p300 altered the expression of metabolic FXR target
genes such that beneficial metabolic profiles would be
expected. The expected effects of the down-regulation are com-
plex because direct targets of FXR/p300, like SHP, would be
down-regulated and indirect targets of FXR via SHP induction
would be up-regulated. Furthermore, if these metabolic genes
are also induced by other transcription factors that are coacti-
vated by p300, decreased expression would be expected. Nev-
ertheless, for the genes involved in lipoprotein metabolism,
down-regulation of p300 resulted in a dramatic increase in the
expression of the VLDL receptor gene, which should increase
themetabolism of triglyceride-rich lipoproteins and, therefore,
decrease the levels of triglycerides, which would have a benefi-
cial cardiovascular result. Down-regulation of p300 also
increased the basal levels of ApoCII, ApoE, and PLTP. While
modest, these changes should result in increased synthesis of an
HDL component, transfer of phospholipid to HDL, and
increased metabolism of chylomicrons and VLDL. Each of
these changes would result in improved lipid profiles that may
reduce the probability of cardiovascular disease. For enzymes
related to glucose metabolism, p300 reduced expression of
G6Pase and PEPCK, both of which are involved in the produc-
tion of glucose. Therefore, p300 down-regulation should con-
tribute to decreased serum glucose levels and increased insulin
sensitivity, beneficial effects in diabetes.
These potentially beneficial outcomes from p300 down-reg-

ulation and subsequent inhibition of SHP expression are in-line
with recent reports that elevation of SHP expression is impli-
cated in development of the fatty liver phenotype and diabetes
(37, 38, 60). For instance, liver-specific prolonged overexpres-
sion of SHP was shown to result in depleted bile acid pools and
accumulation of hepatic lipids by promoting lipogenesis in
transgenic mice (37). Also, decreased lipid levels and increased
insulin sensitivity were detected in SHP-null mice (60). Abla-
tion of the SHP gene in the ob/ob mice resulted in decreases in
liver and serum lipid levels and beneficial changes in metabolic
profiles (38). Our studies, taken together with these reports,
suggest that suppression of SHP expression by inhibiting
hepatic p300 activity in metabolic disease states may result in
beneficial metabolic outcomes that would be useful for treating
fatty liver and related metabolic diseases.
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