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ABSTRACT

In previous work, we showed that the binding of the
liver x receptor a:peroxisome proliferator-activated
receptor a (LXRa:PPARa) heterodimer to the murine
Cyp7a1 gene promoter antagonizes the stimulatory
effect of their respective ligands. In this study, we
determined if LXRa:PPARa can also regulate human
CYP7A1 gene promoter activity. Co-expression of
LXRa and PPARa in McArdle RH7777 hepatoma
cells decreased the activity of the human CYP7A1
gene promoter in response to ®brates and 25-
hydroxycholesterol. In vitro, the human CYP7A1
Site I bound LXRa:PPARa, although with substan-
tially less af®nity compared with the murine Cyp7a1
Site I. The binding of LXRa:PPARa to human
CYP7A1 Site I was increased in the presence of
either LXRa or PPARa ligands. In HepG2 hepato-
blastoma cells, ®brates and 25-hydroxycholesterol
inhibited the expression of the endogenous CYP7A1
gene as well as the human CYP7A1 gene promoter
when co-transfected with plasmids encoding LXRa
and PPARa. However, a derivative of the human
CYP7A1 gene promoter that contains a mutant form
of Site I that does not bind LXRa:PPARa was not
inhibited by WY 14,643 or 25-hydroxycholesterol in
both McArdle RH7777 and HepG2 cells. The ligand-
dependent recruitment of LXRa:PPARa heterodimer
onto the human CYP7A1 Site I can explain the
inhibition of the human CYP7A1 gene promoter in
response to ®brates and 25-hydroxycholesterol.

INTRODUCTION

Cholesterol 7a-hydroxylase (cyp7a) is a liver-speci®c enzyme
that catalyzes the 7a-hydroxylation of cholesterol, the limiting

step in the classical pathway responsible for the conversion of
cholesterol into bile acids (1). In mice and rats the synthesis of
bile acids through this pathway is under feed-forward
regulation by cholesterol via a transcriptional mechanism
involving the nuclear receptor known as the liver x receptor a
(LXRa; NR1H3) (2±5). LXRa normally binds to a direct
repeat of the hexameric hormone response element separated
by four nucleotides (a DR-4 motif) as a heterodimer with
retinoid x receptor (RXR; NR2B1) and is activated by
oxysterols (6,7). The human CYP7A1 gene, unlike the rat
and murine Cyp7a1 genes, is not stimulated by oxysterols
because the human CYP7A1 gene promoter does not interact
with RXR:LXRa (4,5).

Peroxisome proliferator-activated receptor a (PPARa;
NR1C1) is fatty acid- and ®brate-activated nuclear receptor
that is abundantly expressed in the liver (8). PPARa plays a
central role in fatty acid catabolism by regulating several genes
involved in this process. Ligand-bound PPARa regulates the
transcription of target genes by binding as a heterodimer with
RXR to its response element characterized by a DR-1 motif.
Our laboratory previously reported that the human CYP7A1
and murine Cyp7a1 gene promoters are differentially regu-
lated by fatty acids and WY 14,643 through PPARa (9). The
difference is due to the existence of a PPARa:RXR binding
site at the ±70 nucleotide region (Site I) of the murine Cyp7a1
gene promoter. However, the exact effect of PPARa ligands
on cyp7a gene expression is controversial since a number of
studies employing a variety of experimental systems have
reported inconsistent results (9±13).

In human clinical studies, ®bric acid derivatives have been
shown to increase biliary cholesterol secretion and decrease
bile acid output (14,15). These effects may be explained by the
repression of CYP7A1 gene expression as suggested by
reduced cholesterol 7a-hydroxylation rates and decreased
cyp7a activity observed in patients undergoing ®brate
treatment (14,15).

We demonstrated recently that PPARa and LXRa are
capable of forming an atypical heterodimer on two adjacent
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hexameric sequences (termed the LXRa:PPARa response
element, LPRE) in the murine CYP7a1 gene promoter and
repress its activity in hepatoma cells (16). The present study
was undertaken to determine if the LXRa:PPARa hetero-
dimer can also interact with the human CYP7A1 gene
promoter and whether this interaction could explain the
apparent reduction of cyp7a activity in response to ®brates
observed in clinical studies. Here we show that the binding of
LXRa:PPARa heterodimer to the human CYP7A1 gene
promoter is ligand dependent and is necessary for the
repression of promoter activity.

MATERIALS AND METHODS

Plasmids

The gene chimera containing the proximal promoter region of
the human CYP7A1 gene (nucleotides ±372 to +61) linked
to the chloramphenicol acetyltransferase structural gene
(hCYP7A1.pCAT), expression plasmids encoding murine
PPARa, human RXRa, human LXRa and Escherichia coli
b-galactosidase (pCH110) were described previously (9). The
expression plasmid encoding hepatocyte nuclear factor-1 a
(HNF-1a) was a gift from Dr S. Karathanasis. The mutant
derivatives of the human CYP7A1 gene promoter used in this
study were generated by in vitro DNA ampli®cation using
mutagenic primers and the gene chimera containing the wild-
type human CYP7A1 gene promoter (9) as template. The
sequence of mutagenic primers for the human CYP7A1 Site I
DR-0 were: sense primer 5¢-TGGCTAATTGTTTGCTTTA-
AAAACCAA-3¢; antisense primer 5¢-TAACTTGAGCTTG-
GTTTTTAAAGCAA-3¢.

Transient transfection assays

McArdle RH7777 rat hepatoma cells (17) were grown in
Dulbecco's modi®ed Eagle's medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 10% newborn calf
serum. The cultures were transfected at 60% con¯uence using
the calcium phosphate±DNA co-precipitation method as
described elsewhere (18). The plasmids were supplemented
with sonicated salmon sperm DNA to achieve a constant mass
of DNA introduced into cells in the transfection experiments.
The chloramphenicol acetyltransferase activity determined
for each sample was normalized to the corresponding
b-galactosidase activity that was encoded by the co-trans-
fected pCH110 plasmid. Beza®brate, clo®brate, gem®brozil
(all from Sigma-Aldrich, Oakville, ON) and WY 14,643
(BIOMOL Research Labs, Inc., Plymouth Meeting, PA) were
dissolved in dimethyl sulfoxide and added to the cell culture
medium at the indicated concentrations. The oxysterol 25-
hydroxycholesterol (25-HC; Sigma-Aldrich) was dissolved in
ethanol. Each condition in the transfection experiments was
done in triplicate and each experiment was repeated at least
once.

Electrophoretic mobility shift assay

Plasmids used for production of recombinant nuclear receptors
were introduced into E.coli BL21-CodonPlusÔ cells
(Stratagene, La Jolla, CA). The enrichment and integrity of
the recombinant nuclear receptor preparations were assessed
by SDS±PAGE and by immunoblotting using previously

described polyclonal antibodies against PPARa and RXR (19)
and a monoclonal antibody for LXRa (BD Pharmingen,
Mississauga, ON, Canada). Recombinant receptors (100 ng
total protein) were incubated in 40 ml for 20 min at room
temperature with 4 mg of poly(dI:dC), 4 mg of bovine serum
albumin (BSA), 1 mg of sonicated salmon sperm DNA,
without or with varying amounts of unlabeled double stranded
oligonucleotides in 13 binding buffer [40 mM Tris±HCl
pH 7.9, 4 mM MgCl2, 100 mM NaCl, 2 mM EDTA, 20%
glycerol, 0.2% Nonidet P-40, 2 mM dithiothreitol (DTT)].
After addition of the radiolabeled probe, the reaction was
incubated for 20 min at room temperature. DNA±protein
complexes were resolved by electrophoresis on a non-
denaturing 4% polyacrylamide gel at 4°C. The core sequences
of the probes were as follows: human CYP7A1 Site I,
5¢-TTGTCAACCAAGCTCA-3¢; murine Cyp7a1 Site I,
5¢-TGGTCACCCAAGTTCA-3¢. All oligonucleotides used
in electrophoretic mobility shift assay (EMSA) were synthe-
sized with a 4-nucleotide 5¢ extension (5¢-AATT-3¢) to allow
radiolabeling via a ®ll-in reaction catalyzed by the Klenow
fragment of E.coli DNA polymerase I.

Measurement of cyp7a mRNA abundance and enzyme
activity in HepG2 cells

Human HepG2 hepatoblastoma cells were grown in DMEM
containing 5% FBS. At 70% con¯uence, the culture medium
was replaced with fresh medium containing 5% lipoprotein-
de®cient medium and then treated for 24 h with either 5 mM
25-HC, 100 mM WY 14,643, 5 mM 25-HC and 100 mM WY
14,643 or vehicle [dimethyl sulfoxide and ethanol, both at
0.1% (v/v) ®nal concentration]. Microsomes were prepared
from control and treated cells that were homogenized in 0.1 M
K2PO4 pH 7.4, 0.25 M sucrose, 50 mM NaF, 1 mM DTT,
1 mM EDTA buffer supplemented with a cocktail of protease
inhibitors (Roche Diagnostics, Laval, QC, Canada). The total
protein concentration of the microsomes was determined
using the BioRad Protein Assay kit with BSA as the standard,
and 100 mg were used to measure cyp7 enzyme activity
according to a previously described method (20). The
abundance of the cyp7a mRNA was estimated relative to the
glyceraldehyde-3-phosphate dehydrogenase mRNA abund-
ance by ampli®cation of cDNA after reverse transcription of
total RNA. The total RNA from cells treated as described
above was isolated using the TRIzolÔ reagent (Invitrogen
Canada, Burlington, ON, Canada), and then reverse tran-
scribed with Superscript II (Invitrogen Canada) and 18mer
oligo-dT as primer following conditions recommended by the
supplier. The total cDNA (2 ml) from each reaction was
subsequently used as template to amplify the cyp7a and
glyceraldehyde-3-phosphate dehydrogenase cDNA using Taq
DNA polymerase (94°C for 1 min, annealing step at 45°C for
1 min and extension step at 72°C for 2 min; 25 cycles). The
primers used to amplify human cyp7a sequences were: sense
primer 5¢-TAGCTCTTTACCCACAGTTAATGC-3¢; anti-
sense primer 5¢-TGGACCTGGTGAATCATTTCTACC-3¢.
The abundance of the cyp7a mRNA was normalized to the
abundance of glyceraldehyde-3-phosphate dehydrogenase
mRNA, whose cDNA was ampli®ed using the following
primers: sense primer 5¢-GAGCCAAACGGGTCATCATC-
3¢; antisense primer 5¢-CATCACGCCACAGCTTTCCA-3¢.
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Chromatin immunoprecipitation assay

HepG2 cells (20 3 106 per assay) were incubated in medium
containing 5% delipidated FBS plus vehicle (0.1% dimethyl
sulfoxide for WY 14,643 and 0.1% ethanol for 25-HC),
100 mM WY 14,643, 5 mM 25-HC or 100 mM WY 14,643 +
5 mM 25-HC for 24 h. The cells were ®xed by adding
formaldehyde to a ®nal concentration of 1% directly to growth
medium at 37°C for 15 min. The crosslinking reaction was
quenched by adding glycine to a ®nal concentration of
0.125 M. The ®xed cells were washed once in ice-cold Tris-
buffered saline (20 mM Tris±HCl pH 7.6, 150 mM NaCl)
containing protease inhibitors (0.1 mg/ml pepstatin, 0.1 mg/ml
leupeptin, 0.1 mg/ml aprotinin, 1 mM PMSF). The cells were
lysed in buffer containing 10 mM Tris±HCl pH 8, 1% Triton
X-100, 0.1% SDS, 1 mM EDTA, 0.025% NaN3 for 30 min on
ice. The nuclei were collected by low-speed centrifugation and
then diluted to 1 ml with buffer containing 16.7 mM Tris±HCl
pH 8, 16.7 mM NaCl, 0.01% SDS, 1% Triton X-100, 1.2 mM
EDTA and protease inhibitors. The chromatin was sheared to
~500-bp fragments by sonication and then centrifuged at
13 000 r.p.m. for 10 min at 4°C to clarify the sample. An
aliquot of the clari®ed sample was taken for total DNA
extraction (represents total chromatin input). The chromatin
was diluted to 300 ml in elution buffer (0.1 M NaHCO3 pH 6.8,
1% SDS) prior to crosslink reversal and deproteinization. The
remaining clari®ed sample was used for the immunoprecipita-
tion assay. The sample was incubated with 100 ml of protein
G±Sepharose beads for 1 h at 4°C with rotation to remove non-
speci®c binding. After sedimentation, the pre-cleared super-
natant was incubated with 10 ml of anti-PPARa (H-98)
(sc-9000; Santa Cruz Biotechnology, Santa Cruz, CA), or 10 ml
of anti-LXRa (P-20) (sc-1202; Santa Cruz Biotechnology) or
10 ml of anti-hemagglutinin (clone 3F10) (Roche) overnight at
4°C with rotation. The immune complexes were collected with
100 ml protein G±Sepharose beads for 1 h at 4°C with rotation.
The beads were washed once with Wash Buffer 1 (10 mM
Tris±HCl pH 8, 0.1% SDS, 1% Triton X-100, 1 mM EDTA,
0.025% NaN3) containing 500 mM NaCl, once with Wash
Buffer 1 containing 140 mM NaCl, once with Wash Buffer 2
(10 mM Tris±HCl pH 8, 0.25 M LiCl, 0.5% Nonidet P-40,
0.5% sodium deoxycholate, 1 mM EDTA) then ®nally twice
with 10 mM Tris±HCl (pH 8.0), 1 mM EDTA (TE). The
washed beads were suspended in 150 ml elution buffer, rotated
at room temperature for 15 min, sedimented by centrifugation,
and then the eluates were recovered. The elution step was
repeated and the respective eluates were combined. Crosslinks
were reversed in all samples (total chromatin and immuno-
precipitated chromatin) by the addition of NaCl to a ®nal
concentration of 0.3 M and then treated with 5 mg of RNAse A
for 6 h at 65°C with shaking. The DNA was deproteinized by
proteinase K treatment (20 mg per sample) overnight at 37°C
in buffer containing 53 mM Tris±HCl pH 6.5 and 10 mM
EDTA, followed by extraction with phenol/chloroform/
isoamyl alcohol (25/24/1) and then precipitation in ethanol.
The pellets were washed with 70% ethanol, dried and
dissolved in 50 ml of TE. An aliquot (2 ml) of this was
analyzed by PCR (25 cycles) using a primer pair (sense primer
5¢-AAGCTTGATGAATAACTCATTCTTATC-3¢; antisense
primer 5¢-TGCAAATCTAGGCCAAAATCTCTGAG-3¢)
directed to amplify the ±380 to +61 nucleotide region of the

human CYP7A1 gene promoter. A b-actin gene primer pair
(sense primer 5¢-AACACCCCAGCCATGTACG-3¢; anti-
sense primer 5¢-ATGTCACGCACGATTTCCC-3¢) (21) was
used as the control.

Co-immunoprecipitation and immunoblotting

HepG2 cells (2 3 106 cells per assay) were removed from the
dish and lysed in 250 ml of lysis buffer (50 mM Tris±HCl
pH 7.4, 1% Nonidet P-40, 1 mM EDTA, 1 mM Na3VO4, 1 mM
NaF and protease inhibitors) containing 150 mM NaCl.
Aliquots of the lysate (250 mg total proteins) were pre-cleared
with 50 ml of protein G±Sepharose beads for 1 h at 4°C with
rotation and then incubated with either 10 ml of anti-PPARa,
or 10 ml of anti-LXRa or 10 ml of anti-hemagglutinin
overnight at 4°C with rotation. The immune complexes were
collected with 100 ml of protein G±Sepharose beads for 1 h at
4°C with rotation. The beads were washed twice with lysis
buffer containing 500 mM NaCl followed by two washes with
the same buffer containing 150 mM NaCl. The bound proteins
were eluted with 30 ml of SDS±PAGE loading buffer, boiled
for 10 min and then resolved on an 8% SDS±PAGE gel.
For immunoblot analysis, the proteins were probed with
anti-LXRa and anti-PPARa diluted at 1:1000.

RESULTS

Co-expression of PPARa and LXRa is required for the
inhibition of the human CYP7A1 gene promoter in
response to WY 14,643 and 25-HC

The activity of the human CYP7A1 gene promoter in response
to ®brates and 25-HC was studied in McArdle RH7777 cells
co-transfected with PPARa, LXRa and RXR expression
plasmids. As shown in Figure 1A, the combined transfection
of LXRa and RXR did not change signi®cantly the promoter
activity in the absence or presence of 25-HC (5 mM), an LXRa
ligand, in agreement with previous data (4,5). The PPARa
activator WY 14,643 (100 mM) induced the human CYP7A1
gene promoter activity by ~2.3-fold in the presence of co-
expressed PPARa and RXR. The co-expression of PPARa,
LXRa and RXR did not change the promoter activity as
compared with the basal level in the absence of exogenous
PPARa and LXRa ligands. However, the addition of WY
14,643 and 25-HC, by themselves or in combination, to
transfected cells reduced promoter activity by 55%, 37% and
80%, respectively, relative to the basal promoter activity.
Furthermore, the inhibition of the promoter activity by ligand-
bound LXRa and PPARa was not affected by excess RXR,
suggesting that the ligand-activated LXRa:PPARa hetero-
dimer has a high af®nity for Site I. These results demonstrate
that the co-expression of LXRa and PPARa inhibits the
CYP7A1 gene promoter in the presence of their ligands.

A titration experiment was done using a constant amount of
PPARa expression plasmid (0.5 mg) and increasing amounts
of LXRa expression plasmid (0.1±1.5 mg). As shown in
Figure 1B, increasing amounts of LXRa had little in¯uence on
basal promoter activity in the absence of exogenous ligands.
Addition of 25-HC attenuated the transactivation of the
CYP7A1 gene promoter by WY 14,643-activated PPARa, and
this inhibitory effect became more pronounced when higher
amounts of LXRa was expressed.
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Effect of different ®brates on the regulation of the
human CYP7A1 promoter by PPARa and LXRa
The effect of various PPARa activators on human CYP7A1
gene promoter activity was studied in the same transfection
assay system. As shown in Figure 2, beza®brate, gem®brozil
and WY 14,643 stimulated the promoter activity by 2- to 2.5-
fold, whereas clo®brate enhanced the promoter activity by
only 1.5-fold. In case of the co-expression of LXRa, PPARa
and RXR, the CYP7A1 gene promoter activity was also
reduced by treatment of transfected cells with beza®brate and
gem®brozil, and within a comparable range of concentrations.
However, the addition of clo®brate to cells transfected with
PPARa and LXRa did not diminish the promoter activity, as
did the other PPARa activators used in the experiment. 25-HC
also reduced the promoter activity and the combination of 25-
HC and PPARa ligands resulted in far greater inhibition of
CYP7A1 gene promoter activity. These data show that both
PPARa and LXRa ligands can inhibit the human CYP7A1
gene promoter activity in the presence of co-expressed
PPARa and LXRa.

LXRa:PPARa heterodimer binding to the human
CYP7A1 Site I is potentiated by their respective ligands

We reported previously that the PPARa:RXR heterodimer can
bind to Site II, but not to Site I, of the human CYP7A1 gene
promoter (9). Furthermore, LXRa does not interact with the
human CYP7A1 gene promoter with RXR (4,5). In our recent
study we showed that a heterodimer of LXRa and PPARa can
interact with the murine Cyp7a1 gene promoter at Site I in the
absence of exogenous ligands (16). Although the human
CYP7A1 and murine Cyp7a1 Site I sequences are poly-
morphic, the data presented in Figure 3 demonstrate that the
human CYP7A1 Site I can nevertheless bind PPARa:RXR,
albeit with less af®nity as compared with the murine Cyp7a1
Site I. The interaction was decreased by an excess of unlabeled
human CYP7A1 Site I. Importantly, neither PPARa nor

LXRa, by themselves or with RXR, bound to the human
CYP7A1 Site I.

The results of the transfection experiments (Fig. 1) indi-
cated that the repression of human CYP7A1 promoter by
LXRa and PPARa required the addition of their ligands. To
determine if the ligand-dependent repression of CYP7A1 gene
promoter activity by PPARa and LXRa is due to ligand-
dependent recruitment of the LXRa:PPARa heterodimer onto
the promoter, we measured the formation of the protein:probe

Figure 2. Relative potencies of various ®brates and 25-HC in the inhibition
of the human CYP7A1 gene promoter in cells co-expressing LXRa and
PPARa. The human CYP7A1 gene promoter±reporter gene chimera
(hCYP7A1.CAT) (1 mg) was introduced into McArdle RH7777 cells along
with PPARa (0.5 mg), LXRa (0.5 mg) or RXR (0.5 mg) expression plas-
mids, as indicated. The transfected cells were subsequently incubated for 24
h with WY 14,643, clo®brate, beza®brate, gem®brozil, 25-HC or vehicle
(0.1% dimethyl sulfoxide for PPARa activators and 0.1% ethanol for
25-HC) in medium containing 5% lipoprotein-de®cient serum.

Figure 1. Stimulation of the human CYP7A1 gene promoter by WY 14,643 is abolished by the co-expression of PPARa and LXRa in a ligand-dependent
manner. (A) The human CYP7A1 gene promoter±reporter gene chimera (hCYP7A1.CAT) (1 mg) was introduced into McArdle RH7777 cells along with
PPARa (0.5 mg), LXRa (0.5 mg) or RXR (0.5 mg) expression plasmids, as indicated. Cells were subsequently incubated for 24 h with WY 14,643, 25-HC or
vehicle (0.1% dimethyl sulfoxide for WY 14,643 and 0.1% ethanol for 25-HC) in medium containing 5% lipoprotein-de®cient serum. Values shown are mean
6 standard deviation (SD). (B) Co-expression of PPARa and LXRa is necessary for the repression of the CYP7A1 gene promoter in response to WY 14643
and 25-HC. The cells were transfected with constant amounts of PPARa and RXR plus increasing amounts of LXRa. The amount of RXR used was equal to
the total mass of PPARa and LXRa plasmids. Values shown are mean 6 SD.
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complex in vitro in response to increasing amounts of ®brates
or 25-HC added to a constant amount of LXRa and PPARa
recombinant proteins. As shown in Figure 4A, the abundance
of LXRa:PPARa/Site I complex formed increased with an
increase in the amount of ®brates or 25-HC added to the
reaction mixture. Interestingly, the induction of the
LXRa:PPARa heterodimer formation by clo®brate was
weak in comparison with that induced by beza®brate,
gem®brozil or WY 14,643. It was also evident that 25-HC
had a more potent effect on the heterodimer formation
compared with the ®brates in this assay (Fig. 4B). Together,
these data demonstrate that the binding of the LXRa:PPARa
heterodimer to the human CYP7A1 Site I is stimulated by
PPARa and LXRa ligands in a concentration-dependent
manner.

LXRa:PPARa heterodimer binds to directly adjacent
hexameric repeats located in the human CYP7A1 Site I

Our previous work showed that LXRa:PPARa binds to two
directly adjacent hexameric elements (LPRE) in the murine

Cyp7a1 Site I and to a sequence represented by an idealized
DR-0 motif (16). To characterize the sequence to which the
LXRa:PPARa heterodimer binds in the human CYP7A1 gene
promoter, we performed EMSA using a synthetic double-
stranded oligonucleotide corresponding to the ®rst 12 residues
(Site I-TR probe; Fig. 5A) that make up the CYP7A1 Site I, as
well as a derivative with multibase substitutions (Site I-SU
probe; Fig. 5A). The radiolabeled, intact CYP7A1 Site I bound
LXRa:PPARa, and this binding was competed by an excess
of the unlabeled Site I-TR probe (Fig. 5B, left). In contrast,
LXRa:PPARa binding could not be displaced by increasing
amounts of unlabeled Site I-SU probe (Fig. 5B, middle).
Furthermore, the radiolabeled Site I-SU probe did not bind the
LXRa:PPARa heterodimer. These data demonstrate that
the LXRa:PPARa heterodimer interacts with the human
CYP7A1 Site I at a site that is homologous to the murine Site I
LPRE.

The inhibition of the human CYP7A1 gene promoter by
LXRa and PPARa requires binding of both factors to
the Site I LPRE

In order to determine if the repression of the human CYP7A1
gene promoter by PPARa and LXRa is mediated by the direct
binding of the LXRa:PPARa heterodimer to the human
CYP7A1 Site I LPRE, we performed the transfection assays
using a derivative of the human CYP7A1 gene promoter
carrying the mutation in Site I that prevents the binding of the
LXRa:PPARa heterodimer (i.e. the multibase substitution
Site I-SU sequence shown in Fig. 5A). As shown in Figure 6,
the mutant promoter had drastically reduced basal activity as
compared with the wild-type promoter. The promoter activity
increased upon co-expression of PPARa and RXR in the
absence of WY 14,643 and was increased further upon the
addition of WY 14,643. Co-expression of LXRa and RXR had
no effect on promoter activity in the absence or presence of
25-HC. As predicted, the activity of the mutant promoter was
not inhibited by the co-expression of PPARa, LXRa and RXR
in McArdle RH7777 cells after the addition of WY 14,643
and 25-HC, either separately or in combination. Thus, the
inhibition of the human CYP7A1 gene promoter in response to

Figure 4. Fibrates and 25-HC increase the binding of the LXRa:PPARa heterodimer to the human CYP7A1 Site I. Radiolabeled human CYP7A1 Site I was
incubated with LXRa and PPARa plus the indicated ligand or vehicle (dimethyl sulfoxide for ®brates and ethanol for 25-HC). The amount of radioactivity at
the region of the gel corresponding to the probe:protein complex was quantitated using a PhosphorImager (Molecular Dynamics). The fold induction repre-
sents the ratio between the band intensity in the presence and absence of ligands. (A) Concentration-dependent effect of beza®brate, gem®brozil, clo®brate
and WY 14,643. (B) Concentration-dependent effect of 25-HC.

Figure 3. PPARa and LXRa bind to the human CYP7A1 Site I as a hetero-
dimer. Recombinant PPARa, LXRa or RXR were incubated with radio-
labeled, wild-type human CYP7A1 Site I. The sequences of the probes used
in this experiment are described in Materials and Methods. The speci®city
of binding was assessed by competition with a 20-fold molar excess (203)
of unlabeled human CYP7A1 Site I.
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®brates and 25-HC requires the formation of the
LXRa:PPARa heterodimer on the CYP7A1 Site I LPRE.

Regulation of the CYP7A1 gene promoter by WY 14,643
and 25-HC in HepG2 cells

We next addressed the issue of the con¯icting effects of
®brates on human CYP7A1 gene promoter activity in different
cells, as reported in various studies (9±11). We have shown in
a previous study (9) and in Figure 2 that the human CYP7A1
gene promoter is modestly stimulated by ®brates via PPARa
and RXR in transfected cells. Although McArdle RH7777
cells are liver-derived, these cells no longer express the
Cyp7a1 gene (22). In contrast, the CYP7A1 gene has remained
active in HepG2 cells (23), although its activity is signi®cantly
lower compared with that in the liver. The addition of 25-HC
(5 mM) and WY 14,643 (100 mM), either separately or in
combination, decreased the cyp7a enzyme activity by 20, 60
and 70%, respectively (Fig. 7A, left), with corresponding
reductions in cyp7a mRNA abundance (Fig. 7A, right). In
transfected HepG2 cells, WY 14,643 also inhibited the human
CYP7A1 gene promoter when PPARa and RXR were co-
expressed (Fig. 7B, left). This effect is in contrast to that
observed in McArdle RH7777 cells as shown in Figure 2. WY
14,643 treatment caused a further diminution of the human
CYP7A1 gene promoter activity when LXRa was also co-
expressed with PPARa and RXR. These experiments indicate
that the response of the human CYP7A1 gene promoter to
PPARa ligands is in¯uenced by the cell line used in the
experimental system.

The response of mutant human CYP7A1 gene promoter
carrying a substituted Site I (see Fig. 5) to WY 14,643 was also
assessed in HepG2 cells. The activity of the mutant promoter

was not altered by co-expression of PPARa and RXR, and
increased when WY 14,643 was present (Fig. 7B, right). This
®nding is in agreement with the results obtained using
McArdle RH7777 cells (Fig. 6). More importantly, the mutant
promoter was still stimulated by WY 14,643 when LXRa was
co-expressed along with PPARa and RXR. These results
indicate that the ligand-dependent repression of the human
CYP7A1 promoter mediated via binding of the LXRa:PPARa
heterodimer to the Site I LPRE is reproducible in both
McArdle RH7777 and HepG2 cells.

PPARa and LXRa co-expression interferes with the
regulation of human CYP7A1 gene promoter by HNF-1a
in transfected cells

HNF-1a binds to an element adjacent to the human CYP7A1
Site I and transactivates the human CYP7A1 gene promoter in
HepG2 cells (24). We raised the question of whether the
binding of LXRa:PPARa to the CYP7A1 Site I LPRE can
interfere with HNF-1a action on this promoter. As shown in
Figure 8, HNF-1a stimulated the CYP7A1 gene promoter by
2.2-fold in McArdle RH7777 cells. However, co-expression of
PPARa and LXRa blocked the HNF-1a-mediated transactiv-
ation of the human CYP7A1 gene promoter. Furthermore, the
addition of WY 14,643 or 25-HC reduced the CYP7A1 gene
promoter activity to 60 and 50%, respectively.

Formation of the LXRa:PPARa heterodimer in HepG2
cells

We carried out chromatin immunoprecipitation (ChIP) assays
in untreated and ligand-treated HepG2 cells to determine if
PPARa and LXRa can bind to the CYP7A1 gene promoter in
intact cells. As shown in Figure 9A, a segment of the DNA
spanning the Site I element of the human CYP7A1 gene
promoter was co-precipitated with antibodies against PPARa
or LXRa, but not with the control antibodies against

Figure 6. Binding of the LXRa:PPARa heterodimer to Site I is required to
express its repressor function in McArdle RH7777 cells. A mutant deriva-
tive of the human CYP7A1 gene promoter±reporter gene chimera
(mut.hCYP7A1.CAT, 1 mg) carrying the multibase substitution at Site I was
transfected into hepatoma cells along with PPARa (0.5 mg), LXRa (0.5 mg)
or RXR (0.5 mg) expression plasmids. The cells were treated with WY
14,643 and 25-HC, where indicated, in medium containing 5% lipoprotein-
de®cient serum. The promoter activities are expressed relative to the activity
(100%) of the wild-type human CYP7A1 gene promoter.

Figure 5. Analysis of the LXRa:PPARa heterodimer binding site in the
human CYP7A1 Site I. (A) The sequences of the wild-type human CYP7A1
Site I, a derivative containing the ®rst 12 nucleotides of Site I (designated
Site I-TR), and a multibase substituted derivative (Site I-SU) are shown.
(B) EMSA was performed using radiolabeled wild-type Site I (1WT) or
radiolabeled Site I-SU (1SU) as probes. The 1WT probe was competed with
20-fold molar excess (203) of unlabeled Site 1TR, or 20- and 100-fold
excess of unlabeled Site 1SU.
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hemagglutinin. Furthermore, the antibodies against PPARa or
LXRa did not co-immunoprecipitate the murine actin gene,
demonstrating the speci®city of the ChIP assay. The co-
immunoprecipitation of the CYP7A1 gene promoter with
PPARa and LXRa is consistent with the idea that these
receptors bind to the Site I element as a heterodimer, since
neither PPARa nor LXRa bind to this site as monomers or as
conventional heterodimers with RXR (5,9). In addition, it is
evident from the results that binding of PPARa and LXRa to
the CYP7A1 gene promoter can occur in the absence of
exogenously added ligands, and that binding appears to be
increased in the presence of ligands.

We further examined the ability of PPARa and LXRa to
form heterodimers in the cell cytoplasm. HepG2 cytoplasmic
extracts were immunoprecipitated with anti-PPARa followed

by immunoblot analysis of immunoprecipitated proteins using
anti-LXRa. The experiment was also done using anti-LXRa
and anti-PPARa in the immunoprecipitation and immunoblot
analyses, respectively. The results shown in Figure 9B
demonstrate that LXRa is co-immunoprecipitated with
PPARa and vice versa, demonstrating that PPARa and
LXRa can also form stable heterodimers in the cytoplasm in
the absence of DNA.

DISCUSSION

We demonstrated in a recent study that LXRa and PPARa
form an atypical heterodimer on the Site I regulatory region of
the murine Cyp7a1 gene promoter and inhibit its activity (16).
The goal of present study was to determine if LXRa and
PPARa can also form a heterodimer on the human CYP7A1
gene promoter to mediate the negative regulation in response
to PPARa and LXRa ligands. The sequences of the Site I
regulatory region of the human CYP7A1 and murine Cyp7a1
gene promoters are divergent (9). The murine Cyp7a1 Site I
can bind PPARa:RXR and RXR:LXRa (9), whereas these
heterodimers do not interact with the human CYP7A1 Site I
(4,5).

The present study clearly demonstrates that LXRa and
PPARa also form a non-conventional heterodimer on the
human CYP7A1 Site I regulatory region. This interaction was
potentiated by PPARa and LXRa ligands and caused the
repression of human CYP7A1 gene promoter activity.
Moreover, it was apparent that LXRa:PPARa can block the
stimulatory effect of HNF-1a, a transcription factor that binds
to a site near Site I. The con¯icting effects of PPARa ligands
on human CYP7A1 gene promoter activity in cells co-
expressing PPARa and RXR are dependent on the cell line
that was utilized as an experimental system. The human
CYP7A1 gene promoter was modestly stimulated by WY
14,643-activated PPARa in McArdle RH7777, whereas it
was inhibited in HepG2 hepatoblastoma cells. Importantly,

Figure 8. LXRa:PPARa co-expression prevents transactivation by HNF-1a
in McArdle RH7777 cells. The human CYP7A1 promoter±reporter gene
chimera (1 mg) was introduced into McArdle RH7777 cells, along with
plasmids encoding HNF-1a (0.5 mg), PPARa (0.5 mg) LXRa (0.5 mg), or
RXR (1 mg), as indicated. Cells were subsequently incubated for 24 h with
WY 14,643 (100 mM) and 25-HC (5 mM) in medium containing 5%
lipoprotein-de®cient serum.

Figure 7. Regulation of CYP7A1 gene expression by ®brates and oxysterols
in HepG2 cells. (A) HepG2 cells were incubated for 24 h with 5 mM
25-HC, 100 mM WY 14,643, a combination of 25-HC and WY 14,643, or
vehicle (0.1% dimethyl sulfoxide for WY 14,643 and 0.1% ethanol for
25-HC), as indicated, in medium containing 5% lipoprotein-de®cient serum.
The cyp7a enzyme activity was measured in prepared microsomes (left) and
the cyp7a mRNA abundance was estimated by reverse transcription (RT)±
PCR (right). The glyceraldehyde-6-phosphate dehydrogenase mRNA abund-
ance was used to normalize cyp7a mRNA abundance. Values are expressed
relative to controls (no ligands added). (B) The wild-type human CYP7A1
promoter±reporter gene chimera (hCYP7A1.CAT, 1 mg) (left) or the mutant
derivative carrying the multibase substitution at Site I (mut.hCYP7A1.CAT,
1 mg) (right) were introduced into cells along with PPARa (0.5 mg), LXRa
(0.5 mg) or RXR (0.5 mg) expression plasmids, as indicated. The cells were
treated with WY 14,643, where indicated, in medium containing 5%
lipoprotein-de®cient serum.
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however, the inhibitory effect of LXRa and PPARa ligands
on the human CYP7A1 gene promoter in cells co-expressing
LXRa and PPARa was reproducible in both cell lines.

Mutagenesis of the human CYP7A1 Site I sequence to
prevent the binding of the LXRa:PPARa heterodimer
relieved the inhibitory effect of PPARa and LXRa ligands,
and this effect was evident in both cell lines used in this study.
This speci®c alteration of human CYP7A1 Site I structure also
caused the reduction of basal promoter activity, as well as an
increase in the apparent response of the mutant CYP7A1 gene
promoter to WY 14,643 treatment. The decrease in basal
activity was surprising since the abrogation of the
LXRa:PPARa heterodimer binding was expected to relieve
promoter repression. We surmise that the reduction of basal
promoter activity displayed by the mutant CYP7A1 gene
promoter results from the disturbance in the binding of other
nuclear receptors, possibly HNF-1a (24) and/or hepatocyte
nuclear factor-3 (25), near the Site I regulatory region. We
demonstrated previously that WY 14,643 stimulated the
human CYP7A1 gene promoter via PPARa:RXR through
Site II. The stimulation of the mutant CYP7A1 gene promoter
activity was most likely also mediated by PPARa:RXR
through the same regulatory site. However, the apparent
increase in the sensitivity of the mutant CYP7A1 gene
promoter to WY 14,643 is attributable to the reduced basal
activity of the mutant promoter, thereby magnifying the
apparent stimulatory effect.

The ability of various ®brates to inhibit the human CYP7A1
gene promoter in transfected cells was highly correlated with
the ability of these agents to stimulate the formation of the
LXRa:PPARa heterodimer on the human CYP7A1 Site I
in vitro. The oxysterol 25-HC also stimulated the formation of
LXRa:PPARa/Site I complex in vitro, and with a potency that

was comparable to WY 14,643. In transfected cells, however,
25-HC was less effective than WY 14,643 in repressing the
human CYP7A1 gene promoter. The reduced ef®cacy of 25-
HC may be due to its metabolism causing the decrease in
intracellular concentration of this oxysterol and, in turn, less
profound inhibition of the CYP7A1 gene promoter.
Nevertheless, the repression of CYP7A1 gene expression
after 25-HC treatment has been observed previously in HepG2
cells (23). In agreement with this ®nding, the expression of the
human CYP7A1 gene expression in transgenic mice was
reduced by cholesterol feeding to a level that was lower than
that in chow-fed controls (5).

It was suggested previously that agonists of PPARa repress
CYP7A1 gene expression in HepG2 cells by decreasing the
amount of hepatocyte nuclear factor-4 a (NR2A1) that is
available for binding to the CYP7A1 gene promoter (10). It
appears that LXRa:PPARa inhibits the human CYP7A1 gene
promoter via a different mechanism. This is based on the
®nding that an intact CYP7A1 Site I is necessary to achieve
repression in response to LXRa and PPARa ligands and the
fact that the mutant CYP7A1 gene promoter containing a
mutant Site I remains responsive to stimulation by WY 14,643
in HepG2 cells.

Miyata et al. (26) documented previously the interaction of
PPARa and LXRa using a yeast two-hybrid system. Although
binding of the complex to DNA was not demonstrated in their
study, we found that the LXRa:PPAR heterodimer is capable
of binding a unique element in the murine Cyp7a1 gene
promoter (16). Recently, Ide et al. (27) showed that
recombinant PPARa and LXRa produced by in vitro trans-
lation can form stable interactions. In our present study, we
demonstrate that PPARa and LXRa can be immunoprecipit-
ated from HepG2 cytoplasmic extracts. The formation of

Figure 9. Analysis of LXRa:PPARa heterodimer formation in untreated and ligand-treated HepG2 cells. (A) Binding of PPARa and LXRa to the human
CYP7A1 gene promoter in intact cells was assessed by chromatin immunoprecipitation. The PCR ampli®cation products (see Materials and methods for a
description of the primers used in the experiment) were resolved by agarose gel electrophoresis and stained with ethidium bromide. A genomic DNA segment
spanning Site I of the human CYP7A1 gene was ampli®ed from DNA co-immunoprecipitated with antibodies against PPARa or LXRa from crosslinked
HepG2 chromatin. Input DNA represents DNA puri®ed from total chromatin. HA, hemagglutinin. (B) HepG2 cytoplasmic extracts were subjected to co-
immunoprecipitation analysis using antibodies to LXRa and PPARa. The proteins immunoprecipitated by the primary antisera were separated by SDS±
PAGE then analyzed by immunoblotting using the second antiserum. The antisera used in the immunoprecipitation assay (IP) are indicated at the top of the
®gure and the antisera used in the immunoblot (IB) analysis are indicated to the left.
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PPARa and LXRa heterodimers outside the nucleus repre-
sents one way by which the activity of genes regulated by
these receptors can be controlled, that is by varying the
concentration of these receptors available for heterodimeriz-
ation with RXR. The ability of the LXRa:PPAR heterodimer
to bind DNA in a speci®c fashion and block transcription
activation represents another level of control. In this regard,
the ®nding that LXRa:PPARa represses the human CYP7A1
gene promoter in cell culture models is important in explain-
ing the mechanism by which ®brates and sterols inhibit the
expression of the human CYP7A1 gene.
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