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Bile acid homeostasis is critical in maintaining health and is primarily regulated by the nuclear receptors
farnesoid X receptor (FXR) and small heterodimer partner (SHP). Bile acid-activated FXR indirectly inhibits
expression of cholesterol 7o hydroxylase (CYP7A1), a key enzyme in conversion of cholesterol to bile acids, by
induction of SHP. We recently demonstrated that SHP inhibits CYP7A1 transcription by recruiting chromatin-
modifying cofactors, including Brm-Swi/Snf. Swi/Snf complexes contain either Brm or Brg-1 ATPases, and
whether these subunits have distinct functions remains unclear. We have examined the role of these subunits
in regulation of bile acid metabolism under physiological conditions by FXR and SHP. Brg-1 interacted with
FXR and enhanced FXR-mediated transactivation of SHP, whereas Brm interacted with SHP and enhanced
SHP-mediated repression of CYP7A1 and, interestingly, auto-repression of SHP. Chromatin immunoprecipi-
tation and remodeling studies revealed that after treatment with FXR agonists, Brg-1 was recruited to the SHP
promoter, resulting in transcriptionally active accessible chromatin, whereas Brm was recruited to both
CYP7A1 and SHP promoters, resulting in inactive inaccessible chromatin. Our studies demonstrate that Brm
and Brg-1 have distinct functions in the regulation of two key genes, CYP7A1 and SHP, within a single
physiological pathway, feedback inhibition of bile acid biosynthesis, by differentially targeting SHP and FXR.

Cholesterol is a component of the cell membrane and is an
essential precursor for the biosynthesis of steroid hormones,
fat-soluble vitamins, and bile acids (33). Bile acids also play an
important role in the absorption of dietary lipids and function
as signaling molecules which are critically involved in the reg-
ulation of lipid and glucose metabolism and energy homeosta-
sis (14, 22, 39, 45). Despite their essential functions, excess
levels are associated with hypercholesterolemia and related
heart disease, gall stone formation, and liver cholestasis (28,
33, 41). Therefore, cholesterol and bile acid levels must be
tightly regulated under physiological conditions. Cholesterol
7o hydroxylase (CYP7AL), the first and rate-limiting enzyme
in the conversion of cholesterol into bile acids in the liver, plays
a key role in maintaining cholesterol and bile acid homeostasis
(4, 33).

Farnesoid X receptor (FXR) is a member of the nuclear
receptor superfamily (24) and the primary biosensor for en-
dogenous bile acids (23, 38, 42). It has been demonstrated that
feedback regulation of bile acid biosynthesis is primarily
achieved by coordinated actions of the nuclear receptors FXR
and small heterodimer partner (SHP) (11, 21). In the FXR/
SHP pathway, the nuclear bile acid receptor FXR senses ele-
vated hepatic bile acid levels and indirectly suppresses bile acid
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biosynthesis by inhibiting the expression of CYP7AL via the
induction of the orphan nuclear receptor and transcriptional
corepressor SHP (11, 21, 35). FXR-induced SHP, then, inter-
acts with a hepatic activator, liver receptor homolog 1 (LRH-1)
that is bound to the CYP7A1 promoter, which results in tran-
scriptional repression of the CYP7AL1 gene.

We recently demonstrated in studies of the molecular mech-
anism of SHP repression that nucleosomes at the CYP7A1
promoter were regularly phased and bile acid treatment did
not result in gross structural changes, such as nucleosome
sliding or disruption (7, 16). Instead, bile acid treatment re-
sulted in decreased accessibility of DNA in nucleosome cores
to endonucleases at the promoter region, indicating a remod-
eling of the chromatin. Consistent with these results, a chro-
matin-remodeling Swi/Snf complex, which contains Brm, in
addition to the mSin3A/HDAC s corepressor complex and G9a
lysine methyltransferase, was recruited to the CYP7A1 pro-
moter after bile acid treatment (7, 16).

ATP-dependent Swi/Snf chromatin-remodeling complexes
contain a central ATPase, either Brm or Brg-1, and various
additional Brm- or Brgl-associated factors. Using the energy
from ATP hydrolysis, these complexes alter the nucleosome
structure by disrupting DNA and histone interactions and
thereby modulate gene expression in the regulation of diverse
biological activities (29, 30, 36, 47). While Swi/Snf complexes
have been generally implicated in gene activation (5, 12, 29, 30,
36), recent studies, including ours, have shown that these com-
plexes are also associated with corepressor complexes, such as
the mSin3A/HDAC1/2 complex, and are involved in gene re-
pression (16, 25, 36, 44, 48). In some cases Brm and Brg-1 have
been shown to be functionally redundant (6, 40), but distinct
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actions have also been reported for each (10, 15, 32). It has
been demonstrated that Brg-1 binds to proteins containing the
zinc finger DNA binding motifs, but Brm interacts with ankyrin
repeat proteins that are critical components of the Notch sig-
naling pathway and, importantly, Brm and Brg-1 are recruited
to different promoters during cellular proliferation and differ-
entiation (15). Furthermore, functional specificity of Brm and
Brg-1 Swi/Snf complexes during osteoblast differentiation was
recently demonstrated (10). Remarkably, mice lacking Brm or
Brg exhibit different phenotypes. Brm null mice developed
normally but were 10 to 15% heavier than their littermates and
showed altered cellular proliferation compared to wild-type
mice (32). In contrast, Brg-1 null mice were embryonic lethal,
and heterozygous Brg-1 null mice were predisposed to tumor
formation (3). These intriguing previous findings indicate that
Brm and Brg-1 may have distinct promoter-, tissue-, and de-
velopment-specific biological functions. However, the func-
tional specificities of these two ATPases on a physiological
basis are largely unknown.

The negative feedback regulation of bile acid synthesis in-
volves both induction of the SHP gene and SHP-mediated
repression of the CYP7A1 gene in response to elevated he-
patic bile acid levels. Since we observed that a Brm-containing
Swi/Snf complex was involved in SHP-mediated repression (7,
16), we examined whether Swi/Snf complexes show functional
specificity in the feedback regulation of bile acid biosynthesis
by differentially regulating CYP7A1 and SHP genes. Our data
from molecular, cellular, and in vivo animal studies using gain-
or loss-of-function approaches demonstrate that Brm and
Brg-1 have distinct roles in the FXR/SHP-mediated regulation
of bile acid biosynthesis. While Brg-1 is involved in SHP gene
induction by coactivating FXR, Brm, as a component of an
inhibitory SHP complex, is critically involved in the SHP-me-
diated inhibition of the CYP7A1 gene and auto-inhibition of
the SHP gene.

MATERIALS AND METHODS

Materials. Antibodies against FXR, Brm, Brg-1, green fluorescent protein,
lamin, tubulin, LRH-1, HNF-4, and SHP were purchased from Santa Cruz
Biotechnlogy. M2 antibody and M2 agarose were purchased from Sigma. Protein
G-agarose was purchased from GE Healthcare. Restriction enzymes were pur-
chased from New England Biolabs. A synthetic FXR agonist, GW4064, was
purchased from Tocis Bioscience.

Construction of plasmid and adenoviral vectors. For construction of Ad-Flag-
Brm, pcDNA3-Flag-Brm (16) was digested with HindIII and EcoRV and sub-
cloned into Ad-Track-CMV (13). For construction of Ad-si-mouse Brm, U6-
siBrm (2) was cloned into the Ad-Track vector. Flag-FXR in this report refers to
3Flag-human FXR (8). Ad-Flag-SHP and Ad-Flag-FXR have been previously
described (8, 26).

Cell culture. HepG2 cells (ATCC HB8065) were maintained in Dulbecco’s
modified Eagle’s medium/F-12 medium (1:1). SW13 cells (ATCC CCL 105) and
mouse Hepalclc7 cells (ATCC CRL 2026) were grown in Dulbecco’s modified
Eagle’s medium. To construct stable HepG2 cell lines that express small inter-
fering RNA (siRNA) for Brm or Brg-1, viral packaging ycrip cells were trans-
fected with the retroviral vectors pSSSP-siBrm or pSSSP-siBrg (27). Cell super-
natants were collected and were used to infect HepG2 cells in the presence of
Polybrene. Stable cells were selected with 500 pg/ml of puromycin for 3 to 4
weeks. Drug-resistant colonies were pooled and expanded for further analyses.

Expression of SHP and FXR in mouse liver using adenoviral delivery. Flag-
SHP and Flag-FXR proteins were expressed in mouse liver in vivo using adeno-
viral delivery as previously described (7, 26, 31). Briefly, recombinant adenoviral
vectors expressing Flag-SHP or Flag-FXR or control Ad-empty viral vectors
were injected via the tail vein of mice, and 5 days after infection, livers were
collected for further analyses. For activation of FXR, BALB/c male mice were
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fed with chow supplemented with 0.5% cholic acid (CA), a primary bile acid and
natural FXR agonist (Harland Teklad TD05271) or were treated with GW4064,
a synthetic FXR-specific agonist (30 mg/kg in corn oil) by intraperitoneal injec-
tion, and livers were collected for further analyses. All the animal use and
adenoviral protocols were approved by the Institutional Animal Care and Use
and Institutional Biosafety Committees at the University of Illinois at Urbana-
Champaign and were in accordance with National Institutes of Health guide-
lines.

CoIP and ChIP assays. Coimmunoprecipitation (CoIP) assays in HepG2 cells
and mouse liver were performed as described previously (7, 16, 26, 31). Chro-
matin immunoprecipitation (ChIP) assays for mouse liver were carried out es-
sentially as described previously (7, 8, 16, 31). Time course ChIP experiments
were repeated twice with similar reproducible results.

Quantification of mRNA. RNA was isolated from liver or cultured cells, and
the levels of mMRNA were determined by quantitative reverse transcriptase PCR
(qRT-PCR) as previously described (7, 26).

Endonuclease accessibility chromatin remodeling assay. Livers were homog-
enized by for four to five strokes in a Dounce homogenizer in hypotonic buffer
(15 mM HEPES, pH 7.9, 1.5 mM MgCl,, 10 mM KCI, 0.2% NP-40, 1 mM
EDTA, 5% sucrose, 1 mM dithiothreitol, and protease inhibitors). The homog-
enate was layered onto a sucrose cushion buffer (300 mM sucrose, 60 mM KCl,
10 mM Tris-HCI, pH 7.5, 1 mM EDTA, 0.15 mM spermine, 0.5 mM spermidine,
1 mM dithiothreitol, and protease inhibitors) and centrifuged at 5,000 rpm for 2
min. For HepG2 cell remodeling studies, cells were resuspended in hypotonic
buffer (10 mM Tris-HCl, pH, 7.4, 10 mM NaCl, 5 mM MgCl,, 0.1% NP-40),
incubated on ice for 20 min, passed through a 27-gauge syringe, and centrifuged
at 2,000 rpm for 5 min. Then, DNA in isolated nuclei from mouse liver or HepG2
cells was further subjected to endonuclease accessibility assays as previously
described with some modifications (19, 37). Briefly, DNA in intact nuclei was
partially digested with a restriction enzyme (5 to 25 units/100 wl) in 1X buffer
(New England Biolabs) at 37°C for 15 to 40 min. Genomic DNA was isolated and
further subjected to PCR amplification using primers specific to the SHP or
CYP7A1 promoter.

RESULTS

Brm and Brg-1 are differentially associated with CYP7A1
and SHP promoters in mouse liver after cholic acid feeding.
To explore the roles of Brm and Brg-1 in the feedback regu-
lation of bile acid biosynthesis under physiological conditions
in vivo, temporal association of these subunits with hepatic
CYP7A1 and SHP promoters was examined by ChIP after
feeding mice with chow supplemented with CA, a primary bile
acid and natural FXR agonist (23, 38, 42). To examine the
effectiveness of CA feeding, the mRNA levels of CYP7A1 and
SHP were first analyzed by qRT-PCR. CYP7A1 mRNA levels
were reduced by 3 h after CA feeding and further reduced at
24 h (Fig. 1A). In contrast, the SHP mRNA levels increased to
maximal levels after 3 h of CA feeding and did not increase
further at later times (Fig. 1A).

In ChIP assays, binding of LRH-1 and HNF-4, known he-
patic activators of the CYP7A1 genes (11, 21), was examined
as a control. Both factors were associated with the CYP7A1
and SHP promoters, independent of CA feeding, although
LRH-1 binding to the SHP promoter was slightly decreased
after CA feeding (Fig. 1B). SHP was detected at the CYP7AL1
promoter as early as 3 h after the start of CA feeding, and Brm
was detected as early as 6 h. Importantly, Brg-1 was not mark-
edly associated with the CYP7A1 promoter with or without CA
feeding. In contrast, Brg-1 occupancy at the SHP promoter was
increased by 3 h of CA feeding. Association of FXR with the
SHP promoter was increased after CA feeding (see Fig. S1 in
the supplemental material). Interestingly, SHP was also re-
cruited to its own promoter by 6 h of CA feeding, consistent
with auto-inhibition of the SHP gene (4, 21). Association of
Brm with the SHP promoter was also detected after CA feed-
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FIG. 1. Effects of CA feeding on temporal association of Brm and
Brg-1 and other regulators with CYP7A1 and SHP promoters in
mouse liver Mice were fed normal chow or chow supplemented with
0.5% CA for the indicated times, and livers were collected for qRT-
PCR (A) and ChIP (B) analyses. (A) The mRNA levels of SHP and
CYP7A1 were determined by qRT-PCR and normalized to those of
36B4. (B) ChIP analysis was performed as described in Materials and
Methods to detect association of the indicated proteins with the SHP
and CYP7A1 promoters. Reproducible results were observed in two
independent analyses.

ing and increased progressively with time, but in a delayed
manner compared to Brg-1. Consistent with these results, as-
sociation of RNA polymerase II was increased at the SHP
promoter after 3 h of CA feeding, whereas association with
the CYP7A1 promoter progressively decreased, indicating in-
creased transcription of the SHP gene and decreased transcrip-
tion of the CYP7A1 gene. These results indicate that Brg-1 and
Brm are differentially associated with the SHP and CYP7Al
promoters in mouse liver after CA feeding and further suggest
that Brm and Brg-1 may have distinct roles in the feedback
regulation of bile acid biosynthesis. While dynamic recruitment
of Brm to the CYP7A1 and SHP gene promoters correlates
with suppression of these genes, the recruitment of Brg-1 to
the SHP promoter correlates with induction of the SHP gene
by the bile acid-activated FXR.

Brg-1, but not Brm, interacts with FXR in a ligand-regu-
lated manner. Since Brg-1 was recruited with FXR to the SHP
promoter after treatment with CA or GW4064, a synthetic
FXR agonist (46) in mouse liver, we examined the the inter-
actions of FXR with these ATPases by ColP studies in cells.
The amount of Brg-1 in anti-FXR immunoprecipitates was
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substantially increased after treatment with GW4064 (Fig. 2A,
upper panel). In parallel experiments, the amount of FXR in
Brm immunoprecipitates was barely detectable and was not
affected by GW4064 treatment (Fig. 2A, lower panel). These
results indicate that Brg-1 interacts with FXR in a ligand-
regulated manner, while Brm does not efficiently interact
with FXR.

To determine whether these interactions occur in vivo, Flag-
FXR was expressed in mouse liver by adenoviral infection, and
the mice were fed with normal chow or chow supplemented
with CA. Similar infection efficiencies between groups were
confirmed by examining green fluorescent protein expression
by confocal microscopy (data not shown). Similar levels of
expressed Flag-FXR in both groups of mice were detected by
Western analysis (see Fig. S2 in the supplemental material).
Interaction of FXR with Brm or Brg-1 was detected by immu-
noprecipitation with antiserum to Brm or Brg-1 followed by
detection of Flag-FXR by Western analysis. CA feeding in-
creased the association of Flag-FXR with Brg-1 (Fig. 2B, lanes
5 to 8), but importantly, interaction of Flag-FXR with Brm was
not detected (lanes 1 to 4). Moreover, the interaction between
endogenous FXR and endogenous Brg-1 in mouse liver was
also increased after treatment of mice with GW4064 (Fig. 2C,
lanes 3 to 6). In in vitro interaction studies, Brg-1 directly
interacted with full-length FXR, but deletion of the N-terminal
region containing the DNA binding domain in FXR markedly
reduced the interaction (see Fig. S3 in the supplemental ma-
terial). Consistent with these protein interaction studies, in
ChIP analyses, hepatic association of Brg-1 with the promoter
of the SHP gene, a well-known FXR target (11, 21), was mark-
edly increased after treatment with GW4064 (Fig. 2D). These
results indicate that Brg-1, but not Brm, associates with FXR,
and treatment with FXR agonists CA or GW4064 increases
their interaction in mouse liver.

Brg-1 enhances FXR transactivation of the SHP promoter.
To determine whether the interactions of FXR with Brg-1 are
functionally relevant, we examined the effects of overexpres-
sion of Brg-1 on FXR transactivation by using a Gal4 DBD-
FXR fusion protein. Treatment with GW4064 increased FXR-
mediated transactivation of the Gal4 reporter, and increasing
amounts of Brg-1 enhanced the transactivation in a dose-de-
pendent manner (Fig. 3A, lanes 3 to 7). Since the SHP gene is
a well-known FXR target (11, 21), we also examined the effects
of Brg-1 on FXR transactivation by using a SHP promoter-
luciferase reporter as well as a synthetic (FXRE);-tk-luc re-
porter. With both the (FXRE);-tk-luc (Fig. 3B) and SHP pro-
moter-luc (Fig. 3C) reporters, FXR-mediated transactivation
was stimulated by GW4046 treatment, and Brg-1 enhanced the
transactivation in a dose-dependent manner. In contrast, FXR
transactivation was not increased when similar levels (data not
shown) of a catalytically inactive dominant negative (DN)
Brg-1 mutant were cotransfected with the SHP promoter-re-
porter (Fig. 3C, compare lanes 10 to 14 and 15 to 19). The
requirement for the ATPase activity of Brg-1 for the enhanced
transactivation suggests that Brg-1 enhances FXR transactiva-
tion by chromatin remodeling. In contrast, expression of in-
creasing amounts of Brm did not enhance, and in fact inhib-
ited, FXR transactivation of the SHP promoter (Fig. 3D, lanes
5 to 8). These results strongly suggest that Brg-1 and Brm are
functionally distinct and that Brg-1, but not Brm, can act as a
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FIG. 2. Brg-1, but not Brm, interacts with FXR in a ligand-regu-
lated manner. (A) HepG2 cells, cotransfected with expression plas-
mids for Brg-1 and Brm, were infected with Ad-Flag-FXR and treated
with 100 nM GW4064 for 1 h, and cell extracts were prepared. Flag-
FXR was immunoprecipitated with M2 antibody, and the presence of
Brg-1 in the immunoprecipitates was detected by Western analysis
using Brg-1 antibody. Flag-FXR levels in the immunoprecipitates were
also detected by Western analysis using M2 antibody. In parallel ex-
periments using the same cell extracts, Brm was immunoprecipitated
and the presence of Flag-FXR was detected by Western analysis
(lower panel). (B) Mice were infected with adenovirus expressing
Flag-FXR or control Ad-empty, and 5 days after infection, mice were
fed either normal chow or chow supplemented with 0.5% CA for 3 h
and livers were collected for further analyses. Endogenous Brm or
Brg-1 was immunoprecipitated from liver extracts, and the presence of
Flag-FXR in the immunoprecipitates was determined by Western
analysis. Representative results from two independent ColP assays are
shown. (C and D) Mice were injected with GW4064 or vehicle and 1 h
later, livers were collected for ColP (C) and ChIP (D) analyses.
(C) Endogenous Brg-1 was immunoprecipitated from liver nuclear
extracts, and the presence of endogenous FXR in the immunoprecipi-
tates was detected by Western analysis. Brg-1 levels in the immuno-
precipitates were detected by Western analysis (lower panel). Results
from two sets of mice are shown. (D) ChIP analysis was performed to
detect association of Brg-1 with the SHP promoter region containing
the FXR binding site (FXRE). Reproducible results were observed in
two independent analyses.
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coactivator for FXR activity, which is consistent with the in-
teraction of Brg-1, but not Brm, with FXR in the ColP studies
(Fig. 2).

Downregulation of Brg-1 differently modulates SHP and
CYP7AL1 gene expression. To directly determine whether Brg-1
coactivates FXR, we examined the effects of downregulation of
Brg-1 on expression of the endogenous SHP and CYP7Al
genes in HepG2 cells stably expressing Brg-1 siRNA. Expres-
sion levels of endogenous Brg-1 were substantially decreased
in these cells (Fig. 3E). SHP mRNA levels were increased
about two- to threefold after GW4064 treatment (Fig. 3F,
lanes 1 and 3) in parental HepG2 cells, and this increase was
substantially attenuated by downregulation of Brg-1 expression
(lanes 2 and 4). Treatment with GW4064 decreased mRNA
levels of CYP7AL as expected (8, 46) (Fig. 3F, lanes 5 and 7),
and the repression was partially reversed by downregulation of
Brg-1 (lanes 6 and 8). These results demonstrate that Brg-1
increases induction of SHP by FXR, which is consistent with
the enhancement of FXR transactivation by Brg-1 in the re-
porter assays.

Brm, but not Brg-1, interacts with SHP. To test whether
SHP can interact with Brg-1, Brm, or both, CoIP studies were
performed in hepatic cells. We previously showed that SHP
directly interacts with Brm through the C-terminal repression
domain of SHP (16). Consistent with these findings, Brm was
coimmunoprecipitated with SHP (Fig. 4A, upper panel), while
Brg-1 was not detectable in the anti-SHP immunoprecipitates
(Fig. 4A, lower panel). These results indicate that Brm, but not
Brg-1, interacts with SHP in cells.

To test if SHP interacts with Brm or Brg-1 in vivo, Flag-SHP
was expressed in mouse liver by adenoviral infection, and mice
were fed CA-supplemented chow. Consistent with the hepatic
cell studies (Fig. 4A), Flag-SHP was detected in anti-Brm
immunoprecipitates in liver extracts from CA-fed mice but not
in the anti-Brg-1 immunoprecipitates (Fig. 4B). Further, when
similar amounts of Brm were expressed in mice fed normal or
CA-supplemented chow (Fig. 4C), the interaction of Brm with
SHP was substantially increased in the mice fed the CA chow
(Fig. 4D). These results indicate that Brm, but not Brg-1,
interacts with SHP and that CA feeding increases the interac-
tion of Brm with SHP in mouse liver, which is consistent with
specific roles for Brm and Brg-1 in FXR/SHP-mediated feed-
back inhibition of bile acid biosynthesis.

Brm enhances inhibition of gene expression by SHP. Since
Brm, but not Brg-1, interacts with SHP, we further tested
whether Brm enhances the inhibition of gene expression by
SHP using transfection reporter assays. Transactivation by
HNF-4 and its coactivator, peroxisome proliferator-activated
receptor (PPAR) cofactor 1y (PGC-1v), have been shown to
be inhibited by SHP (7, 16, 17). Therefore, we tested whether
Brm enhances the SHP-mediated inhibition of the HNF-4/
PGC-1vy transactivation activity by using a Gal4 reporter sys-
tem. Expression of SHP modestly inhibited transactivation me-
diated by Gal4&-HNF-4/PGC-1vy, and overexpression of Brm
substantially enhanced the SHP inhibition in Brm/Brg-1-defi-
cient adrenal carcinoma SW13 cells (Fig. 5A).

To test whether the ATPase activity of Brm is required for
the enhancement of SHP inhibition, we utilized a catalytically
inactive Brm with a mutation in the ATPase domain that
functions as a DN mutant (6, 36). Increasing amounts of ex-
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FIG. 3. Brg-1 coactivates FXR transactivation of the SHP promoter. (A to D) Mouse Hepalclc7 cells were cotransfected with 200 ng of the
indicated reporter plasmid, 200 ng of CMV-B-galactosidase, 25 ng of G4-FXR, 10, 50, 100, or 200 ng of Brg-1 or Brg-1 DN, 50 ng of pcDNA3FXR,
50 ng of CMX-RXRa, or 10, 50, 100, or 200 ng of Brm expression plasmids, as indicated. Cells were treated with 100 nM GW4064 or vehicle
overnight and harvested for reporter assays. The values for firefly luciferase activities were normalized by dividing by B-galactosidase activities. (E
and F) Stable HepG2 cell lines that express siRNA for Brg-1 were constructed as described in Materials and Methods. (E) Expression levels of
endogenous Brg-1 were detected by Western analysis, and the membrane was stripped and reprobed with lamin antibody. (F) The mRNA levels
of SHP and CYP7A1 were determined by qRT-PCR. The standard errors of the means were calculated from three sets of samples.

pression plasmids for the Brm DN mutant did not enhance
SHP-mediated inhibition of HNF-4/PGC-1vy transactivation
and instead reversed the inhibition in a dose-dependent man-
ner (Fig. 5B, lanes 4 to 6). These results demonstrate that the
catalytic domain is required for enhancement of SHP repres-
sion and further that dominant-negative inhibition of endoge-
nous Brm reverses the SHP repression, demonstrating the im-
portance of catalytically active Brm for SHP repression.

To evaluate the role of Brm in the suppression of the en-
dogenous CYP7A1 gene in HepG2 cells, cells were infected
with Ad-empty or Ad-Brm-DN and then treated with chenode-
oxy cholic acid (CDCA), a primary bile acid and natural FXR
agonist. Since CA, which efficiently activates FXR signaling in
vivo, does not activate FXR signaling in cultured cells (20, 23),
CDCA instead of CA was utilized in cell culture studies. After

CDCA treatment, CYP7A1 mRNA levels were decreased
about 50%, and blocking the endogenous Brm function with
the Brm DN mutant completely reversed this inhibition (Fig.
5C, lanes 2 and 3).

To further test whether endogenous Brm enhances SHP
inhibition of CYP7A1 promoter activity, Brm expression was
downregulated with siRNA. Expression of Brm siRNA by ad-
enoviral infection resulted in marked decreases in protein lev-
els of endogenous Brm (see Fig. S4 in the supplemental ma-
terial). In reporter assays, expression of HNF-4 and LRH-1
additively increased CYP7A1 promoter activity, which was in-
hibited by expression of SHP (Fig. 5D). Downregulation of
Brm by infection with increasing amounts of Ad-siBrm re-
versed the SHP-mediated inhibition (Fig. 5D, lanes 5 to 9).
These results indicate that Brm is involved in SHP-mediated
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FIG. 4. Brm, but not Brg-1, interacts with SHP in mouse liver.
(A) HepG2 cells cotransfected with expression plasmids for Brg-1 or
Brm were infected with Ad-Flag-SHP and treated with 50 pM CDCA
for 1 h, and cell extracts were prepared. Endogenous Brm or Brg-1 was
immunoprecipitated from cell extracts, and the presence of total Flag-
SHP in the extracts (input) or Flag-SHP in the immunoprecipitates
was detected by Western analysis using M2 antibody. (B) Mice were
infected with adenovirus expressing Flag-SHP or control Ad-empty,
and 5 days after infection, mice were fed CA chow (+) for 3 h.
Endogenous Brm or Brg-1 was immunoprecipitated from liver extracts
from mice fed CA chow, and the presence of Flag-SHP in the immu-
noprecipitates was detected by Western analysis. Brm or Brg-1 levels in
the immunoprecipitates were detected by Western analysis (lower pan-
els). (C and D) Mice were infected with adenovirus expressing Flag-
Brm or control Ad-empty, and 5 days after infection mice were fed
either normal chow (-) or CA chow (+) for 3 h and livers were
collected for Western (C) and ColP (D) analyses. Endogenous SHP
was immunoprecipitated from liver extracts of mice fed normal chow
(-) or CA chow (+), and the presence of Flag-Brm in the immuno-
precipitates was detected by Western analysis using M2 antibody.

suppression of CYP7AL expression, most likely by catalyzing
chromatin remodeling at the promoter.

Brm is also involved in auto-inhibition of SHP gene expres-
sion. SHP directly interacts with and inhibits numerous nuclear
receptors, including LRH-1 and HNF-4 (1, 18), and LRH-1
and HNF-4 sites are present in the SHP promoter (4, 8, 21),
which suggests that SHP may inhibit its own transcription by
interacting with these nuclear receptors. If so, Brm, a critical
component of the inhibitory SHP complex, may also be in-
volved in this negative auto-regulation. Therefore, we tested
first whether SHP inhibits its own transcription and then
whether Brm enhances the SHP-mediated inhibition. Expres-
sion of LRH-1 increased the SHP promoter activity, which was
substantially increased further by GW4064 treatment (Fig. SE,
lanes 1 and 2). Overexpression of SHP markedly reduced
LRH-1-mediated transactivation, an effect increased by treat-
ment with GW4064 (Fig. SE, lanes 2 and 3), demonstrating
that SHP can inhibit its own transcription.

We directly tested whether endogenous levels of Brm can po-
tentiate the inhibition of the SHP promoter by SHP via down-
regulation of Brm. Expression of FXR and its heterodimer part-
ner, RXRa, and LRH-1 increased SHP promoter activity, and
treatment with GW4064 further increased the activity (Fig. SF,
lanes 4 and 5). Exogenous expression of SHP inhibited the
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enhanced SHP promoter activity in a dose-dependent manner
(Fig. 5F, lanes 5 to 7), and downregulation of Brm by infection
with increasing amounts of Ad-siBrm reversed the SHP inhi-
bition (lanes 7 to 11). These results demonstrate the Brm is
involved in auto-inhibition of SHP gene expression by enhanc-
ing SHP inhibitory activity.

Brm is recruited to the SHP promoter in mouse liver after
treatment with GW4064. If Brm is involved in auto-inhibition
of the SHP gene, association of Brm with the SHP promoter as
well as the CYP7A1 promoter should be detected. Indeed, in
a time course ChIP analysis, Brm was recruited to the SHP as
well as CYP7A1 promoters after GW4064 treatment (Fig. 5G).
These results further support the conclusion that Brm is in-
volved in auto-regulation of SHP expression.

Effects of downregulation of Brm on expression of CYP7A1
and SHP genes. In HepG2 cell lines stably expressing Brm
siRNA, expression of endogenous Brm was decreased while
Brg-1 levels were modestly elevated (Fig. SH), consistent with
previous studies in Brm null mice (32). SHP mRNA levels
were increased about twofold after CDCA treatment of wild-
type HepG2 cells (Fig. 51, lanes 1 and 3), and downregulation
of Brm significantly increased SHP mRNA levels in both un-
treated and CDCA-treated HepG2 cells (Fig. 51, lanes 1 and 2
versus 3 and 4), which is consistent with a role for Brm in
repression of the SHP gene. The increased SHP mRNA levels
may also be partly due to elevated Brg-1 levels in these cells
(Fig. 5H). Consistent with increased SHP expression after
downregulation of Brm, expression of CYP7A1 was decreased
(Fig. 51, lanes 5 to 8). Importantly, the inhibition of CYP7A1
expression by CDCA was much greater in the parental HepG2
cells than in the stable cells (compare lanes 5 and 7 with lanes
6 and 8), suggesting that Brm is important for the CYP7A1
suppression after CDCA treatment. These results, taken to-
gether with ColP protein interaction studies, suggest that Brm
is a critical component of the functional SHP complex which
inhibits gene expression of both SHP and CYP7A1.

Brg-1 and Brm differently alter the chromatin structure of
the CYP7A1 and SHP promoters after treatment with FXR
agonists. We observed that Brg-1 and Brm were differently
recruited to the SHP and CYP7A1 promoters in response to
treatment with either GW4064 or bile acids (Fig. 1, 2, and 5),
with different functional outcomes (Fig. 3 and 5). Therefore, to
determine whether the functional differences were correlated
with chromatin remodeling at the SHP and CYP7A1 promot-
ers, endonuclease accessibility chromatin remodeling assays
were performed in HepG2 cells that stably express siRNA for
either Brg-1 or Brm (Fig. 3 and 5). Chromatin at the SHP and
CYP7AL1 promoters was digested with endonucleases HinfII
and BstNI, respectively, and sensitivity to endonuclease cleav-
age was determined by PCR amplification (Fig. 6A). There-
fore, increased accessibility resulting in increased cleavage of
the PCR template should result in detection of decreased
amounts of the PCR product.

Accessibility of the CYP7A1 promoter to HinfIl was de-
creased in parental HepG2 cells after GW4064 treatment (Fig.
6B and C, lanes 1 to 3), whereas accessibility of the SHP
promoter chromatin to BstNI was increased at 2 h after
GW4064 treatment but decreased at 12 h after GW4064 treat-
ment (Fig. 6B and C, lanes 7 to 9). In contrast, accessibility to
EcoRI, which does not cleave within the promoter regions, was
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FIG. 5. Brm enhances inhibition of gene expression by SHP. (A and B) Brg-1/Brm-deficient SW13 cells were cotransfected with 200 ng of
Gal4-TATA-Luc, 300 ng CMV-B-galactosidase, 25 ng of G4-HNF-4, 10 ng of pcDNA3PGC-1a, 25 ng of pcDNA3SHP, or 150 ng of pcDNA3-
Flag-Brm. The values for firefly luciferase activities were normalized by dividing by B-galactosidase activities. (C) HepG2 cells were infected with
Ad-empty control (lanes 1 and 2) or Ad-Brm DN (lane 3), and 2 days later, cells were treated with 100 nM GW4064 or vehicle for 10 h and mRNA
levels of CYP7A1 were determined by qRT-PCR. (D) Cells were infected with Ad-siBrg-1, and 2 days after infection, cells were further transfected
with expression plasmids as indicated and treated with GW4064 and harvested for reporter assays. (E) Cells were cotransfected with plasmids as
indicated and treated with vehicle or GW4064 overnight. (F) Cells were cotransfected with plasmids as indicated and infected with Ad-si-Brm, and
2 days later, cells were harvested for reporter assays. (G) ChIP assays. Mice were treated with GW4064 for the indicated times, and livers were
collected for ChIP assays to detect the association of Brm at the native SHP and CYP7A1 promoters. (H) HepG2 cells that stably express siRNA
for Brm were constructed as described in Materials and Methods, and Brm, Brg-1, and tubulin levels in cell extracts were detected by Western
analysis. (I) HepG2 cells stably expressing Brm siRNA or normal HepG?2 cells were treated with 50 uM CDCA or vehicle for 3 h and harvested
for qRT-PCR to measure mRNA levels of SHP and CYP7AL. The standard errors of the means were calculated from three independent sets of
samples.
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FIG. 6. Brg-1 and Brm alter the chromatin structure of the CYP7A1l and SHP promoters differently after treatment with FXR agonists.
(A) Endonuclease recognition sites within the human CYP7A1 and SHP promoters are indicated by vertical arrows, and PCR primers are indicated
by horizontal arrows. (B to G) Parental HepG2 cells (B and C) or HepG2 cells stably expressing Brg-1 siRNA (D and E) or Brm siRNA (F and
G) were treated with GW4064 for the indicated times, and isolated nuclei were partially digested with the indicated endonucleases or EcoRI as
a control. Genomic DNA was purified and subjected to PCR analysis. Increased and decreased accessibilities are indicated by upward and
downward dotted arrows, respectively. (C, E, and G) Band intensities were measured by densitometry, and the intensities relative to the 0-h time

point were plotted with standard deviations indicated (n = 3 to 6).
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not changed after GW4046 treatment (Fig. 6B and C, lanes 4
to 6 and 10 to 12).

Interestingly, downregulation of Brg-1 blocked the increased
accessibility at the SHP promoter after GW4064 treatment
(compare Fig. 6B and C, lanes 7 to 9, and D and E, lanes 7 to
9), while little effect on accessibility of the CYP7A1 promoter
chromatin was observed (compare Fig. 6B and C, lanes 1 to 3,
and D and E, lanes 1 to 3). In contrast, downregulation of Brm
blocked the decrease in accessibility at both the CYP7A1 pro-
moter (compare Fig. 6B and C, lanes 1 to 3, and F and G, lanes
1 to 3) and SHP promoter (compare Fig. 6B, lanes 8 and 9, and
F and G, lanes 8 and 9). Importantly, downregulation of Brm
did not block the early increase in accessibility at the SHP
promoter (compare Fig. 6B and C, lanes 7 and 8, and F and G,
lanes 7 and 8). These results demonstrate that Brg-1 is criti-
cally involved in SHP gene induction by remodeling the pro-
moter chromatin to a transcriptionally active accessible chro-
matin structure and that Brm is involved in inhibition of both
CYP7AL1 and SHP genes by remodeling the promoter chroma-
tin to a transcriptionally suppressed inaccessible chromatin
configuration.

Accessibility of the CYP7A1 and SHP promoters to endo-
nucleases is altered after treatment with FXR agonists in
mouse liver in vivo. We finally examined whether chromatin
remodeling occurs at the CYP7A1 and SHP promoter in
mouse liver in vivo after treatment with FXR agonists. To test
the effects of GW4064 on chromatin structure at the SHP and
CYP7AL1 promoters, mice were treated with GW4064 for dif-
ferent times and endonuclease accessibility chromatin remod-
eling studies were performed. As a control, SHP and CYP7A1
mRNA levels were measured after treatment with GW4064 for
different times. The CYP7A1 mRNA levels were reduced by
1 h after GW4064 treatment and further reduced at 24 h (Fig.
7A). In contrast, the SHP mRNA levels were increased to
maximal levels after 1 h of GW4064 treatment and decreased
to basal levels at later times (Fig. 7A). These results are con-
sistent with auto-inhibition of the SHP gene by SHP and Brm,
as observed in functional reporter assays (Fig. 5).

In endonuclease accessibility chromatin remodeling assays,
chromatin was digested with Ddel, and sensitivity to Ddel
cleavage was determined by amplification of fragments con-
taining the Ddel site (Fig. 7B). Accessibility of the Ddel site at
the CYP7A1 promoter chromatin was substantially decreased
after treatment with GW4064 (Fig. 7C, lanes 1 to 3). Consis-
tent with the studies using GW4064, accessibility of the
CYP7A1 promoter to endonuclease was also substantially de-
creased in mice fed CA chow (see Fig. S5 in the supplemental
material). In contrast, accessibility of Ddel sites in the SHP
promoter was markedly increased after 1 h of treatment with
GW4064 (Fig. 7C, lanes 7 and 8), but the increased sensitivity
was reversed and accessibility was decreased after 12 h of
treatment (lanes 8 and 9). Accessibility to EcoRI, which does
not cleave within the promoter regions, was not substantially
changed after GW4046 treatment (Fig. 7C, lanes 4 to 6 and 10
to 12).

These results, taken together, demonstrate that upon treat-
ment with FXR agonists, such as bile acids or GW4064, the
chromatin structure at the CYP7A1 promoter is remodeled to
a more closed chromatin configuration correlating with tran-
scriptional suppression. In contrast, the SHP promoter chro-
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matin is initially remodeled to transcriptionally active accessi-
ble conformation, but at longer times it is remodeled to a more
closed, suppressed configuration. These results are consistent
with early recruitment of Brg-1 and the delayed recruitment of
Brm to the SHP promoter (Fig. 1) and with initial activation of
the SHP gene by FXR followed by feedback auto-inhibition
by SHP.

DISCUSSION

In this paper we present evidence that the catalytic subunits
of Swi/Snf chromatin-remodeling complexes, Brm and Brg-1,
have distinct functions in the regulation of two key genes, the
CYP7A1 and SHP genes, within a single physiological path-
way, the negative feedback regulation of bile acid biosynthesis.
Brm is associated with gene repression, and Brg-1 is associated
with gene activation. In support of this conclusion, Brg-1, but
not Brm, was associated with the nuclear bile acid receptor
FXR in mouse liver and in HepG2 cells and enhanced FXR
transactivation of the SHP promoter. Downregulation of en-
dogenous Brg-1 in stably transfected HepG2 cells with siRNA
resulted in a decrease in SHP expression and a subsequent
increase in CYP7AL1 expression. These results strongly suggest
that Brg-1 substantially enhances SHP induction by bile acid-
activated FXR. In contrast, Brm, but not Brg-1, interacted with
SHP and potentiated SHP-mediated suppression of CYP7AL.
Interestingly, Brm also enhanced SHP-mediated suppression
of the SHP gene itself, consistent with existence of auto-inhi-
bition of SHP expression by bile acid-induced SHP (4, 21).
Downregulation of endogenous Brm in HepG2 cells by siRNA
resulted in increased SHP expression, indicating that Brm is
involved in inhibition of the expression of the SHP gene. De-
spite increases in SHP expression after downregulation of Brm
by siRNA, which should have increased bile acid-mediated
inhibition of CYP7A1 gene expression, the inhibition was
largely blocked, confirming that Brm is an important functional
component of the inhibitory SHP complex that is required for
bile acid-mediated CYP7A1 inhibition, as shown previously (7,
16). The results indicate that FXR recruits Brg-1-containing
Swi/Snf complexes that contribute to gene activation, while
SHP recruits Brm-containing complexes that contribute to
gene repression.

Swi/Snf complexes are ATP-dependent chromatin-remodel-
ing enzymes that are involved in the activation or repression of
eukaryotic gene transcription (12, 15, 29, 30, 36). Each Swi/Snf
complex contains Brm or Brg-1 as a catalytic subunit and
several Brm- or Brg-1-associated factors (47). It has been
shown that Brg-1 can compensate for loss of Brm function in
many biological systems, suggesting that the two factors are
functionally redundant (6, 40). However, several lines of evi-
dence suggest that Brm and Brg-1 have distinct functions as
well. Multiple biochemically distinct Swi/Snf complexes exist
(36), suggesting functional specificities of these complexes. For
example, the mSin3A/HDAC corepressor complex was found
in Brm complexes and in one case in a Brg-1 complex (36).
Brm and Brg-1 are recruited to different target promoters
during cellular proliferation and differentiation (15). Brg-1, but
not Brm, interacts with zinc finger proteins such as ELKF and
GATA-1. This zinc finger motif is present in the DNA binding
domain of the superfamily of nuclear receptors, including FXR
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FIG. 7. (A to C) Accessibility of the CYP7A1 and SHP promoters to endonucleases is altered after treatment with FXR agonists in mouse liver
in vivo. Mice were treated with GW4064 for different times, and livers were collected for qRT-PCR (A) and chromatin remodeling studies (B and
C). (A) The mRNA levels of SHP and CYP7A1 were determined by qRT-PCR and normalized to those of 36B4. (B) Schematic diagram of
endonuclease recognition sites within the mouse CYP7A1 and SHP promoters. (C) Mice were treated with vehicle or GW4064 for the indicated
times, nuclei were isolated from livers, and DNA was partially digested by each of the indicated endonucleases. Genomic DNA was purified and
subjected to PCR analysis using the primers specific for the SHP and CYP7A1 promoters. Consistent results were obtained from two independent
GW4064 experiments and a single CA feeding experiment (see Fig. S5 in the supplemental material). (D) Functional specificities of Brm and Brg-1
in the FXR/SHP-mediated feedback regulation of bile acid biosynthesis The primary nuclear bile acid receptor, FXR, suppresses hepatic bile acid
production by inducing SHP and, thereby, indirectly inhibiting transcription of CYP7A1, which encodes the key enzyme in the biosynthesis of bile
acids from cholesterol. In response to elevated hepatic bile acid levels or treatment with FXR agonists, the interaction between FXR and Brg-1
is increased. Brg-1 is recruited to the promoter of the SHP gene, resulting in ATP-dependent chromatin remodeling to an open chromatin
configuration and subsequent gene activation of SHP. FXR-induced SHP, then, inhibits transcription of the CYP7A1l gene by recruiting
chromatin-modifying cofactors, including Swi/Snf-Brm as well as mSin3A/HDACs and G9a methyltransferase, which results in ATP-dependent
chromatin remodeling and subsequent gene silencing of CYP7AL. Interestingly, SHP also inhibits transcription of its own gene in a delayed
negative auto-regulatory manner. Therefore, accessibility of the SHP promoter chromatin to endonuclease is initially increased after treatment
with FXR agonists, but it becomes decreased, which correlates with the delayed recruitment of SHP and Swi/Snf-Brm to the SHP promoter.

(24), which is consistent with the interaction of Brg-1 with
FXR observed in this study while SHP does not contain a DNA
binding domain (35), which may explain why Brg-1 does not
interact with SHP. While these previous studies suggested that
Brm and Brg-1 may have distinct functions, our present studies
demonstrated directly that Brm and Brg-1 have distinct func-
tions within a single regulatory pathway. Our results indicate
that these distinct inhibitory and activating functions of Brm

and Brg-1 are due to the specific interactions of Brg-1 with the
activator FXR and of Brm with the repressor SHP.

These results, together with our previous published studies
(7, 16), are summarized in the model for the role of Swi/Snf
complexes in FXR-mediated induction of the SHP gene and
SHP repression of both the CYP7A1 and SHP promoters (Fig.
7D). Bile acid-activated FXR, upon heterodimerization with
RXRa, binds to the SHP promoter and recruits transcriptional
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activation complexes, including Swi/Snf-Brg-1, histone acetyl
transferases such as p300 (8), and RNA polymerase II. Brg-1
enhances induction of the SHP gene by bile acid-activated
FXR by remodeling the promoter to a transcriptionally active
open chromatin structure. The increased expression of SHP
results in the repression of CYP7Al, as shown previously (7,
16). SHP was recruited as early as after 3 h of CA feeding, and
Brm was detected at the promoter by 6 h of CA feeding. The
delayed recruitment of Brm is consistent with previous findings
that deacetylation and methylation at H3K9 precede recruit-
ment of the Swi/Snf-Brm complex to the CYP7A1 promoter
(7). In addition to recruitment to the CYP7A1 gene, Brm is
also recruited to the SHP promoter to which Brg-1 was initially
recruited by FXR. Interestingly, both Brg-1 and Brm are
present at the promoter simultaneously as detected by ChIP
assays, but the increase in accessibility of the chromatin to
restriction enzymes at early times is reversed at later times,
suggesting that the Brm function is dominant over Brg-1 in the
context of the SHP promoter. LRH-1 is present at the SHP
promoter, so that SHP may be recruited to the SHP promoter
via interaction with LRH-1 as shown for the CYP7A1l pro-
moter (11, 21). These results are consistent with auto-inhibi-
tion of the SHP gene. SHP coordinately recruits chromatin-
modifying complexes, such as histone deacetyltransferases
(HDAG:s), G9a methyltransferase, and Swi/Snf-Brm, in a se-
quential manner to the CYP7A1 promoter (7, 16). We have
demonstrated that deacetylation of H3K9 and methylation of
H3K9 are required for recruitment of the Brm complex (7).
These results are consistent with the remodeling of chromatin
structure at the CYP7A1 promoter to a transcriptionally silent
closed chromatin configuration upon treatment with FXR ago-
nists such as bile acids or GW4064. At the SHP promoter, early
recruitment of Brg-1 and delayed recruitment of Brm result
initially in remodeling to a transcriptionally active open chro-
matin structure which is reversed to a closed configuration
later.

Potential involvement of Swi/Snf complexes in metabolic
regulation has been shown in several systems. Temporal re-
cruitment of Swi/Snf complexes was observed at the PPARYy
gene promoter during adipogenic induction (34). Both Brm
and Brg-1 were detected at the PPARy promoter, suggesting
that both Brm- and Brg-1-containing Swi/Snf complexes redun-
dantly contribute to adipogenic induction of the PPAR'y gene.
In studies of the regulation of metabolic genes by insulin,
insulin treatment resulted in recruitment of Swi/Snf complexes
to its target gene promoters with concomitant changes in chro-
matin structure and gene expression (19). Interestingly, Swi/
Snf interacted with the adipogenic factor, sterol regulatory
element-binding protein 1c, to mediate not only insulin-depen-
dent gene regulation but also insulin sensitivity (19).

SHP has been implicated in regulation of diverse biological
pathways by virtue of its suppression of the expression of genes
for numerous transcriptional factors (1, 17, 18, 35). Abnormal
SHP function and activity have been implicated in metabolic
disorders such as fatty liver development, obesity, and diabetes
(26, 43). Therefore, it will be interesting to test whether SHP
induction and SHP activity are modulated by Brm or Brg-1
in regulation of genes within these other metabolic path-
ways. Since the inhibitory SHP complex also inhibits expres-
sion of the SHP gene as well as the CYP7AL1 gene, it is likely
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that chromatin modification and remodeling by SHP-re-
cruited Brm-containing chromatin-modifying complexes may
be a common mechanism by which SHP suppresses gene ex-
pression in multiple other biological systems. SHP contains a
putative ligand binding domain (35), and a recent intriguing
study showed that 4-[3-(1-adamantyl)-4-hydroxy pheynl]-3-
chlorocinnamic acid, a retinoid-related compound, is a poten-
tial ligand for SHP and increased the interaction of SHP with
mSin3A (9). We also have found that this compound dramat-
ically increases the interaction of SHP with Brm but not with
Brg-1 (J. Miao and K. Kemper, unpublished data), providing
further evidence that Brm is selectively a component of func-
tional SHP complexes. Given the important roles of SHP and
the bile acid receptor FXR in normal and abnormal metabo-
lism, development of pharmacological agents that target Brg-1
or Brm and, therefore, modulate activity of SHP and FXR may
be good therapeutic candidates for metabolic disorders, in-
cluding fatty liver development, obesity, and diabetes.
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