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Summary
The nuclear bile acid receptor FXR is critical for regulation of lipid and glucose metabolism. Here
we report that FXR is a target of SIRT1, a deacetylase that mediates nutritional and hormonal
modulation of hepatic metabolism. Lysine 217 of FXR is the major acetylation site targeted by p300
and SIRT1. Acetylation of FXR increases its stability but inhibits heterodimerization with RXRα,
DNA binding, and transactivation activity. Down-regulation of hepatic SIRT1 increased FXR
acetylation with deleterious metabolic outcomes. Surprisingly, in mouse models of metabolic
disease, FXR interaction with SIRT1 and p300 was dramatically altered, FXR acetylation levels were
elevated, and overexpression of SIRT1 or resveratrol treatment reduced acetylated FXR levels. Our
data demonstrate that FXR acetylation is normally dynamically regulated by p300 and SIRT1 but is
constitutively elevated in metabolic disease states. Small molecules that inhibit FXR acetylation by
targeting SIRT1 or p300 may be promising therapeutic agents for metabolic disorders.

Introduction
Farnesoid X receptor (FXR) is a ligand-regulated transcription factor that belongs to a large
superfamily of nuclear receptors (Mangelsdorf and Evans, 1995). Activated by physiological
concentrations of bile acids, FXR regulates expression of numerous bile acid-responsive genes,
mainly in the liver and intestine, to regulate cholesterol and bile acid homeostasis (Cariou and
Staels, 2007; Kalaany and Mangelsdorf, 2006; Lee et al., 2006). Other studies have established
that FXR is also a master regulator of lipid and glucose homeostasis (Lee et al., 2006; Ma et
al., 2006) and is critically involved in liver regeneration (Huang et al., 2006), and protection
of intestines from intestinal bacteria growth (Inagaki et al., 2006). Disruption of the FXR gene
in transgenic mice is associated with metabolic diseases, including diabetes and
hypercholesterolemia (Sinal et al., 2000). Interestingly, activation of FXR in diabetic mice
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improved metabolic outcomes by reducing serum glucose and lipid levels (Zhang et al.,
2006). Although these critical roles of FXR in normal physiology and metabolic disease
processes have been established, the molecular basis of how FXR activity is modulated in
health and disease states remains largely unexplored.

Nuclear receptors collaborate with numerous transcriptional cofactors to effectively modulate
transcription of their target genes (Rosenfeld et al., 2006). Transcriptional regulation by nuclear
receptors, therefore, involves the recruitment of cofactors to target gene promoters that results
in histone modification. In addition, these cofactors also modulate receptor activity by post-
translational modification of the receptor itself, including acetylation and deacetylation.
Previous studies have shown that the activities of regulatory proteins, such as PGC-1 , Foxo-1,
LXR, and p53, are modulated by protein acetylation and deacetylation (Daitoku et al., 2004;
Kitamura et al., 2005; Lerin et al., 2006; Li et al., 2007; Luo et al., 2001; Motta et al., 2004;
Rodgers et al., 2005). We recently reported that p300 acetylates FXR, as well as histones at
FXR target gene promoters (Fang et al., 2008), but the role of FXR acetylation in normal and
metabolic disease states remains unclear.

A mammalian homologue of yeast sir2, SIRT1, regulates cellular metabolism such that aging
and life longevity are affected (Guarente, 2007; Sinclair et al., 2006). SIRT1 is a NAD+-
dependent deacetylase that removes acetyl groups from modified lysine residues in both
histones and transcription factors (Sinclair et al., 2006). Recent studies demonstrate that SIRT1
plays an important role in the regulation of metabolism in response to hormonal and nutritional
cues by modulating the activity of PGC-1α, a master metabolic regulator (Rodgers et al.,
2008; Rodgers et al., 2005). For instance, while acetylation of PGC-1α by GCN5 acetylase
decreased PGC-1α activity by altering its intra-nuclear distribution, deacetylation of PGC-1α
by SIRT1 increased its activity (Lerin et al., 2006; Rodgers et al., 2005). Interestingly,
activation of SIRT1 by a polyphenolic compound, resveratrol, in mouse models of metabolic
disease reduced acetylation levels of PGC-1α and improved metabolic profiles (Baur et al.,
2006; Lagouge et al., 2006).

Both FXR and SIRT1 are critically involved in liver metabolic regulation (Lee et al., 2006;
Lerin et al., 2006; Rodgers and Puigserver, 2007; Zhang et al., 2004) and activation of these
proteins in mouse models of metabolic disease improved metabolic outcomes (Baur et al.,
2006; Lagouge et al., 2006; Zhang et al., 2006). Therefore, these previous studies, along with
our recent findings that FXR is acetylated by p300 (Fang et al., 2008), prompted us to ask
whether SIRT1 modulates the activity of FXR by deacetylation. Using molecular, cellular, and
animal in vivo studies, we investigated the biological function of FXR acetylation in normal
and metabolic disease states. Here, we demonstrate that FXR is a target of SIRT1 in metabolic
regulation. Acetylation of FXR inhibits its activity and is dynamically regulated by p300 and
SIRT1 under normal conditions. Down-regulation of hepatic SIRT1 by siRNA increased FXR
acetylation with deleterious metabolic outcomes. Surprisingly, FXR acetylation levels were
constitutively elevated in two mouse models of metabolic disorders, ob/ob mice and mice
chronically fed a western style diet. Treatment with the SIRT1 activator, resveratrol, or
adenoviral-mediated overexpression of SIRT1 substantially reduced FXR acetylation levels in
these disease model mice. Our studies provide an intriguing correlation between elevated FXR
acetylation by decreased SIRT1 activity, decreased FXR activities, and deleterious metabolic
effects in hepatic metabolic disease.

Results
K217 in the hinge region of FXR is the major acetylation site

As the first step in defining the functional role of FXR acetylation, we identified lysine (K)
residues acetylated using tandem mass spectrometry (MS/MS). Flag-tagged FXR was
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expressed in HepG2 cells and isolated flag-FXR was acetylated by p300 in vitro (Fig. 1A-C).
The MS/MS analysis revealed that K217 in the hinge region was the major site acetylated and
that K157 in the DNA binding domain was also acetylated (Fig. 1D, E, Fig. S1). K217 is highly
conserved in FXR in vertebrates (Fig. 1F).

To confirm these results, cells were cotransfected with plasmids for p300 and either FXR or
one of the acetylation-defective FXR mutants, K157R and K217R. Acetylated FXR was
detected by immunoprecipitation under stringent conditions with buffers containing SDS,
followed by western analysis using an anti-acetyl lysine antibody. FXR acetylation levels were
increased by treatment with deacetylase inhibitors, trichostatin A (TSA) and nicotinamide
(Nam) (Fig. 1G, lanes 2 and 4), suggesting that FXR undergoes dynamic acetylation and
deacetylation. Treatment with GW4064, a synthetic FXR agonist (Willson et al., 2001),
modestly increased FXR acetylation (lanes, 3 and 4). FXR acetylation levels were substantially
reduced in the K217R mutant, and nearly abolished in the K157/217R double mutant (lanes,
4-7). These results indicate that K217 of FXR is the major acetylation site by p300 and that
K157 is also acetylated.

Acetylation of FXR increases its stability
Since FXR protein levels of the acetylation mutants were markedly reduced (Fig. 1G), we
tested whether acetylation of FXR affects its stability. Treatment with MG132, a proteasome
inhibitor, dramatically increased FXR levels and resulted in its ubiquitination in vitro and in
cells (Fig. 2A, B, Fig. S2, 3). The degradation rate was determined by monitoring the decrease
of flag-FXR wild type or mutants after blocking protein synthesis by cycloheximide (CHX).
The half-lives were 5-6 hr for ligand-activated flag-FXR wild type and about 2 hr for the K157R
or K217R mutants (Fig. 2C), indicating that FXR acetylation increases its stability. These
results suggest that FXR is a target of ubiquitin-proteasomal degradation and acetylation of
FXR increases protein stability by inhibiting its degradation.

Mutation of FXR acetylation sites increases transactivation
To determine whether acetylation of FXR affects its transactivation ability, the effects of
mutation of K157 and/or K217 on FXR transactivation were examined. Overexpression of
K157R and K217R mutants increased FXR activity compared to wild type and mutation of
both sites synergistically increased FXR transactivation activity at the lower amounts of
plasmids transfected (Fig. 2D, lanes, 2, 4, 6, 8). Mutation of K122 to arginine did not alter FXR
acetylation levels (not shown) and had little effect on FXR transactivation (lanes, 3 and 10).
In the absence of activation of FXR by GW4046, little transactivation was observed (fig. 2E).
Mutation of K157 and K217 to glutamine residues (Q) to mimic acetylation resulted in
transactivation by FXR similar to that of the wild type (Fig. 2E, lanes 4, 8). Similar results
were observed in reporter assays using a natural SHP promoter-luc (Fig. 2F). With both
reporters, the effects of the K217 mutant were greater than those of the K157 mutant.

We also examined the effects of FXR acetylation on expression of the endogenous SHP gene
in HepG2 cells. The mRNA levels of SHP were significantly increased when the K157/217R
mutant was coexpressed with p300 (Fig. 2G). These results indicate that FXR transactivation
activity is decreased when FXR is acetylated.

Mutation of K157 and K217 increases binding of FXR/RXRα heterodimer to DNA
Since FXR activity was decreased by acetylation of FXR, we tested whether acetylation alters
binding of the FXR/RXR heterodimer to the DNA. Cells were cotransfected with p300 along
with different amounts of expression plasmids for flag-FXR or the K157/K217 mutant to yield
similar protein expression levels (Fig. 3A). Acetylation of FXR was reduced in the K157/K217
mutant compared to wild type (Fig. 3A, lower panel). Antibody supershift gel mobility shift

Kemper et al. Page 3

Cell Metab. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



assays identified the FXR/RXR/DNA complexes (Fig. 3B, lanes 10-13). While little binding
of wild type FXR was observed, robust DNA binding was detected with the K157/K217R
mutant (lanes 4-6, 7-9). These results suggest that FXR acetylation inhibits binding of FXR/
RXRα to DNA.

To directly test the effect of acetylation of FXR on its DNA binding, purified flag-FXR was
acetylated by p300 in vitro and acetylation of flag-FXR was confirmed (Fig. 3C, D). In gel
shift assays, a single protein/DNA complex was detected which was supershifted by the M2
and FXR antibodies (Fig. 3E, lanes 4-7). Binding of unacetylated FXR/RXR was detected in
a dose-dependent manner (lanes, 8-13, 17-22), whereas binding of acetylated FXR was
substantially reduced (lanes, 14-16, 23-25). Addition of GW4064 resulted in increased DNA
binding of the unacetylated FXR (lanes, 8-13, 17-22), but had little effect on binding of
acetylated FXR (lanes 14-16, 23-25). These results demonstrate that binding of FXR/RXR to
the DNA is inhibited when FXR is acetylated.

FXR acetylation inhibits FXR/RXRα heterodimerization
Since DNA binding of FXR/RXR could be impaired if formation of FXR/RXRα heterodimers
is blocked, we examined the effects of mutation of K157 and K217 on the interaction of FXR
with RXRα in cells coexpressing p300. RXRα was co-immunoprecipitated with the FXR
acetylation mutants, whereas RXRα was not detected in FXR immunoprecipitates of wild type
FXR (Fig. 3F, G, Fig. S4). These results indicate that FXR acetylation inhibits FXR/RXRα
heterodimerization.

Since FXR acetylation decreases heterodimerization and DNA binding of FXR/RXR, then
acetylation effects on its transactivation ability should be reduced in FXR fused to a Gal4 DNA
binding domain (G4DBD). Binding to a Gal4 promoter reporter should be independent of
heterodimerization. In contrast to the enhanced transactivation ability in (FXRE)3-tk-luc (Fig.
2D, E) or SHP promoter-luc (Fig. 2F), expression of G4DBD-K217R did not significantly
increase its transactivation (Fig. S5). These results, together with gel shift assays and CoIP
protein interaction studies, demonstrate that FXR acetylation inhibits FXR/RXRα
heterodimerization, which accounts for, at least in part, impaired binding of FXR/RXR to the
DNA, and reduced FXR transactivation ability.

SIRT1 is associated with FXR in mouse liver in vivo
The level of acetylation of FXR is likely to be a balance between acetylation and deacetylation
of the protein. The SIRT1 deacetylase is emerging as a master metabolic regulator (Guarente,
2007; Rodgers et al., 2008) and is a possible candidate for modulating FXR acetylation. We,
therefore, examined whether SIRT1 associates with FXR in mouse liver. In CoIP assays, the
amount of SIRT1 associated with flag-FXR was substantially reduced in mice fed cholic acid
(CA), a primary bile acid and natural FXR agonist (Fig. S6). To determine if overexpression
of flag-FXR resulted in non-specific interaction with SIRT1, we also examined the interaction
between endogenous SIRT1 and endogenous FXR. CA feeding reduced the interaction of
endogenous FXR with SIRT1 (Fig. 4A). Similarly, treatment with GW4046 reduced the
interaction of FXR and SIRT1 in mouse liver (Fig. 4B) and in cultured cells (Fig. S7). In
addition, the interaction of FXR with SIRT1 was substantially increased by fasting (Fig. 4C,
Fig. S8). Conversely, FXR interaction with p300 was substantially increased after feeding (Fig.
S9). These results demonstrate that FXR and SIRT1 interact in mouse liver and that the
interaction is decreased by activation of FXR or in response to feeding.

SIRT1 directly interacts with and deacetylates FXR
The CoIP studies demonstrate that FXR and SIRT1 interact directly or indirectly within a
complex. We next examined whether SIRT1 can bind directly to FXR using GST-pull downs.
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FXR interacted with full length GST-SIRT1 and with the GST-SIRT1 fragment (214-441)
which contains the sirtuin homology domain, but not with fragments from other regions (Fig.
4D, E). Conversely, FXR and the fragment (137-488), but not (269-488), bound to GST-SIRT1
(Fig. 4F, G). The FXR region from residues (137-269) required for interaction with SIRT1
contains both K157/K217 acetylation sites. These results show that FXR interacts directly with
SIRT1.

To test if SIRT1 can deacetylate FXR, in vitro deacetylation studies were performed. 3H-
labeled acetylated GST-FXR levels were decreased by incubation with GST-SIRT1 in a
NAD+-dependent manner (Fig. 4H, Fig. S10). To determine if SIRT1 decreases FXR
acetylation levels in cells, increasing amounts of SIRT1 or a catalytically inactive SIRT1
mutant were cotransfected with expression plasmids for flag-FXR and p300. FXR acetylation
levels were decreased by SIRT1, whereas levels were not decreased in cells cotransfected with
the SIRT1 mutant (Fig. 4I). These results indicate that SIRT1 directly interacts with and
deacetylates FXR.

FXR agonist treatment results in dissociation of SIRT1 from the Shp promoter
To determine whether FXR and SIRT1 interact at the promoters of FXR target genes in vivo,
chromatin immunoprecipitation (ChIP) assays were performed in mouse liver using the Shp
gene as a model. As reported (Fang et al., 2008; Goodwin et al., 2000; Lu et al., 2000), GW4064
treatment increased Shp mRNA levels about 8-fold (Fig. S11). Association of SIRT1 with the
promoter was detected and GW4064 treatment resulted in dissociation of SIRT1 and
recruitment of p300, consistent with the observed increases in histone H3 acetylation at K9/
K14, a gene activation histone modification (Fig. 5A). Similarly, the amount of SIRT1
associated with the promoter was significantly reduced in mice fed CA-chow (Fig. 5B, C).
These results indicate that the recruitment of SIRT1 to the Shp promoter is decreased by
treatment with GW4064 or CA.

SIRT1 increases association of FXR/RXRα with the promoter
Acetylation of FXR inhibited its interaction with RXRα and binding of FXR/RXRα
heterodimer to the DNA (Fig. 3). Therefore, deacetylation of FXR by SIRT1 should increase
binding of this heterodimer to the promoter. Indeed, adenoviral-mediated overexpression of
flag-SIRT1 significantly increased association of FXR and RXRα with the SHP promoter
chromatin in cells treated with GW4064 (Fig. 5D-F). Further, in CoIP assays, interaction of
FXR with RXRα was substantially increased in cells overexpressing SIRT1 (Fig. 5G).
Consistent with the histone deacetylation activity of SIRT1 (Vaquero et al., 2006), acetylated
H3 levels were substantially decreased in cells overexpressing SIRT1 (Fig. 5E). These results
demonstrate that SIRT1 increases FXR/RXRα interaction and binding of this heterodimer to
the promoter chromatin.

SIRT1 decreases the stability of FXR
Mutation of K157 and K217 reduced acetylation of FXR and decreased its stability (Fig. 2C),
therefore, deacetylation of FXR by SIRT1 should destabilize FXR. As expected, expression
of SIRT1 increased the degradation rate of FXR (Fig. 5H, I, Fig. S12). These results suggest
that SIRT1 deacetylates FXR, which increases the degradation of FXR in hepatocytes.

SIRT1 and p300 reciprocally modulate FXR transactivation
In previous cell-based reporter studies, we observed that p300 increased FXR transactivation
of the SHP gene (Fang et al., 2008). Therefore, a deacetylase, such as SIRT1, should have the
opposite effect. Consistent with previous studies, cotransfection of increasing amounts of
expression plasmids for p300, but not of the inactive p300 mutant, increased FXR
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transactivation (Fig. 5J, lanes, 3-9). In contrast, increasing amounts of SIRT1 progressively
decreased the p300-enhanced transactivation while an inactive SIRT1 mutant had smaller
effects (lanes 6, 10-15). Similar results were observed with the natural Shp promoter-luc
reporter (Fig. 5K). These data, together with acetylation studies and chromatin IP studies,
suggest that p300 and SIRT1 reciprocally regulate FXR activity by modulating acetylation
levels of both FXR and histones. Acetylation of histones at the promoter is likely responsible
for increased gene transcription. In contrast, the increased acetylation of FXR by p300 may
act to limit and reverse the increased transactivation by inhibiting the interaction with RXRα
and binding to DNA.

Down-regulation of SIRT1 increases FXR acetylation with deleterious metabolic outcomes
To directly determine whether acetylation levels of FXR in vivo are dependent on SIRT1, mice
were infected with Ad-siSIRT1 to down-regulate SIRT1. Endogenous SIRT1 mRNA and
protein levels were decreased by siSIRT1 expression (Fig. 6A, B, E). Acetylation levels of
endogenous hepatic FXR were markedly elevated in mice infected with Ad-siSIRT1 (Fig. 6C).
Furthermore, the interaction of endogenous FXR with RXRα in these mice was decreased as
expected upon increased FXR acetylation (Fig. 6D). Also consistent with results from cell
studies (Fig. 5), Shp mRNA levels were slightly, but significantly, increased in mice infected
with Ad-siSIRT1 (Fig. 6E). Since overexpression of SIRT1 or SIRT1 activation by resveratrol,
a polyphenolic SIRT1 activator, showed beneficial gene expression patterns and improved
metabolic profiles (Baur et al., 2006; Lagouge et al., 2006; Rodgers and Puigserver, 2007), its
down-regulation would be expected to have deleterious effects. Indeed, down-regulation of
SIRT1 resulted in increased mRNA levels of SREBP-1c and FAS involved in hepatic
lipogenesis, and decreased mRNA levels of SR-B1 and ABCA1 involved in cholesterol
transport (Fig. 6E). We and others showed that PGC-1α is an important coactivator for
regulation of the Cyp7a1 and Cyp8b1 genes (Bhalla et al., 2004; Miao et al., 2006; Shin et al.,
2003), which encode key enzymes in hepatic bile acid biosynthesis. Consistent with these
findings, mRNA levels of Cyp7a1 and Cyp8b1 were significantly decreased in mice infected
with Ad-siSIRT1 (Fig. 6E). The mRNA levels of hepatic bile acid transporters, BSEP and
MRP2, were significantly decreased. The bile acid pool size was also decreased as expected
from these changes in gene expression (Fig. 6F). Serum VLDL and LDL levels were
significantly elevated and HDL levels were markedly decreased, leading to a deleterious pro-
artherogenic serum lipid profile (Fig. 6G). These results indicate that SIRT1 decreases FXR
acetylation levels in vivo and further support the idea that decreased SIRT1 activity and
elevated FXR acetylation correlate with deleterious metabolic outcomes.

Elevated FXR acetylation levels in metabolic disease mice
To test whether acetylated FXR levels are altered in metabolic disease states, acetylation studies
were performed in two mouse models of obesity and type II diabetes, the leptin-deficient ob/
ob mice and mice fed chronic western-style diet (WD). Acetylation of FXR was substantially
increased in the ob/ob mice although the acetylated FXR was barely separated from a strong
non-specific band due to IgG (Fig. 6H, I). To reduce the amount of the IgG band, flag-FXR
bound to M2 agarose was eluted using flag-peptide and again, the level of acetylated flag-FXR
was substantially higher in the ob/ob mice (Fig. S13). Consistent with elevated FXR acetylation
levels, the interaction of FXR with p300 was increased, whereas interaction with SIRT1 was
decreased in ob/ob mice (Fig. 6J). Elevated FXR acetylation levels were also detected in mice
chronically fed WD compared to mice fed normal chow (Fig. S14). Since acetylated FXR levels
were elevated in two different mouse models of metabolic diseases, it is consistent with the
idea that elevated FXR acetylation underlie metabolic disorders.
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FXR acetylation levels in normal physiology and pathophysiology
Finally, we compared the modulation of FXR acetylation by normal physiological stimuli,
fasting and feeding, and by metabolic disease conditions using WD mice as a model. FXR
acetylation levels were slightly but significantly increased in mice refed after overnight fasting
(Fig. 6K, L). Remarkably, FXR acetylation levels were dramatically elevated in WD mice
compared to mice fed normal chow (Fig. 6K, L). Consistent with roles of SIRT1 in FXR
deacetylation from cell studies (Fig. 4), hepatic overexpression of SIRT1 in these WD mice
substantially reduced the FXR acetylation levels (Fig. 6M).

Treatment with resveratrol resulted in beneficial gene expression patterns and improved an
overall metabolic outcome, partly due to deacetylation of PGC-1α in metabolic disease model
mice (Baur et al., 2006; Lagouge et al., 2006). It is possible that activation of SIRT1 might
also decrease the abnormally high levels of acetylated FXR in these disease models, which
could contribute to the beneficial effects. To test this possibility, ob/ob mice were treated daily
with resveratrol for one week and acetylated FXR levels and metabolic studies were performed.
Treatment with resveratrol substantially decreased acetylated FXR levels in ob/ob mice (Fig.
6N). Further, treatment with resveratrol significantly decreased Shp mRNA levels and elevated
bile acid pool sizes in WD mice (Fig. S15, S16). These results, together, demonstrate that
acetylated FXR levels are dynamically regulated by p300 and SIRT1 under normal conditions
but constitutively elevated in metabolic disease model mice and further suggest that elevated
acetylated FXR levels reduce FXR activity, which is associated with deleterious outcomes in
metabolic disease states.

Discussion
We demonstrate in these studies that acetylation of FXR normally dynamically modulates its
activity and that abnormally elevated levels of acetylated FXR are present in mouse models of
metabolic disease. The level of FXR acetylation is reciprocally regulated by the acetylase p300
and the deacetylase SIRT1. The major site of FXR acetylated by p300 is K217 within the hinge
domain and acetylation was also detected at K157 within the DNA binding domain. Mutation
of K157 and K217 resulted in decreased stability of FXR but increased heterodimerization
with RXRα, binding to DNA, and transactivation activity indicating that acetylation of FXR
increases its stability but inhibits its DNA binding and transactivation activity. Down-
regulation of endogenous SIRT1 in mouse liver increased acetylation levels of endogenous
FXR demonstrating that SIRT1 affected FXR acetylation in vivo. Interestingly, down-
regulation of SIRT1 was associated with deleterious gene expression patterns and metabolic
outcomes. Consistent with this observation, FXR acetylation levels were highly elevated in
ob/ob mice and high fat western-style diet mice. Furthermore, activation of SIRT1 by treatment
with resveratrol, which has been shown to improve metabolic outcomes (Baur et al., 2006;
Lagouge et al., 2006), demonstrated reduced the elevated FXR acetylation in these metabolic
disease mice. Our results suggest an intriguing connecting between elevated FXR acetylation
and decreased FXR activity in animals with deleterious metabolic profiles.

Based on results from the present and published studies (Fang et al., 2008), acetylation is likely
to play a complex role in gene regulation by FXR (Fig. 7). Upon activation, FXR recruits p300
to target gene promoters and SIRT1 is dissociated, resulting in increased acetylation of FXR
and histones. Acetylation of histones by p300 is associated with gene activation and is probably
the major factor in the activation of the FXR target gene as we previously demonstrated (Fang
et al., 2008). At the same time, however, acetylation of FXR itself inhibits the activity of FXR.
This seemingly paradoxical effect may be important to limit or terminate the response to a
stimulus response, which is essential in a dynamically regulated system. Once the acetylated
FXR is released from the promoter, FXR is deacetylated by SIRT1, which then either interacts
with RXRα and rebinds to the DNA as a heterodimer, or is degraded via the ubiquitin-
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proteasomal degradation pathway. In the absence of further stimulation, SIRT1 is recruited to
the target genes by the unliganded FXR and histones are deacetylated so that gene expression
remains at a low basal level. Importantly, acetylation and deacetylation of FXR appear to be
a dynamic process under normal physiological conditions, so that the activity of FXR is tightly
balanced by the opposing actions of p300 and SIRT1.

In contrast to normal mice, in mice with abnormal metabolic profiles such as ob/ob mice,
western diet mice, or mice expressing siSIRT1, the FXR acetylation levels are constitutively
and highly elevated. The increased acetylation of FXR may be caused by low activity of SIRT1
since down-regulation of SIRT1 in normal mice led to deleterious metabolic outcomes. In
metabolic disease states, continuously acetylated FXR would show impaired interaction with
RXRα and DNA binding of FXR/RXRα, and subsequently decreased FXR transactivation of
its metabolic target genes. This result suggests that the dynamic acetylation and deacetylation
of FXR in normal mice may be required for activation of the genes, while continuously elevated
acetylation in the diseased states blocks activation. Therefore, our studies provide a potential
intriguing correlation between elevated FXR acetylation, decreased FXR activities, and
deleterious metabolic effects in metabolic disease states.

The correlation of elevated FXR acetylation and metabolic disease suggests that activation of
SIRT1 should have beneficial effects. Indeed, activation of SIRT1 by resveratrol has already
been demonstrated to have beneficial metabolic effects in mouse models of metabolic disease
by enhancing mitochondria function through activation of PGC-1α (Baur et al., 2006; Lagouge
et al., 2006). Our observation that activation of resveratrol or overexpression of SIRT1 results
in decreased acetylation of FXR in disease model mice suggests that effects of resveratrol on
FXR, in addition to PGC-1α, may also contribute to improved metabolic outcomes. These
results are consistent with our previous studies showing that down-regulation of p300, which
should reduce acetylation of FXR, altered expression of metabolic target genes involved in
lipoprotein and glucose metabolism, such that beneficial lipid and glucose profiles would be
expected (Fang et al., 2008). In addition to the direct effects of SIRT1 on FXR, SIRT1 may
also indirectly increase FXR activity by activating PGC-1α (Baur et al., 2006; Rodgers et al.,
2008). PGC-1α has been shown to coactivate FXR transactivation and increase FXR expression
(Zhang et al., 2004). It is possible that SIRT1-mediated PGC-1α coactivation and FXR
deacetylation synergistically regulate hepatic FXR activity under physiological conditions.

It has been demonstrated that bile acids, not only activate FXR signaling by binding to the
ligand binding domain of FXR, but also activate upstream cellular kinase signaling pathways,
such as protein kinase B (PKB, Akt), PKC, JNK, and ERK kinases, in hepatocytes (Dent et
al., 2005; Gineste et al., 2008; Hylemon et al., 2009; Miao et al., 2009). We recently
demonstrated that bile acids increase the stability of SHP, a well known FXR target, by
inhibiting ubiqutin-proteasomal degradation in an ERK-dependent manner (Miao et al.,
2009). A recent study showed that inhibition of PKC impaired ligand-mediated regulation of
FXR activity of its target genes by blocking FXR interaction with PGC-1α (Gineste et al.,
2008). Interestingly, one of the two reported PKC sites in FXR, S154, is located near K157,
an acetylation site in FXR. It will be, therefore, interesting to know whether phosphorylation
of FXR by PKB or PKC affects acetylation of FXR and whether impaired signaling pathways
are associated with elevated FXR acetylation in metabolic disease states.

Although K217 was identified as the major acetylation site for FXR, acetylation at K157 was
also observed. Recent studies demonstrated that acetylation of p53 at different lysine residues
affected different biological processes, for example, acetylation of p53 at K120 in the DNA
binding domain by Tip60 acetylase is crucial for apoptosis but is dispensable for cell cycle
arrest (Tang et al., 2006). Likewise, acetylation at K157 and K217 in FXR may have different
functional outcomes and may selectively play a role in regulation of subsets of target genes
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involved in different metabolic pathways, such as cholesterol/bile acids, fatty acid, and glucose.
It will be, therefore, important to determine whether acetylation in the disease models is
generally increased or if acetylation at specific sites is increased and whether FXR acetylated
at different sites is recruited in a gene-selective manner.

In this study, we demonstrate for the first time that FXR acetylation is tightly and reciprocally
regulated by p300 and SIRT1 and is critical for activation of FXR target genes in response to
FXR signaling under normal conditions and further, this dynamic regulation of FXR
acetylation is disrupted in metabolic disease model mice, resulting in constitutively elevated
FXR acetylation. We propose that small molecules that inhibit FXR acetylation by increasing
SIRT1 or decreasing p300 activity may be promising therapeutic agents for treatment of
metabolic disorders, such as, fatty liver, diabetes, and obesity.

Experimental Procedures
Materials

Antibodies against FXR, RXR, p300, GFP, lamin, tubulin, and RNA polymerase II were
purchased from Santa Cruz Biotech. M2 antibody was purchased from Sigma and SIRT1 and
acetylated H3 (K9/K14) antibodies were from Upstate Biotech. Acetyl lysine antibody was
purchased from Cell Signaling, Inc. GW4046 was a kind gift from T. M. Willson. TSA,
nicotinamide (Nam), and resveratrol were purchased from Sigma, Inc.

Plasmid and adenoviral vector constructs
Acetylation defective- and mimic-flag-FXR mutants were constructed by site-directed
mutagenesis (Stratagene, Inc.) and confirmed by sequencing. Flag-FXR in this manuscript
refers to 3flag-human FXR. Ad-flag-FXR has been previously described (Fang et al., 2008).

Animal experiments
BALB/c male mice were fed with chow supplemented with 0.5% CA (Harland Teklad
TD05271) for 3 to 6 hr or treated with GW4064 (30 mg/kg in corn oil) by intraperitoneal
injection and 1-3 hr later, livers were collected for further analyses. BALB/c mice were fasted
overnight or refed for 1 hr after overnight fasting and livers were collected for further analyses.
About 8-12 week old ob/ob mice or congenic C57BL/6J mice were tail vein injected with Ad-
flag-FXR and then daily and orally treated with resveratrol (50 mg/kg body wt) for 1 week.
BALB/c mice were fed normal chow or high fat western style chow for 16 weeks and then
infected with control Ad-empty or Ad-flag-FXR or daily and orally treated with resveratrol for
1 week. Recombinant adenovirus was injected via the tail vein of mice as previously described
(Fang et al., 2007; Miao et al., 2009). 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.

Tandem mass (MS/MS) spectrometry analysis
Flag-FXR was expressed in HepG2 cells (3 plates of 15 cm per group) by adenoviral infection.
Flag-FXR was purified by binding to M2 agarose and subjected to MS/MS analysis as
described previously (Miao et al., 2009).

Acetylation and deacetylation assays
HepG2 cells (ATCC HB8065) were maintained in Dulbecco's modified Eagle's medium
(DMEM)/F12 (1:1) medium. Cos-1 cells were maintained in DMEM medium. Cells were
infected with Ad-flag-FXR as previously described (Fang et al., 2008). For acetylation assays
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in cells, Cos-1 cells were cotransfected with expression plasmids of flag-FXR along with p300.
Cells were treated with 200 nM of GW4064, 500 nM of TSA and 10 mM of Nam for 2-5 hr.
Flag-FXR or endogenous FXR in cells or mouse liver was immunoprecipitated from freshly
prepared cell or liver extracts at 4°C for 2 hr in buffer (50 mM Tris-HCl, pH 7.6, 150 mM
NaCl, 5 mM EDTA, 1% NP40, 0.1 % SDS). Acetylated FXR was detected by western analyses.
For in vitro assays, acetylated flag-FXR or GST-flag-FXR was incubated with purified GST
or GST-SIRT1 in the presence of 50 μM NAD+ in deacetylation buffer (Tris-HCl, pH 8.8, 5
% glycerol, 50 mM NaCl, 4 mM MgCl2, 1 mM DTT) at 37°C for 1 hr as previously described
(Fang et al., 2008).

Protein interaction assays
Chromatin IP (ChIP), coimmunoprecipitation (CoIP), and GST pull down assays were
performed as described previously (Fang et al., 2007; Kemper et al., 2004; Miao et al., 2009).
Gel mobility shift assays were done as described (Bhalla et al., 2004; Miao et al., 2006) with
some modifications. Briefly, a 26-mer oligonucleotide containing the FXRE sequence present
in the SHP promoter was labeled with γ-32P and gel purified. Increasing amounts of flag-FXR
or Cos-1 whole cell extracts were incubated with purified flag-RXRα and incubated at RT for
10 min. The complexes were analyzed using nondenaturing acrylamide gel electrophoresis.

Quantification of mRNA
RNA was isolated from liver or cultured cells and the levels of mRNA were determined by
quantitative reverse transcriptase-PCR (qRT-PCR) as previously described (Miao et al.,
2009).

Bile acid pool size and serum cholesterol levels measurement
The total amount of bile acids from gall bladder, liver, and entire intestines was measured by
colorimetric analysis (Trinity Biotech). Serum cholesterol levels were measured using a HDL
and LDL/VLDL cholesterol quantification kit (Biovision, Inc).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. The major site acetylated in FXR by p300 is K217
A) Experimental outline. B, C) After incubation with p300, proteins were separated using SDS-
PAGE and stained by colloidal Coomassie Blue (B) or acetylated flag-FXR was detected by
western analysis (C). In C (lower panel), the membrane was stripped and reprobed with FXR
antibody. An asterisk denotes IgG heavy chain. D) Tandem MS (MS/MS) spectrum of the FXR
peptide showing acetylation at K217. E) A schematic diagram of acetylation sites in FXR is
shown. F) Alignment of the FXR region containing K217 from various species. G) Cos-1 cells
transfected with p300 and with flag-FXR (fFXR) plasmids were treated as indicated for 2 hr.
Flag-FXR was immunoprecipitated and acetylated FXR was detected by western analysis.
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Fig. 2. FXR acetylation increases its stability but inhibits transactivation ability
A) HepG2 cells infected with Ad-flag-FXR were treated with vehicle or MG132 and flag-FXR
levels were detected. B) HepG2 cells were cotransfected with expression plasmids as indicated.
Flag-FXR was immunoprecipitated from cell extracts and ubiquitinated flag-FXR was
detected. C) Transfected Cos-1 cells were treated with CHX for the indicated times and flag-
FXR levels in cell extracts were detected. D-F) HepG2 cells were cotransfected with indicated
reporter plasmids, expression plasmids for p300 and FXR WT, or FXR mutants, as indicated.
Cells were treated with 200 nM of GW4064 overnight. The values for firefly luciferase
activities were normalized by dividing by β-galactosidase activities. G) HepG2 cells were
cotransfected with plasmids as indicated and treated with GW4064. The mRNA levels were

Kemper et al. Page 14

Cell Metab. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



determined by q-RTPCR. Statistical significance was measured using the Student's t test. *,
**, and NS indicate p<0.05, p<0.01, and statistically not significant, respectively, SEM (n=3).
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Fig. 3. Acetylation of FXR inhibits binding of FXR/RXRα to DNA
A) flag-FXR (upper panel) or acetylated flag-FXR (lower panel) was detected in Cos-1 cell
extracts. B) Increasing amounts of cell extracts were incubated with flag-RXRα and the
radiolabeled oligonucleotide probe containing the FXRE from the SHP promoter, and
complexes were detected using gel mobility shift (gms) assay. C) Experimental outline for the
gms using flag-FXR acetylated in vitro. D, E) Purified flag-FXR was incubated with p300 (−/
+ acetyl CoA). In D, acetylated flag-FXR was detected by western analysis. In E, increasing
amounts of unacetylated or acetylated flag-FXR were incubated with purified RXRα and the
complexes were detected. F, G) Cos-1 cells were cotransfected with expression plasmids as
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indicated with p300 plasmids and expressed protein levels were determined. Interaction
between flag-FXR and RXRα was detected by CoIP assays.

Kemper et al. Page 17

Cell Metab. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4. SIRT1 directly interacts with and deacetylates FXR
A-C) Mice were fed normal or CA chow (+) for 6 hr (A) or treated with vehicle (−) or GW4064
(+) for 1 hr (B) or fasted (fs) overnight or refed (fd) after overnight fasting (C). CoIP studies
were performed to examine FXR/SIRT1 interaction. D) Schematic diagrams of GST-SIRT1
full length (FL) and deletion mutants. The gray shaded area represents the sirtuin homology
domain. E) 35S-FXR was synthesized in vitro, and GST pull down assays were performed.
F) A schematic diagram of FXR acetylation sites. G) 35S-FXR full length wild type and mutants
were synthesized, and binding to GST-FXR fusion proteins was determined. H) GST-FXR,
which had been acetylated using p300 with 3H-acetyl CoA, was incubated with eluted GST or
GST-SIRT1 and analyzed by SDS-PAGE followed by fluorography. I) Cos-1 cells were
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cotransfected with the indicated plasmids and treated with deacetylase inhibitors for 3 hr. Flag-
FXR levels were immunoprecipitated and acetylated flag-FXR was detected by western
analysis. Acetylated flag-FXR and IgG heavy chain are indicated by arrow and asterisk,
respectively. SIRT1 and flag-FXR levels in input are shown.
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Fig. 5. SIRT1 and p300 reciprocally regulate FXR activity
A-C) Mice were treated with vehicle (−) or GW4064 (+) for 3 hr (A) or fed CA chow for 6 hr
(B). Livers were collected for ChIP assay. C) Band intensities were quantified using Image J
and the values for control samples set to 1. The SEM is indicated and statistical significance
was determined by the Student's t test, n=3. D-F) HepG2 cells were infected with control Ad-
empty or Ad-SIRT1 and 24 h later, cells were treated with GW4064 for 1 hr and ChIP assays
were performed. In F, relative recruitment of FXR and RXRα was determined as described in
C. G) HepG2 cells were transfected with plasmids as indicated and then infected with
adenoviral vectors as indicated. Cells were treated with GW4064 and CoIP assays were
performed. H, I) Transfected HepG2 cells were further infected with Ad-flag-FXR and then
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treated with CHX for indicated times. J, K) HepG2 cells transfected with indicated plasmids
were treated with FXR agonists overnight and reporter assays were performed.
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Fig. 6. Elevated FXR acetylation levels in metabolic disease states
A-G) Mice were infected with either Ad-empty or Ad-siSIRT1 which expresses SIRT1 siRNA.
A) Experimental outlines. B) Levels of endogenous SIRT1 and exogenous GFP were detected.
Results from two mice are shown. C) Endogenous FXR was immunoprecipitated and
acetylated FXR was detected. Results from 2 mice are shown. D) CoIP assays to detect FXR/
RXRα interaction. E) The mRNA levels of the indicated genes were determined by q-RTPCR.
The mean and SEM (n=3) are shown. F) The total amount of bile acids in liver, gall bladder,
and intestines was measured as described in Experimental Procedures. Dots indicate
measurements from 3 mice in each group. G) Serum cholesterol levels were measured and the
mean and SEM (n=3) are shown. H-J) Normal or ob/ob mice were infected with Ad-flag-FXR
as described in Methods. H) Flag-FXR was immunoprecipitated from liver extracts and
acetylated flag-FXR in the immunoprecipitates was detected. I) Band intensities of acetylated
flag-FXR were quantified using Image J. The values from control mice were set to 1. The mean
and SEM (n=4) are shown. J) CoIP assays were performed to detect FXR/p300 (left panel)
and FXR/SIRT1 (right panel). K) Mice were fasted overnight or fasted overnight and then
refed for 1 hr. Mice were fed either normal chow or WD chow for 16 weeks. Acetylated
endogenous FXR levels were detected. L) Band intensities of acetylated FXR were quantified
and the values from fasted mice or mice fed normal chow were set to 1. M) Acetylated
endogenous FXR levels were detected in WD mice infected with Ad-empty or Ad-flag-SIRT1.
N) The ob/ob mice injected with Ad-flag-FXR were treated daily with resveratrol for 1 week
and livers were collected for acetylation assays as in Fig. 6H.
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Fig. 7. A proposed model of FXR acetylation in normal and disease states
A) In normal conditions, SIRT1 and FXR are associated with promoters of FXR target genes,
such as the SHP gene. When FXR is activated by agonists, p300 is recruited and SIRT1 is
dissociated, which results in increased acetylation of histone H3 and subsequently
transcriptional activation. At the same time, the process for limiting the stimulated activity is
initiated by acetylation of FXR by p300, which impairs FXR interaction with RXRα and DNA
binding, resulting in dissociation of FXR from the promoter. SIRT1 deacetylates FXR, which
decreases FXR acetylation levels. The deacetylated FXR is either degraded via the ubiquitin-
proteasomal pathway or heterodimerizes with RXRα and re-binds to the target gene promoter
with SIRT1, resulting in deacetylation of histones and low basal levels of gene expression. The
activity of FXR is tightly balanced by the opposing actions of p300 and SIRT1 via FXR and
histone acetylation. B) In contrast, in metabolic disease states, FXR acetylation levels are
constitutively highly elevated, probably due to abnormally high p300 activity and low SIRT1
activity. Constitutively elevated acetylation of FXR inhibits FXR activity, at least in part, by
inhibiting FXR interaction with RXRα and subsequently binding of FXR/RXR to the DNA.
Deacetylation of the acetylated FXR may be required for its further activity in normal mice,
but does not occur in the diseased mice because of low expression and activity of SIRT1.
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