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in transgenic mice by an LXR element
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The cholesterol ester transfer protein (CETP) facilitates the transfer of HDL cholesterol esters from
plasma to the liver. Transgenic mice expressing human CETP, controlled by its natural flanking
region, increase expression of this gene in response to hypercholesterolemia. We established a CETP
promoter-luciferase reporter assay in differentiated 3T3-L1 adipocytes to map the sterol upregula-
tory element. Promoter mutagenesis suggested that a direct repeat of a nuclear receptor binding
sequence separated by 4 nucleotides (DR4 element, -384 to -399) was responsible for this activity.
Using mice carrying normal or mutated promoter sequences, we confirmed the importance of this
element for gene induction by dietary sterol. A gel retardation complex containing LXR/RXR was
identified using the CETP DR4 element and adipocyte nuclear extracts. Both LXR0/RXRa and
LXRB/RXRa transactivated the CETP promoter via its DR4 element in a sterol-responsive fashion.
Thus, the positive sterol response of the CETP gene is mediated by a nuclear receptor binding site
thatis activated by LXRs. That Cyp7a, the rate-limiting enzyme for conversion of cholesterol into bile
acids in the liver, is also regulated by LXR0 suggests that this class of nuclear receptor coordinates

the regulation of HDL cholesterol ester catabolism and bile acid synthesis in the liver.

J. Clin. Invest. 105:513-520 (2000).

Introduction

The cholesterol ester transfer protein (CETP) is a 74-
kDa glycoprotein that mediates the transfer of choles-
terol esters (CEs) from HDL to triglyceride-rich
lipoproteins (1), which are subsequently cleared in the
liver. The importance of CETP in HDL metabolism has
been elucidated by human genetic deficiency of CETP
(2, 3) and by CETP transgenic mice (4, 5). In human
genetic CETP deficiency, HDL levels are increased but
there appears to be an excess of coronary heart disease
(6). Conversely, in hypertriglyceridemic CETP trans-
genic mice, CETP expression decreases atherosclerosis
while lowering overall HDL levels (7). These findings
suggest that reverse cholesterol transport facilitated by
CETP (8, 9) has an antiatherogenic role.

In humans and animals, plasma CETP and tissue
mRNA levels are increased in response to high-fat, high-
cholesterol diets (10). CETP is synthesized in liver and
small intestine as well as a number of peripheral tissues,
notably adipose (1, 11, 12). Mice do not have plasma
CETP activity. However, human natural flanking region
(NFR) CETP transgenic mice show a humanlike pattern
of tissue expression and an increase in plasma CETP
activity and mass in response to a high-fat, high-cho-
lesterol diet (13). Moreover, in response to endogenous
hypercholesterolemia in LDL receptor and apoE knock-
out mice, the plasma CETP levels and hepatic CETP
mRNA are dramatically induced (4- to 10-fold). These
increases are due to elevated CETP gene transcription in
liver and peripheral tissues (5). There is a strong corre-

lation between plasma cholesterol and plasma CETP in
both CETP transgenic mice and humans (13, 14). These
studies also indicate that the CETP gene expression is
driven by a mechanism that senses high plasma choles-
terol levels independent of apoE and LDL receptors (5).

A number of other genes have been shown to be upreg-
ulated by increased cellular cholesterol stores (15, 16).
However, relatively little is known concerning the molec-
ular mechanisms governing sterol upregulation of these
genes. Several orphan nuclear receptors, including LXRa
(NR1H3), LXRB (NR1H2), and SF-1 (NRSAL), are acti-
vated by sterols in cell culture (17-20). LXRs were ini-
tially identified as orphan nuclear receptors (Liver X
receptor) by screening libraries for homologues of
nuclear hormone receptors (21-23) and were subse-
quently shown to be activated by hydroxy sterols at phys-
iological concentrations (17, 18). An LXRa binding site
was identified in the promoter of the Cyp7a gene, encod-
ing cholesterol 7a-hydroxylase, the first rate-limiting
enzyme in the pathway converting cholesterol to bile
acids. LXRa was found to transactivate the Cyp7a pro-
moter (19). Furthermore, disruption of LXR0 in mice
abolished induction of Cyp7a expression by dietary cho-
lesterol (24). However, Cyp7a is the only gene that has
been identified as a direct target of LXRa. Although
LXRp is likely to play a distinctive role in gene regulation
(24), its targets and function are poorly understood.

To localize the promoter elements responsible for
increased CETP expression in response to hypercholes-
terolemia, CETP transgenic mice containing different
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(a) Induction of the CETP promoter in adipocytes (shaded bar) but not preadipocytes (open bar). 3T3-L1 preadipocytes and differentiated
adipocytes were transfected with reporter constructs in which the luciferase reporter gene is controlled by the proximal CETP promoter (from
1 to -570) with or without mutation in the SRE-like element (Mut2). The transfected cells were cultured in LPDS or LPDS + 4 pug/mL 22(R)-
hydroxycholesterol for 24 hours. Luciferase activities were measured using the Promega Dual-Luciferase assay system, which uses Renilla
luciferase as a control for transfection efficiency. The fold induction by sterol was calculated by dividing the luciferase activity in the pres-
ence of sterol by the activity in the presence of vehicle only. Means + SD are shown. (b) RNA expression of LXRO and LXR[ in 3T3-L1
preadipocytes (lane 1) and differentiated adipocytes (lane 2). Northern blots were performed with equal amount of Poly A* RNA isolated

2.9

from 3T3-L1 preadipocytes and day 4 differentiated adipocytes using LXROl and LXR3 cDNA probe (21, 37).

lengths of natural flanking sequences were prepared
(25). The transgenesis approach was used because of the
difficulty in obtaining significant sterol responses of
CETP promoter controlled reporter genes in several cul-
tured cell lines (25, 26). The in vivo analysis localized the
sterol upregulatory element (SURE) to a region between
-138 and -570 in the human CETP promoter. We have
recently reinvestigated the regulation of CETP promot-
er-reporter constructs in cell culture and discovered that
positive sterol response could be obtained in differenti-
ated adipocytes. This enabled us to fine map the SURE
and subsequently to confirm the in vivo significance of
this element by mutation in NFR-CETP Tg mice.

Methods

Cell culture and transfection. The 3T3-L1 cell line (Amer-
ican Type Culture Collection, Rockville, Maryland,
USA) was maintained in DMEM with 10% FBS at
37°C. Confluent cells were induced to differentiate
as described elsewhere (27). Day 4-6 differentiated
cells cultured in 6-well plates were transfected using

MBS calcium phosphate precipitation (Stratagene,
LaJolla, California, USA). A total of 2.5 g of reporter
DNA and 1 Hg of TK-RL (Renilla) (Promega Corp.,
Madison, Wisconsin, USA) were cotransfected into
cells. CV-1 cells cultured in 24-well plates were trans-
fected using Lipofectamine transfection reagent (Life
Technologies, Grand Island, New York, USA). A total
of 0.3 g of reporter DNA, 25 ng of pPCMV-RL, 50 ng
of receptors (CMX-hRXRa, CMX-hLXRad, and CMV-
LXRp), or 50 ng of pCMYV vector was used. The trans-
fected cells were cultured in lipoprotein-dificient
serum (LPDS) medium in the presence of 4 llg/mL
22(R)-hydroxycholesterol (Sigma Chemical Co., St.
Louis, Missouri, USA), 1 UM 9-cis retinoic acid (Bio-
mol Research Laboratories, Plymouth Meeting, Penn-
sylvania, USA), or vehicle alone for 24 hours. The
luciferase activities were measured using Promega
Dual Luciferase assay system. Reporter constructs
used to analyze the promoter region were construct-
ed by subcloning PCR fragments containing deleted
or mutated CETP promoter regions into pGL3-luc
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basic vector (Promega). Oligonucleotides containing
3 copies of the CETP DR4 elements or 3 copies of the
5" half of the CETP DR4 elements were annealed and
subcloned into TK-Luc vector (21) to create
3xcpDR4-Luc and 3x1/2cpDR4-TK-Luc.

Transgenic mice dietary studies and plasma CETP activity
assays. Mut3-CETP, M1-CETP, and M3-CETP plasmids,
created using the megaprimer PCR method (28), were
digested with Notl/Sall, and the 10-kb transgene frag-
ments were isolated by agarose gel electrophoresis and
purified by CsCl gradient fractionation. Transgenic
mice were generated and screened as described else-
where (28). Transgenic founders or F1 mice were main-
tained on a chow diet (Purina Chow 5001; Purina Mills
Inc., St. Louis, Missouri, USA). Five MUT3-CETP
founders (1 female and 4 male), 4 MUT3-CETP F1
(male), 2 M1*-CETP founders (female), and 2 M3-
CETP founders (1 female and 1 male) were obtained.
Blood was collected from tail veins of experimental
mice (2-6 months old) before and after a high-fat, high-
cholesterol diet (20% hydrogenated coconut oil, 0.15%
cholesterol) for 1-2 weeks. CETP activity was deter-
mined as described previously (28).

Electrophoresis mobility shift assays. Nuclear extracts
were prepared from differentiated 3T3-L1 adipocytes
as described previously (29). Double-stranded
oligonucleotides used in gel shift assays were syn-
thesized with HindlIII overhangs. Nuclear extracts

Figure 3

(a) Mutational analysis of CETP promoter activity in adipocytes
and functionality of the CETP DR4 element in a heterologous TK
promoter construct in adipocytes. Mutations were inserted into
the CETP promoter with internal deletions (A90-370) or into the

(2 pg) were mixed with 1 pL of 32P-labeled cpDR4
fragment ([20,000 cpm) in a volume of 20 PUL of
binding buffer [75 mM KCI, 20 mM HEPES (pH 7.9),
2 mM DTT, 10% glycerol, 2 pg poly(dI-dC), and 30
pmol nonspecific single strand oligonucleotides].
The reactions were incubated at room temperature
for 20 minutes, and protein-DNA complexes were
resolved on 5% polyacrylamide gels at 140 V for 1
hour. For competition experiments, approximately
100-fold molar excess of unlabeled competitor DNA
relative to labeled DNA was added to the reaction
mixture before the addition of the labeled probe. In
antibody supershift experiments, the gel shift reac-
tions were first incubated for 15 minutes and then 2
Mg polyclonal antibodies was added followed by 10
minutes of incubation at room temperature. Poly-
clonal antibodies against peptides from LXRa (P20,
sc-1202X), LXRa/B (C19, sc-2101X), RXRa (D20, sc-
553X), and RORa (K-20, sc-6063X) were purchased
from Santa Cruz Biotechnology, Inc. (Santa Cruz,
California, USA).

Results

A reporter gene controlled by the human CETP proximal
promoter is induced by sterol in differentiated 3T3-L1
adipocyte. Luciferase reporter genes controlled by the
wild-type CETP promoter from 1 to -570 were tran-
siently transfected into 3T3-L1 preadipocytes or dif-
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Figure 4

Effect of high-fat, high-cholesterol (HFHC) diet
on the plasma CETP activity of mice expressing
CETP transgenes controlled by wild-type (NFR-
CETP), or mutated CETP promoters (MUT3-
CETP, M1*-CETP, M3-CETP). Five different
MUT3-CETP founders, 4 MUT3-CETP F1 mice, 2
M1*-CETP founders, 2 M3-CETP founders, and 3
control NFR-CETP mice were used. CETP activities
(mass) were determined by an isotopic assay using
plasma collected before or after an HFHC diet for
7 days. Fold induction (mean + SD) of plasma
CETP activity by the diet is shown. *P < 0.0005
versus NFR-CETP.
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ferentiated adipocytes. The induction of the reporter
gene by sterol was analyzed by incubating the cells in
the absence or presence of 22(R)-hydroxycholesterol.
The luciferase reporter gene activity was induced 2- to
3-fold by 22(R)-hydroxycholesterol in differentiated
adipocytes. However there was no significant sterol
induction in preadipocytes (Figure 1a). Similar but
less consistent induction was also obtained by 25-
hydroxycholesterol treatment in adipocytes (data not
shown). The CETP promoter contains a sterol regula-
tory element (SRE), similar to that in the HMG CoA
reductase promoter. However, mutation (Mut2) or
deletion (ASRE) of the SRE in the CETP promoter did
not abolish the sterol induction in adipocytes, con-
sistent with the results in transgenic mice (28). These
results suggest that differentiated 3T3-L1 adipocytes
can be used as a model to analyze a SURE, distinct
from the SRE, in the CETP promoter.

Deletional analysis of the CETP promoter in 3T3-L1
adipocytes. To identify the region containing the SURE,
luciferase reporter genes controlled by 5 truncated
CETP promoter elements were transiently transfected
into 3T3-L1 adipocytes. Truncation of the region from
-570 to -258 abolished the induction by 22(R)-hydrox-
ycholesterol, suggesting the presence of a SURE in this
region (Figure 2). To define further the region contain-
ing the SURE, a series of internal deletions in the CETP
promoter were generated. Significant sterol upregula-
tion was obtained in the construct containing deletion
of the region from -370 to -258 as well as 5’ truncation
to -430 (Figure 1a). The -370 to -430 region, linked to
the -90 promoter, gave a positive sterol response, where-
as deletion of the -370 to -413 sequence abolished
sterol induction within the context of the longer -570
bp promoter construct (Figure 2). This result suggests
that the region from -370 to -413 is responsible for the
positive sterol response in the CETP promoter.

The region from -370 to -430, which endowed a pos-
itive sterol response when linked to the CETP proximal
promoter region, contains several sequences that could

CTGCAG

potentially bind transcription factors (Figure 3b).
There is a 6-bp sequence, GGGTCA (-394 to -399),
which conforms to the consensus nuclear hormone
receptor binding element, PuGG/TTCA. This core
sequence and the downstream CGGGCA sequence
(although the latter is divergent from the nuclear recep-
tor consensus element) could form a direct repeat sep-
arated by 4 nucleotides (DR4). DR4 elements have been
shown to bind to nuclear receptors (30). Upstream of
the putative DR4 element, there is a direct repeat of a
sequence CAGGC separated by 5 nucleotides. To
explore whether either of these elements is involved in
the positive sterol response, these segments were
mutated and the corresponding promoter constructs
were evaluated in the luciferase assay (Figure 3a).

Mutations M1-M4 (Figure 3b) were introduced into
short promoter reporter constructs (M1-Luc, M3-Luc,
and M4-Luc) or were evaluated in the context of the full
570-bp promoter (M2L-Luc, M3L-Luc, and MSL-Luc).
The M1 mutation, which disrupted the upstream
CAGGC repeats and also has a single nucleotide muta-
tion in the 5" repeat of the DR4 element, and the M2
mutation, which changed the 5’ flanking sequence of
the DR4, abolished the positive sterol response (Figure
3a). However, the M1* mutant, which abolished the
upstream repeat without changing the DR4 element,
had a normal response (Figure 3a). These results impli-
cate the DR4 element. Other mutations that disrupted
the DR4 repeats (M3 and MS) or spacing region (M4)
also abolished the positive sterol response. DR4 muta-
tions gave similar results in either the deleted short pro-
moter or the full-length 570-bp promoter. These results
suggest that the DR4 element might be the SURE. Con-
sistent with this, a reporter gene controlled by 2 copies
of the region containing the SURE (2xXSURE-Luc)
showed approximately 4- to 5-fold induction by sterol, a
more robust response than the construct containing 1
copy of the SURE (Figure 3a).

Functionality of the SURE (CETP DR4) in a heterologous
TK promoter construct. To confirm further the sterol
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upregulatory function of the DR4 element, DNA frag-
ments containing 3 copies of the CETP DR4 (cpDR4)
or the 5" half site (GGGTCAttgtc) of the DR4 were
cloned into a heterologous (TK) promoter construct.
Insertion of 3 copies of the CETP DR4 upstream of TK
led to a significant 7-fold sterol induction (Figure 3a,
bottom). However, the reporter gene controlled by TK
alone or the half element of DR4 was not induced by
sterols. This result indicates that the CETP DR4 is suf-
ficient for sterol upregulation and functions as a SURE
in a heterologous promoter system.

Evaluation of the SURE in transgenic mice. To determine
whether the CETP SURE identified in adipocytes also
functions in vivo, we made CETP transgenic mice con-
taining mutations in this element (Figure 4). In control
NFR-CETP Tg mice, the high-cholesterol diet caused a sig-
nificant 2.1-fold induction of plasma CETP activity. Dele-
tion of the -413 to -370 region abolished this response, as
shown in S different founders and in F1 mice from 1
founder. Transgenic founders bearing mutations in the
upstream direct repeat within this region (M1*, Figure 3b)
showed a normal response to the high-cholesterol diet,
whereas founders with mutations in the first repeat of the
DR4 element (M3, Figure 3b) had no response to the diet.
These findings parallel the in vitro results and show that
the DR4 element is involved in the response of the human
CETP gene in vivo.

Specific protein-DNA interaction involving the CETP DR4
element. DNA mobility shift experiments were carried
out to analyze transcription factors binding to the
region containing the SURE. A 24-bp DNA fragment
(cpDR4), corresponding to the
putative DR4 element and its

binding (Figure 5a, lane 3). A short fragment, F6, which
represents a truncated DR4, containing the 5' repeat
and spacing region, was unable to compete for P1 bind-
ing (Figure 5a, lane 8). These results suggest that P1 pro-
tein complex binds to CETP DR4 element and not to
the half site of this element. The mutations (M1-M4)
that decreased the binding of DNA to P1 protein com-
plex also abolished the sterol upregulation in reporter
assays (Figure 3a), indicating that the P1 protein com-
plex probably contains the transcription factors that
mediate the sterol upregulation.

Characterization of the transcription factors that bind to the
CETP SURE. Two nuclear receptors, LXRO and LXRf3,
are known to be activated by certain hydroxysterols and
to bind DR4 elements in heterodimeric complexes with
RXRa (31). To determine whether the P1 protein com-
plex that binds to the CETP DR4 contains LXR and
RXRa, we used antibodies against LXR or RXR in gel
shift assays (Figure 5b). Polyclonal antibodies against
the COOH-terminal 19 amino acids (424-442) of
LXRa/B reduced the intensity of the P1 band (Figure
Sb, lane 2) and also gave a weak supershifted band, sug-
gesting the P1 complex contains LXRO and/or
LXRp(22). Another antibody (P20), which is against the
20 amino acids (370-389) near the COOH-terminus of
LXRa, blocked the binding of the proteins to DNA (Fig-
ure 5b, lane 3). Two supershifted bands were observed
in the presence of RXRa antibody (Figure 5b, lane 4),
suggesting that the protein complex also contains
RXRa. It is not known why RXRa antibody typically
produces 2 supershifted bands. A control antibody

flanking sequence (-380 to a b

~403) in the CETP promoter, Competitors _ coppa M2 M3 M4 M5 M1 Fe  AMISEUM _ | ypos | XRo RXRa RORa
. . - re

was incubated with nuclear

extracts from 3T3-L1

adipocytes. Excess cold F2 frag-
ments, which consists of only
the 5" half site of DR4, was also
included to compete away the
binding of proteins to the DR4
half site (data not shown). A
major band (P1) (Figure 5a, lane
1), representing protein-DNA
complexes, was abolished by
addition of excess unlabeled
cpDR4 (Figure 5a, lane 2). Muta-
tions in the 2 repeats of the DR4
elements (M3, M4, MS, and M1)
abolished or reduced the bind-
ing of P1, indicating that P1 rep-
resents proteins binding to the
DR4 (Figure 5a, lanes 4-7). The
sequence flanking the DR4 also
seems important for the binding
of P1,as M2, which changed the
upstream flanking sequence,
competed poorly for the P1

Figure 5
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(a) Gel mobility shift analysis to identify the proteins that bind to the DR4 element in the CETP
promoter. A 24-bp fragment containing the CETP DR4 (cpDR4) (-380 to -403) was labeled and
incubated with nuclear extracts from differentiated 3T3-L1 adipocytes in the presence of excess
F2 fragment (CETP DR4 half'site) to abolish nonspecific factors binding to the DR4 half site. Var-
ious cold competitor fragments were included as indicated, and shifted bands were resolved in a
5% polyacrylamide gel. F6 consists of only the 5" half site and spacing region of the DR4 element.
M1-MS5 mutations are shown in Figure 3b. The arrow indicates the P1 complex. (b) The protein
complex binding to the CETP DR4 contains an LXR/RXR heterodimer. Gel shift experiments were
carried out in the absence (lane 1) or presence of 2 [g polyclonal antibodies against LXRa/(3,
LXRa, or RXRa (lanes 2-4), or ROR (lane 5). The arrow indicates the P1 band. The bands super-
shifted by RXRa or LXR antibodies are indicated by thick arrows.
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Figure 6

Additive effects of sterols and 9-cis retinoic acid on CETP promoter
activity, mediated via the SURE. Reporter constructs that contain the
wild-type CETP promoter (A90-370-Luc) or promoters with muta-
tions in the DR4 element (M3-Luc) (a) or 3 copies of the CETP DR4
in a heterologous TK promoter (3xcpDR4-TK-Luc) (b) were trans-
fected into differentiated 3T3-L1 adipocytes. Transfected cells were
then cultured in LPDS medium in the presence of 4 lg/mL 22(R)-
hydroxycholesterol, 1T UM 9-cis retinoic acid or both. The fold induc-
tion (mean + SD) from 3 independent experiments is shown except
for M2L-luc and M4-Luc, which are in duplicate, and 3xcpDR4-TK-

Luc,
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which is in triplicate.

(against RORQ) had no effect on the P1 complex (Fig-
ure 5b, lane 5). Furthermore, The P1 band was compet-
ed away by the Cyp7a LXRE, which is known to bind
LXRa (19) (data not shown). These data indicate that
the P1 complex contains LXRO and RXRa. However,
these results do not exclude the possibility that LXRp is
also present in this complex.

LXRo mRNA was found to be markedly induced in
differentiated 3T3-L1 adipocyte cells (Figure 1b). The
induction of LXR0 during adipocyte differentiation is
correlated with the appearance of sterol induction of
the CETP promoter in differentiated adipocytes (Figure
la). However, LXRP mRNA expression showed little
change during differentiation (Figure 1b).

Effect of 9-cis retinoic acid on CETP promoter activity. Gel
shift assay data suggest that LXR/RXRa binds to the
CETP DRA4. It has been shown that RXRa in the
LXR/RXR complex plays an active role, in that
RXR0/LXR heterodimers can be activated by either RXR
ligands (i.e., 9-cis retinoic acid), LXR ligands [i.e., 22-(R)-
hydroxycholesterol], or additively by both LXR and
RXRa ligand (21, 23, 31). To find out whether RXRQ is
involved in the function of the CETP SURE, we analyzed
the effect of 9-cis retinoic acid on the CETP promoter-
reporter activity (Figure 6a). The expression of the
reporter luciferase controlled by the CETP promoter
(A90-370-Luc) was induced approximately 2-fold in the
presence of 9-cis retinoic acid. An additive induction was
observed in the presence of both 22(R)-hydroxycholes-
terol and 9-cis retinoic acid. Mutation of the DR4 ele-
ment (M3-MS5) and the 5' flanking sequence (M2) abol-
ished both the retinoic acid and sterol induction.
Furthermore, the expression of a reporter gene con-
trolled by 3 copies of the DR4 in a heterologous TK pro-
moter (3xcpDR4-TK-Luc) was highly induced by 9-cis
retinoic acid and 22(R)-hydroxycholesterol, and an addi-
tive effect ((23-fold) was also obtained (Figure 6b). These
results show that RXRa is functionally involved in the
upregulation of the CETP promoter and that it acts on
the DR4 element.

Transactivation of CETP promoter by LXRQ and LXR. To
evaluate further the role of LXRs in sterol activation of
the CETP promoter, we analyzed the ability of LXRa
and LXRP to transactivate the CETP promoter by
cotransfecting the CETP promoter-reporter with
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LXRO/RXRa or LXRB/RXRa in CV-1 cells (Figure 7).
Transfection of LXRO/RXRa or LXRB/RXRA increased
the basal expression of the luciferase reporter controlled
by the CETP promoter (A90-370-luc) by approximately
2- or 5-fold, respectively. With sterols, the induction sig-
nificantly increased to approximately 7- to 10-fold in
cells expressing LXRO/RXR0 or LXRB/RXR0. Mutation
of the DR4 element (M3) abolished transactivation by
LXRs. LXRs also markedly transactivated the promoter
containing 3 copies of the CETP DR4 (SURE). Expres-
sion of LXRO/RXRa or LXRB/RXRA increased the basal
activity of 3xcpDR4-TK promoter by approximately 3-
to 5-fold and dramatically induced expression (17- to
18-fold) in the presence of sterols. These results indicate
that LXRd or LXRP can mediate sterol induction of the
CETP gene via the DR4 element.

Discussion

We found that differentiated 3T3-L1 adipocytes could
be used as an in vitro model to study the sterol induc-
tion of the human CETP promoter. This enabled us to
identify in the human CETP promoter a novel SURE
that consists of a variant DR4 (2 direct repeats sepa-
rated by 4 nucleotides) nuclear hormone receptor bind-
ing sequence. Importantly, the DR4 element not only
functions as a SURE in vitro but also mediates the
induction of human CETP transgene expression by
dietary cholesterol in transgenic mice. The DR4 ele-
ment binds LXRa and LXR and is activated in a
sterol-sensitive fashion. These findings broaden the
biologic role of LXRs beyond the regulation of bile acid
synthesis and suggest that LXRa and possibly LXRf3
also play a role in the regulation in HDL metabolism.
LXRs may help to coordinate HDL cholesterol ester
catabolism with hepatic excretion of cholesterol by
conversion to bile salts.

The 5' half site (GGGTCA) of the CETP SURE (DR4 ele-
ment) conforms to the consensus nuclear hormone recep-
tor half site, A/GGG/TTCA (30). Mutation of the site to
‘GGGTCC’ abolished protein binding and sterol induc-
tion (Figures 3 and 5). A similar mutation also abolished
the binding of LXR0I//RXRA to the LXRE (21). However
the 3" half site, CGGGCA, is divergent, as 2 bases (under-
lined) are different from the consensus sequence. In con-
trast, both Cyp7a LXRE DR4 repeats, T/AGG/TTCA, con-
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form to the nuclear hormone receptor consensus
sequence (19). These results imply that LXRs might be
able to bind DR4 elements that are divergent from the
consensus sequence, such as the CETP DR4 SURE. The
activation of the CETP DR4 element by LXR3 might be
related to its divergent sequence (Figure 7).

Although LXRa and LXRf are about 77% identical in
DNA binding and ligand binding domain, they are like-
ly to have differential effects in vivo. Whereas, LXRO is
predominantly expressed in central organs such as liver
and adipose (21), LXR is ubiquitously expressed (22).
The Cyp7a promoter was shown to be transactivated effi-
ciently by LXRa but not by LXR[3 (19). Furthermore, dis-
ruption of LXRO in mice specifically abolished the
dietary cholesterol induced Cyp7a expression, whereas the
basal expression was not changed (24). LXR[ expression
in LXRO - mice was unchanged, indicating that LXR[3
did not compensate for the function of LXRa (24). No
targets of LXR[ have yet been found, and the LXR[
knockout mice showed no obvious abnormality (31).

Here we show that CETP is well transactivated by
LXRa and LXRB, suggesting they might both have a role
in regulating CETP expression in vivo (Figure 7). LXRQ
expression is low in preadipocytes and is highly induced
in 3T3-L1 adipocytes (Figure 1b). Interestingly, the dif-
ferentiation cocktail contains IBMX, which increases the
levels of cAMP and which has recently been suggested to
mediate renin gene induction via LXRa (32). The
dependence of sterol induction of the CETP promoter
on adipocyte differentiation (Figure 1a) might be due to
the induction of LXRa expression during differentia-
tion. A role for LXRA is also suggested by the fact that
the major tissues expressing the human CETP gene are
identical to those with highest LXRa expression (liver,
spleen, kidney, adipose, small intestine) (13, 21). These
data strongly suggest the involvement of LXR0 in the
sterol regulation of CETP. The expression of the reporter
gene controlled by the CETP promoter or CETP SURE
was transactivated by LXR[ at least as efficiently as by
LXRa (Figure 7). However, LXR[3 is highly expressed in
preadipocytes in which no significant sterol induction
was obtained. It remains possible that activation of
LXRp may need differentiation-related post-transcrip-
tional modifications (e.g., phosphorylation) or cofactors.
The existence of an alternative regulatory mechanism for
the CETP gene, possibly involving LXR[, is also suggest-
ed by the fact that CETP mRNA levels were increased in
hypercholesterolemic apoE null mice (apoEO0), whereas
Cyp7a mRNA levels remained unchanged (ref. 5 and our
unpublished results). Although LXRa and LXR[3 can
transactivate the CETP promoter in cultured cells, we
cannot exclude the possibility that other unknown LXR
homologues activated by sterols may mediate the sterol
induction of the CETP DR4 element in vivo.

The induction of the CETP gene in vivo by dietary
cholesterol and endogenous hypercholesterolemia may
be due to an increased hepatic content of 24(S),25-
epoxycholesterol or other hydroxycholesterols [such as
24(S)-hydroxycholesterol] that are ligands for LXRs.

Dietary cholesterol is known to increase the hepatic
content of 24(S),25- epoxycholesterol, which is synthe-
sized from squalene by a shunt pathway (33). The
shunt pathway may be more active due to suppression
of conversion of squalene to cholesterol on the high-
cholesterol diet. 24(S)-hydroxycholesterol is a direct
metabolite of cholesterol (34).

Several genes involved in distinct steps of reverse cho-
lesterol transport (RCT) are upregulated by sterols, includ-
ing APOE, ABC1, CETP, and Cyp7a. APOE and ABCI are
induced in cholesterol-loaded macrophages (15, 16) and
may promote RCT by enhancing cholesterol efflux from
macrophage to apoA-I or HDL. In turn, CETP facilitates
clearance of HDL CE by the liver and then Cyp7a increas-
es the catabolism of cholesterol in the liver (35). It has been
suggested that these genes might be coordinately regulat-
ed (25). The data from the present study and that of Peet
etal. (24) show that both Cyp7a and CETP are upregulat-
ed by LXR@ in response to a high-cholesterol diet. The dis-
ruption of LXRa in mice fed a chow diet also led to
increases in the mRINA levels of several genes involved in
cholesterol biosynthesis. These included HMG CoA
reductase, HMG CoA synthase, and SREBP-2, a tran-
scription factor that regulates the expression of choles-
terol biosynthetic enzymes (36). We postulate that LXRs
may also play a critical role in regulating the expression of
several genes involved in RCT. Suppression of hepatic cho-
lesterol biosynthesis while increasing RCT may represent
2 facets of the response to tissue cholesterol overload,
coordinated in part by LXRs.
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Figure 7

Transactivation of the CETP promoter or a synthetic promoter con-
taining 3 copies of the DR4 from the CETP promoter (3xcpDR4) by
LXRa and LXRB in CV-1 cells. CV-1 cells were transfected with A90-370-
Luc, M3-luc, or 3XcpDR4-TK-Luc with or without cotransfection with
LXRO/RXRa or LXRB/RXRa. The transfected cells were then cultured in
LPDS + 4 pg/mL 22 (R)-hydroxycholesterol. Three experiments were car-
ried out in duplicate for A90-370-Luc and 3XcpDR4-TK-Luc. Two exper-
iments were carried out for M3-Luc. #P < 0.001 versus the same condi-
tion without cotransfection with LXRO/RXRa or LXRB/RXRa. *P < 0.05

versus the same conditions in the absence of sterols.
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