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Liver X receptors (LXRs) are nuclear hormone receptors that regulate cholesterol and fatty acid metabolism
in liver tissue and in macrophages. Although LXR activation enhances lipogenesis, it is not well understood
whether LXRs are involved in adipocyte differentiation. Here, we show that LXR activation stimulated the
execution of adipogenesis, as determined by lipid droplet accumulation and adipocyte-specific gene expression
in vivo and in vitro. In adipocytes, LXR activation with T0901317 primarily enhanced the expression of
lipogenic genes such as the ADD1/SREBP1c and FAS genes and substantially increased the expression of the
adipocyte-specific genes encoding PPARYy (peroxisome proliferator-activated receptor y) and aP2. Adminis-
tration of the LXR agonist T0901317 to lean mice promoted the expression of most lipogenic and adipogenic
genes in fat and liver tissues. It is of interest that the PPAR<y gene is a novel target gene of LXR, since the
PPARYy promoter contains the conserved binding site of LXR and was transactivated by the expression of
LXRa. Moreover, activated LXRa exhibited an increase of DNA binding to its target gene promoters, such as
ADD1/SREBP1c and PPARYy, which appeared to be closely associated with hyperacetylation of histone H3 in
the promoter regions of those genes. Furthermore, the suppression of LXRa by small interfering RNA
attenuated adipocyte differentiation. Taken together, these results suggest that LXR plays a role in the

execution of adipocyte differentiation by regulation of lipogenesis and adipocyte-specific gene expression.

Adipocyte differentiation, called adipogenesis, is a complex
process accompanied by coordinated changes in morphology,
hormone sensitivity, and gene expression. These changes are
regulated by several transcription factors, including C/EBPs,
peroxisome proliferator-activated receptor y (PPARYy), and
ADD1/SREBPIc (44, 67). These transcription factors interact
with each other to execute adipocyte differentiation, including
lipogenesis and adipocyte-specific gene expression, which are
pivotal for metabolism in adipocytes. Expression of C/EBPR
and C/EBPS occurs at a very early stage of adipocyte differen-
tiation, and overexpression of C/EBPa or C/EBPB promotes
adipogenesis through cooperation with PPARYy (15, 32, 68, 69).
PPARY, a member of the nuclear hormone receptor family, is
predominantly expressed in brown and white adipose tissue
(58, 59). PPARYy is activated by fatty acid-derived molecules
such as prostaglandin J2 and synthetic thiazolidinediones
(TZDs), novel drugs used in type II diabetes treatment (14, 25,
29). Recent studies involving PPAR+y knockout mice indicated
that the major roles of PPARYy are adipocyte differentiation
and insulin sensitization (3, 26, 43). ADD1/SREBPIc, which
also appears to be involved in adipocyte differentiation, is

* Corresponding author. Mailing address: School of Biological Sci-
ences, Seoul National University, San 56-1, Sillim-Dong, Kwanak-Gu,
Seoul 151-742, Korea. Phone: 82-2-880-5852. Fax: 82-2-878-5852. E-
mail: jaebkim@snu.ac.kr.

3430

highly expressed in adipose tissue and liver and is also ex-
pressed early in adipocyte differentiation (22, 60). ADD1/
SREBPIc stimulates the expression of several lipogenic genes,
including FAS, LPL, ACC, SCD-1, and SCD-2 (22, 55). Fur-
thermore, ADD1/SREBPI1c expression is modulated by the
nutritional status of animals and is regulated in an insulin-
sensitive manner in fat and liver (13, 17, 23, 49). Therefore, it is
likely that ADD1/SREBPIc plays major roles in both fatty acid
and glucose metabolism to orchestrate energy homeostasis.
Adipocytes are highly specialized cells that play a critical
role in energy homeostasis. The major role of adipocytes is to
store large amounts of lipid metabolites during periods of
energy excess and to utilize these depots during periods of
nutritional deprivation (12, 52). Adipocytes also function as
endocrine cells by secreting several adipocytokines that regu-
late whole-body energy metabolism (34, 35, 47). Adipocytes
possess the full complement of enzymes and regulatory pro-
teins required to execute both de novo lipogenesis and lipoly-
sis. These two biochemical processes are tightly controlled and
determine the rate of lipid storage in adipocytes. Disorders of
lipid metabolism involving fatty acid and cholesterol are asso-
ciated with obesity, diabetes, and cardiovascular diseases (10,
35, 53). To maintain lipid homeostasis, higher organisms have
developed regulatory networks involving fatty acid- or choles-
terol-sensitive nuclear hormone receptors, such as PPARs
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(PPARa, PPARS, and PPARY), retinoid X receptors (RXRs),
farnesoid X receptor, and liver X receptors (LXRa and
LXRB) (6).

Recent data suggest that among nuclear hormone receptors,
LXRs play dynamic roles in the regulation of cholesterol and
fatty acid metabolism. The LXR family consists of LXRa and
LXRB (33, 42, 50, 56, 66). LXRa is predominantly expressed
in liver, adipose tissue, kidney, and spleen, whereas LXR} is
ubiquitously expressed (33, 66). LXRs are activated by natu-
rally produced oxysterols, including 22(R)-hydroxycholesterol,
24,25(8)-epoxycholesterol, and 27-hydroxycholesterol, and by
the synthetic compound T0901317 (18, 28, 48). LXRs form
heterodimers with RXR that directly bind two direct repeat
sequences (AGGTCA) separated by four nucleotides (DR4,
also known as LXRE) (64-66). The major physiological role of
LXRs appears to be as cholesterol sensors (39). LXRs regulate
a set of genes associated with regulation of cholesterol catab-
olism, absorption, and transport (11, 33, 38, 61). In the intes-
tine, activated LXRs decrease cholesterol absorption mediated
by ATP-binding cassette (ABC) Al (8, 40, 42, 51). In macro-
phages, the activation of LXRs induces cholesterol efflux by
ABCA1, ABCG1, and apoE (5, 27, 62, 63). In the liver, LXRs
regulate Cyp7A1, which regulates bile acid synthesis, the major
route for cholesterol removal (28, 39, 48). In addition, a num-
ber of studies indicate that LXRs also regulate several genes
involved in fatty acid metabolism by either modulating the
expression of ADD1/SREBPIc or directly binding promoters
of particular lipogenic genes, including FAS (2, 9, 19, 41, 48,
70). In support of these observations, LXRa/B-deficient mice
show reduced expression of the FAS, SCD-1, ACC, and
ADDI1/SREBPIc genes, which are genes involved in fatty acid
metabolism (39).

Liver and adipose tissues are considered major organs for
the regulation of lipid metabolism. However, it is uncertain
whether LXRs are directly involved in the process of adipocyte
differentiation, including adipocyte-specific gene expression
and adipogenesis. Very recently, it has been shown that LXR
activation elevates lipogenesis in 3T3-L1 cells with increased
lipogenic gene expression (4, 20). In the present study, we have
found that LXR activation is involved not only in lipogenesis
but also in adipogenesis with adipocyte-specific gene expres-
sion through an increase of PPAR<y expression. Activation of
LXRs in several preadipocyte cell lines stimulated adipocyte
differentiation with an increase of lipogenesis. LXR activation
with T0901317 preferentially increased the expression of lipo-
genic genes such as ADD1/SREBP1c and FAS and enhanced
the expression of adipocyte-specific genes such as the PPARy
and aP2 genes in vivo and in vitro. In addition, we found that
PPARYy is a novel target of LXRa. Furthermore, suppression
of LXRa by small interfering RNA (siRNA) inhibited adipo-
cyte differentiation. These observations suggest that LXRs are
involved in both lipid metabolism and adipocyte differentiation
in fat tissue.

MATERIALS AND METHODS

Cell culture and adipocyte differentiation. 3T3-L1 preadipocytes were grown
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% bo-
vine calf serum (BCS) at 10% CO, and 37°C. Differentiation of 3T3-L1 cells was
induced as described previously (22). Briefly, confluent cells were incubated for
2 days in a medium comprising DMEM supplemented with 10% fetal bovine
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serum (FBS), 0.5 mM 3-isobutyl-1-methylxanthine, 1 uM dexamethasone, and 5
wg of insulin/ml. Thereafter, medium was replaced every other day with DMEM
containing 10% FBS and 5 pg of insulin/ml. Primary human stromal vascular
cells (HSVCs) were obtained from subcutaneous adipose tissue. Written in-
formed consent was obtained from the subjects involved in the study. Briefly,
subcutaneous adipose tissue was washed with phosphate-buffered saline. A
washed tissue sample was treated with 0.075% collagenase for 30 min at 37°C
with mild agitation. Cell pellets were collected by centrifugation and resus-
pended in DMEM with 10% FBS, and then cells were filtered through 100-pm
mesh and filtrated HSVCs were used for experiments. HSVCs were induced into
adipocyte as described above for the differentiation protocol for 3T3-L1 cells.
h293 cells were maintained in DMEM supplemented with 10% BCS and cultured
at 37°C in a 10% CO, incubator. The mouse embryo fibroblast (MEF) cells were
maintained in DMEM supplemented with 10% FBS-1 mM pyruvate (1 mmol/
liter)-1% nonessential amino acid modified Eagle’s medium-2 mM B-mercap-
toethanol and cultured at 37°C in a 5% CO, incubator. Differentiation of MEF
cells was induced as described previously (31).

Microarray. Total RNA was isolated from preadipocytes and fully differenti-
ated 3T3-F442A adipocytes. The preparation of cDNA, hybridization, and the
scanning of mouse chips were performed according to the manufacturer’s pro-
tocols (Genocheck Co., Kyunggi-do, Korea). Arrays were scanned with a Gene-
Pix 4000 microarray scanner (Axon).

Northern blot and RT-PCR analysis. Total RNA was isolated from mouse
tissues and cultured cells by using Trizol (Life Technologies) according to the
manufacturer’s protocol. Twenty micrograms of total RNA was denatured in
formamide and formaldehyde, separated in formaldehyde-containing agarose
gels, transferred to Nytran membranes (Schleicher and Schuell, Dassel, Ger-
many), and then cross-linked, hybridized, and washed according to the protocol
recommended by the membrane manufacturer. cDNA probes were radiolabeled
by random priming by using the Klenow fragment of DNA polymerase I (Pro-
mega) and [a->?P]dCTP (6,000 Ci/mmol; Amersham-Pharmacia). LXRa,
ADD1/SREBPIc, FAS, PPARY, and aP2 cDNAs were used as probes. To de-
termine the evenness of RNA loading, all blots were hybridized with a cDNA
probe for human acidic ribosomal protein 36B4. Reverse transcription (RT)-
PCRs were performed with the SuperScript First-Strand Synthesis System for
RT-PCR kit (Invitrogen) by using 250 ng of total RNA. SCD-1, ADDI1/
SREBPIc, aP2, PPARY, and GAPDH c¢DNAs were amplified for 30, 30, 30, 35,
and 25 cycles, respectively, and these PCRs did not result in saturation. RT-PCR
products were separated by 0.7% agarose gel electrophoresis, and band intensi-
ties were analyzed by imaging of ethidium bromide stains (Scion Image). Primers
used in this study were as follows: SCD-1-f, 5'-TGG GTT GGC TGC TTG
TG-3'; SCD-1-1, 5'-GCG TGG GCA GGA TGA AG-3'; ADD1/SREBPIc-f,
5'-GGG AAT TCA TGG ATT GCA CAT TTG AA-3'; ADD1/SREBPIc-r,
5'-CCG CTC GAG GTT CCC AGG AAG GGT-3'; aP2-f, 5'-CAA AAT GTG
TGA TGC CTT TGT G-3'; aP2-r, 5'-CTC TTC CTT TGG CTC ATG CC-3';
PPARy-f, 5'-TTG CTG AAC GTG AAG CCC ATC GAG G-3'; PPARy-r,
5'-GTC CTT GTA GAT CTC CTG GAG CAG-3'; GAPDH-f, 5'-TGC ACC
ACC AAC TGC TTA G-3'; GAPDH-r, 5'-GGA TGC AGG GAT GAT GTT
C-3'.

Cloning of the mouse PPARy promoter and construction of a luciferase
reporter. Mouse genomic DNA was isolated from 3T3-L1 cells with lysis buffer
(50 mM Tris [pH 7.5], 50 mM EDTA, 100 mM NaCl, 2% sodium dodecyl sulfate
[SDS]). The PCR reaction mixture contained each primer at 2 mM, each de-
oxynucleoside triphosphate at 0.6 mM, 1X PCR buffer, and 5 U of LA Tagq
polymerase (TaKaRa, Shiga, Japan) in a 50-pl reaction volume. The PCR cycle
consisted of 40 s at 95°C, followed by 30 cycles of 20 s at 95°C, 40 s at 55°C, and
3 min at 72°C, followed by 5 min at 72°C. The primers used were pPPARy-f (at
bp —1022), 5'-GTC ACT GAA TTA TAT TAG GTA CCT TAT GTG ACA
AGG GCT-3', and pPPARy-r (at bp +26), 5'-TCA GCG AAG GCA CCA TGC
TCT GGG TCA ACT CGA GAA TCT C-3'. The primers included KpnlI (5’
primer) and Xhol (3’ primer) restriction sites. The PCR products were digested
with KpnI and Xhol, cloned into pGEM easy vector (Promega), and subcloned
into pGL3-basic vector (Promega). Site-directed mutagenesis of the mouse
pPPARy —1,022-LXRE-Luc plasmid was performed with the QuikChange kit
(Stratagene) by using the following mutagenic primers (mutated sites under-
lined): pPPARy —1,022-mLXRE-Luc, 5'-CAG TGA ATG TGT GGG CCA
CTG GCC AGA GAA TGT AGC AAC G-3'; pPPARYy —1,022-mLXRE-Luc-y,
5'-CGT TGC TAC ATT CTC TGG CCA GTG GCG CAC ACA TTC ACT
G-3'.

Transient transfection and luciferase assay. h293 cells were cultured as de-
scribed above and transfected 1 day prior to reaching confluence by the calcium
phosphate method as described previously (21). Cells were transfected with
luciferase reporter plasmid (100 ng/well), each nuclear hormone receptor ex-
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pression plasmid (250 ng/well), and pCMV-galactosidase (50 ng/well). Follow-
ing transfection, cells were incubated in DMEM containing 10% delipidated
BCS and vehicle (dimethyl sulfoxide [DMSO]) or T0191317 (1 wM) for 24 h.
Mammalian expression vectors for LXRa and RXRa were derived from the
pCMX vector as described previously (66). Total cell extracts were prepared by
using a lysis buffer (25 mM Tris-phosphate [pH 7.8], 2 mM dithiothreitol, 2 mM
1,2-diaminocyclohexane-N,N,N',N'-tetraacetic acid, 10% glycerol, 1% Triton
X-100), and the activities of B-galactosidase and luciferase were determined
according to the manufacturer’s instructions (Promega). Luciferase activity in
relative light units was normalized to B-galactosidase activity for each sample.

siRNA for LXRa. The sequences of the oligonucleotides used to create
pSUPER-Retro-siLXRa were as follows: siLXRaSR933-f, 5'-GAT CCC CAC
AGC TCC CTG GCT TCC TAT TCA AGA GAT AGG AAG CCA GGG AGC
TGT TTT TTG GAA A-3'; siLXRaSR933-r, 5'-AGC TTT TCC AAA AAA
CAG CTC CCT GGC TTC CTA TCT CTT GAA TAG GAA GCC AGG GAG
CTG TGG G-3'; siLXRaSR1246-f, 5'-GAT CCC CGT AGA GAG GCT GCA
ACA CAT TCA AGA GAT GTG TTG CAG CCT CTC TAC TTT TTG GAA
A-3"; siLXRaSR1246-1, 5'-AGC TTT TCC AAA AAG TAG AGA GGC TGC
AAC ACA TCT CTT GAA TGT GTT GCA GCC TCT CTA CGG G-3'. The
oligonucleotides were synthesized and purified by SDS-polyacrylamide gel elec-
trophoresis. These oligonucleotides were annealed and cloned into pSUPER-
Retro vector (OligoEngine). The constructs were transfected into BOSC cells
by the calcium phosphate method. After transfection, cells were incubated in
DMEM containing 10% FBS for 48 h. The cell culture medium was filtered
through a 0.45-pm-pore-size filter, and the viral supernatant was used for the
infection of 3T3-L1 preadipocytes after the addition of 4 g of Polybrene/ml.
The cells were infected for at least 12 h and allowed to recover for 24 h with fresh
medium. Infected cells were selected with puromycin at 1 to 5 pg/ml for 10 days.
siRNA experiments were carried out as described by the manufacturer (Oligo-
Engine).

EMSA. For the electrophoretic mobility shift assay (EMSA), each plasmid
DNA expressing LXRa or RXRa (1 pg) was used as a template for in vitro
translation. In order to measure translation efficiencies for the different plasmid
templates, L-[**S]methionine was included in separate reactions and radiolabeled
proteins were analyzed by SDS-polyacrylamide gel electrophoresis. The DNA
sequence of double-stranded oligonucleotides for the probe was as follows (only
one strand is shown): LXRE, 5'-GTG TGG GTC ACT GGC GAG ACA ATG-
3'. The LXRE oligonucleotide was end labeled with [y-*P]ATP and T4 polynu-
cleotide kinase, and 0.1 pmol (~30,000 cpm) was used as a probe in 20 pl of a
binding reaction mixture containing 10 mM Tris (pH 7.5), 50 mM KCI, 2.5 mM
MgCl2, 0.05 mM EDTA, 0.1% (vol/vol) Triton X-100, 8.5% (vol/vol) glycerol, 1
mg of poly(dI-dC), 1 mM dithiothreitol, and 0.1% (wt/vol) nonfat dry milk for
each reaction. Samples were loaded onto a nondenaturing 4% polyacrylamide
gel. Gels were dried and autoradiographed. For binding competition analysis,
unlabeled oligonucleotides (100-fold molar excess) were added to the reaction
mixture just prior to the addition of the radiolabeled probe. The DNA sequences
of the double-stranded oligonucleotides were as follows (only one strand is
shown): SRE, 5'-GAT CCT GAT CAC CCC ACT GAG GAG-3'; Cyp7Al
LXRE, 5'-CCT TTG GTC ACT CAA GTT CAA GTG-3'.

ChIP assay. For the chromatin immunoprecipitation (ChIP) assay, differen-
tiated adipocytes were incubated in the absence or presence of LXR’s agonist,
T0901317 (10 wM), for 24 h. These cells were cross-linked in 1% formaldehyde
at 37°C for 10 min and resuspended in 200 wl of NP-40-containing buffer (5 mM
PIPES) [piperazine-N,N'-bis(2-ethanesulfonic acid)] [pH 8.0], 85 mM KCl, 0.5%
NP-40). The crude nuclei were precipitated and lysed in 200 wl of lysis buffer (1%
SDS, 10 mM EDTA, 0.01% SDS, 1.1% Triton X-100). Lysates were incubated
with protein A-Sepharose CL-4B (Amersham-Pharmacia) and either specific
LXRa antibodies or histone H3 acetylation-detecting antibodies for 12 h at 4°C.
The immunoprecipitates were successively washed for 5 min each with 1 ml of
TSE 150 (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI [pH 8.1],
150 mM NacCl), 1 ml of TSE 500 (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20
mM Tris-HCI [pH 8.1], 500 mM NaCl), 1 ml of buffer III (0.25 M LiCl, 1%
NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCI [pH 8.1]), and 1 ml of
TE (10 mM Tris-HCI [pH 8.0], 1 mM EDTA). Immune complexes were eluted
with 2 volumes of 250 pl of elution buffer (1% SDS, 0.1 M NaHCO3), and 20 pl
of 5 M NaCl was added to reverse formaldehyde cross-linking. DNA was ex-
tracted with phenol-chloroform and precipitated with isopropyl alcohol and 80
ng of glycogen. Precipitated DNA was amplified by PCR. The mixture for PCRs
consisted of each primer at 0.25 pM, each deoxynucleoside triphosphate at 0.1
mM, 1X PCR buffer, 1 U of Ex Tag polymerase (TaKaRa), and 0.06 mCi of
[«->?P]dCTP/ml in a 20-pl reaction volume. PCR products were resolved in 8%
polyacrylamide—1X Tris-borate-EDTA gels. Primers used in this study were as
follows: —247 ADD1/SREBPIc-f, 5'-AGC CAC CGG CCA TAA ACC AT-3;
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+56 ADD1/SREBPIc-1, 5'-GGT TGG TAC CAC AGT GAC CG-3'; —349
PPARy-f, 5'-CTG TAC AGT TCA CGC CCC TC-3'; =51 PPARy-1, 5'-TCA
CACTGG TGT TTT GTC TAT G-3';GAPDH-f, 5'-GTG TTC CTA CCC CCA
ATG TG-3'; GAPDH-r, 5'-CTT GCT CAG TGT CCT TGC TG-3'".

Animal treatment. Male C57BL/6 mice (12 weeks old, approximately 23 g
each) were housed (5 mice/cage) and given water ad libitum, with a 12 h light-12
h dark cycle beginning at 7:00 a.m. These mice received intraperitoneal injections
of either vehicle (control) or 50 mg of T0901317/kg of body weight/day for 1, 3,
or 5 days. Four mice were injected with each treatment. T0901317 was dissolved
in DMSO (50 mg/ml) and diluted (5:1) with 0.9% saline prior to injection (45,
48). Mice were sacrificed, and several types of tissue were isolated, including
epididymal fat and liver.

RESULTS

Expression of LXR in differentiated adipocytes and white
adipose tissue. In order to understand transcription regulation
during adipocyte differentiation, we examined gene expression
profiles on a genome-wide scale. Total RNA for DNA microar-
ray analysis was isolated from preadipocytes and fully differ-
entiated 3T3-F442A adipocytes. Transcript levels indicated
that 8.9% of the genes were induced more than twofold, while
the expression of 6.9% of the genes was decreased more than
0.5-fold following adipocyte differentiation (unpublished data).
Interestingly, there was a significant increase in the relative
mRNA expression levels of 11 genes, namely, the PPARYy,
LXRa, diacylglycerol acyltransferase (DAGAT), glutaralde-
hyde-3-phosphate dehydrogenase (GAPDH), pyruvate decar-
boxylase (PDC), aldolase 1, caveolin, malate dehydrogenase
(MDH), apolipoprotein 1 (Apo C1), Apo C2, and ABC 8
genes (Fig. 1A). Moreover, PPARy and LXRa transcript lev-
els were greatly increased (28- and 22-fold, respectively) in
differentiated adipocytes compared to those in preadipocytes.
Mouse LXRa mRNA tissue distribution was determined by
Northern blot analysis. Expression was high in white adipose
tissue and liver but low in kidney, lung, and spleen tissues (Fig.
1B). LXRB was expressed in all tissues examined (data not
shown), as previously indicated (33, 66). Notably, lipogenic
genes such as ADD1/SREBP1c and FAS were also highly
expressed in both fat and liver tissues, whereas adipocyte-
specific genes such as PPARy and aP2 were expressed pre-
dominantly in fat tissue (Fig. 1B). These results suggest that
LXRs may play a role in adipocyte biology.

Activation of LXR promotes adipocyte differentiation with
adipogenic gene expression. LXR expression profiles suggest a
role in adipocyte differentiation or adipocyte functions, such as
lipogenesis. To test this possibility, preadipocyte cells were
treated with LXR agonists during differentiation. Treatment of
the preadipocyte cell line, 3T3-L1, with the synthetic LXR
agonist T0901317 or the endogenous ligand 22(R)-hydroxycho-
lesterol resulted in markedly enhanced adipocyte differentia-
tion, as determined by the accumulation of more and larger
lipid droplets than in control cells (Fig. 2A and B). Similar to
these results, the activation of LXR stimulated adipocyte dif-
ferentiation, as determined by an increase of Oil Red O stain-
ing in primary HSVCs (Fig. 2C) or 3T3-F442A cells (data not
shown). Previous studies showed that LXRa is a target gene
for PPARY, a potent adipogenic transcription factor (1, 5).
PPARY activation by its agonist TZD strongly promotes adi-
pogenesis in preadipocytes and nonadipogenic cell lines (59).
We examined the effect of TZD in our system and found that
the treatment of cells with either T0901317 or TZD dose-
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FIG. 1. Expression of LXRa mRNA in adipocytes and mouse tis-
sues. (A) Relative amounts of mRNA expression of adipogenic genes
as determined by DNA microarray analysis. Total RNA was isolated
from confluent preadipocytes and fully differentiated 3T3-F442A adi-
pocytes and used for DNA microarray analysis. Relative amounts of
mRNA expression of 11 genes are shown. Apo CI, apolipoprotein 1;
Apo C2, apolipoprotein 2. (B) LXRa mRNA expression in C57BL/6
mouse tissues. Northern blot analysis was performed by using 20 pg of
total RNA and ¢cDNA probes for LXRa, ADD1/SREBP1c, PPARY,
aP2, and 36B4. B, brain; F, white adipose tissue (epididymal fat); K,
kidney; M, muscle; Lu, lung; Li, liver; S, spleen; H, heart.

dependently stimulated adipocyte phenotypes with large lipid
droplets (Fig. 2). However, T0901317-activated LXRs were not
as efficient at promoting adipocyte differentiation as TZD-
activated PPAR'y was, suggesting that LXR activation does not
simply mimic the adipogenic action of PPARvy in adipocyte
differentiation.

It is difficult to distinguish the differences between lipogen-
esis and adipogenesis in the process of adipocyte differentia-
tion because adipocyte differentiation is accompanied by both
lipogenesis and adipocyte-specific gene expression. For exam-
ple, while lipogenesis actively occurs in several tissues, includ-
ing fat and liver tissues, adipogenesis occurs only in fat cells,
since adipocyte-specific gene expression is required for fat
cell-specific functions such as the synthesis of adipocytokines.
Although the activation of LXRs increased lipid droplet for-
mation in 3T3-L1 cells, it has been suggested that activated
LXRs might stimulate only lipogenesis and not adipogenesis
(4, 20). Thus, we decided to investigate whether LXR activa-
tion is involved in bona fide adipocyte differentiation, as de-
fined by increases of both lipogenesis and adipocyte-specific
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gene expression. 3T3-L1 preadipocytes were differentiated into
adipocytes in the absence or presence of T0901317, and total
RNA was isolated at different times and processed for North-
ern blotting. We found that the expression of adipocyte marker
genes ADD1/SREBP1c, PPARYy, FAS, and aP2 began 2 to 3
days postconfluence in the absence of an exogenous activator
(Fig. 3A). In contrast, those genes were expressed 1 to 2 days
earlier in cells treated with T0901317 (Fig. 3B and C). Fur-
thermore, their expression levels were increased compared to
those of the control group (Fig. 3C). A similar pattern was ob-
served at the protein level, as seen in anti-ADD1/SREBPI1c
and anti-PPAR+y immunoblots (unpublished data). These re-
sults indicate that activated LXRs stimulate adipocyte differ-
entiation per se, not only by enhancing the accumulation of
cytosolic lipid droplets but also by increasing the expression of
both lipogenic and adipocyte-specific genes during adipocyte
differentiation.

LXR activation preferentially regulates lipogenic gene ex-
pression in adipocytes. To determine the function of activated
LXRs in differentiated adipocytes, we investigated the expres-
sion of primary LXR target genes. Fully differentiated adipo-
cytes were treated with T0901317 for various times, and gene
expression profiles were determined by Northern blot analysis.
The activation of LXRs significantly increased the expression
of the lipogenic genes FAS and ADD1/SREBPIc in a dose-
and time-dependent manner (Fig. 4). The expression of LXRa
was also induced by T0901317 (Fig. 4), which is consistent
with a recent report that oxysterol and synthetic LXR li-
gands induce the expression of LXRa mRNA (24). In addi-
tion, PPARYy and aP2 mRNA expression were induced by the
addition of the LXR agonist (Fig. 4).

ADD1/SREBPIcis a key LXR target gene for the mediation
of fatty acid metabolism in liver tissue (2, 9, 19, 36, 41, 48, 70).
To determine whether activated LXRs increase the transcrip-
tion of ADD1/SREBPIc through a change in its DNA binding
ability, we performed ChIP analysis with adipocytes in the
absence or presence of T0901317. Protein-DNA complexes
were immunoprecipitated with antibodies against LXRa, and
the recovered DNA fragments were analyzed by PCR. As
shown in Fig. 5A, LXRa bound to endogenous chromatin
DNA containing LXRE in the promoter region of the ADD1/
SREBPI1c gene. We also measured GAPDH gene fragments
from the same immunoprecipitated DNA pellets to normalize
the quantities of each PCR-amplified DNA as a background
control. It is of interest that the activation of LXRa with
T0901317 increased the ability of its DNA to bind to the
endogenous promoter region of the ADDI1/SREBPIc gene,
implying that LXR-dependent transactivation for its target
gene is probably mediated by enhanced DNA binding activity
of LXR with its agonist. In addition, when T0901317 was
treated, hyperacetylation of histone H3 was significantly in-
duced in the same promoter region of the ADD1/SREBPI1c
gene, suggesting that activated LXRa would also stimulate
ADDI1/SREBPIc gene expression through chromatin modifi-
cation, such as the hyperacetylation of histone H3 (Fig. 5B).
Taken together, these results suggest that the activation of
LXRs, particularly LXRa, potentiates ADD1/SREBP1c gene
expression via elevated LXR-DNA interaction and hence reg-
ulates lipogenesis in adipocytes.
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FIG. 3. Stimulation of adipogenic marker gene expression follow-
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3T3-L1 cells were differentiated into adipocytes in the absence (A) or
presence (B) of T0901317 (3 wM), and cells were harvested at the
indicated time points. Northern blots (20 g of total RNA) were
hybridized with FAS, ADD1/SREBPlc, PPARy, LXRa, aP2, and
36B4 ¢cDNA probes. (C) Data from panels A and B were quantified
and normalized relative to the loading control to show relative mRNA
expression. Experiments were independently repeated three times.

LXR activation stimulates both lipogenic and adipocyte-
specific gene expression in white adipose tissue. The func-
tional role of LXRs in the regulation of fatty acid metabolism
has been studied mainly for liver and hepatocytes (7, 16, 30, 33,
37, 46, 48, 54, 57). Although adipose tissue is also a major lipid
metabolism organ, the effects of activated endogenous LXRs
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in this tissue in vivo have not been reported. We treated
C57BL/6 mice with T0901317 for up to 5 days and examined
adipocyte-specific and lipogenic gene expression in white adi-
pose tissue and liver. In white adipose tissue, as in differ-
entiated adipocytes, T0901317 treatment markedly increased
the expression of lipogenic genes LXRa, FAS, and ADD1/
SREBPIc (Fig. 6A and B). Notably, the mRNA levels of the
adipocyte-specific genes PPARy and aP2 also increased (Fig.
6A and B). These observations suggest that LXR activation in
vivo stimulates the expression of both lipogenic and adipocyte-
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FIG. 4. Induction of lipogenic and adipogenic genes following
acute LXR activation in differentiated adipocytes. (A) Differentiated
3T3-L1 adipocytes were treated with 0, 1, 3, or 10 pM T0901317 for
24 h. Northern blot analysis results were quantified and normalized
relative to 28S rRNA levels. (B) 3T3-L1 adipocytes were treated for 0,
24, and 48 h with 3 wM T0901317, after which cells were harvested for
Northern blot analysis. The results obtained were quantified and nor-
malized relative to 28S rRNA levels. Northern blots (20 pg of total
RNA) were hybridized with FAS, ADD1/SREBP1c, PPARYy, LXRa,
and aP2 cDNA probes. Each experiment was independently repeated
two times.
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specific genes in white adipose tissue. In liver tissue, T0901317
increased the expression of several genes, such as ADDI/
SREBPIc and FAS, involved in de novo lipogenesis (Fig. 6C
and D). Unexpectedly, T0901317 treatment increased the ex-
pression of the adipocyte-specific marker gene aP2 in liver
tissue, although much higher levels were observed in fat than in
liver tissue (Fig. 6A, C, and E). This observation appears to be
related to the progression of fatty liver induced by chronic
LXR activation by T0901317, which would result in increased
liver triglyceride levels (16). Since the expression of aP2 is
regulated mainly by PPARvy, we examined the expression level
of PPARY in liver. Interestingly, LXR activation elevated the
expression of PPARy mRNA in liver (Fig. 6E). The above data
support the hypothesis that LXR activation in vivo directly
enhances lipid accumulation through the regulation of lipo-
genic gene expression and that LXR activation would stimulate
adipogenesis with adipocyte-specific gene expression through
the enhanced expression of the adipogenic transcription factor
PPARY in adipose tissue.

PPARY is a novel target gene of LXRs. As shown in Fig. 4
and 6, the activation of LXR promoted the expression of
PPAR<y and aP2 mRNA both in vitro and in vivo. These ob-
servations led us to investigate whether PPARYy is a novel
target gene of LXRa. When the nucleotide sequence of the
PPAR~y promoter was analyzed, we found a conserved LXRE
in the proximal promoter regions of both human and mouse
PPARYy genes (Fig. 7A). Next, we used EMSA to examine
whether activated LXRa binds directly to the PPARYy pro-
moter. As shown in Fig. 7B, the LXRa/RXRa heterodimer
bound to the LXRE motif in the PPARy promoter in vitro in
a sequence-specific manner. The protein-DNA complex was
abolished by competition with unlabeled Cyp7A1 LXRE or
PPARvy LXRE oligonucleotides (Fig. 7B, lanes 5 and 6). To
further clarify that LXRa binds to the LXRE motif in the
PPAR'y promoter in vivo, we performed ChIP analysis. Differ-
entiated adipocytes were incubated with or without T0901317
for different time periods. After cross-linking, DNA fragments
were immunoprecipitated with antibodies against LXRa and
amplified by PCR with the indicated primers (Fig. 7C). Similar
to the results for ADD1/SREBPIc, the ability of the DNA of
LXRa to bind to the PPARYy promoter was augmented in the
presence of T0901317 (Fig. 7C). We also investigated the
change in histone acetylation at the PPAR+y promoter upon
LXR activation because most of the activated nuclear hor-
mone receptors are associated with the histone acetyltrans-
ferase complex. The acetylation of histone H3 was significantly
increased in the PPARy promoter region when adipocytes
were treated with LXR agonist T0901317 (Fig. 7C). To test the
idea that PPARY is a novel target gene of LXRs, we performed
a luciferase reporter assay with the mouse PPAR+y promoter.
In parallel, the activation of the ADD1/SREBP1c promoter by
LXRa expression was examined as a positive control. As
shown in Fig. 7D, the transcriptional activity of the PPARYy
promoter was stimulated by the expression of LXRa. Further-
more, mutation of the LXRE motif in the same reporter con-
struct abolished the transactivation by LXRa at the PPARYy
promoter (Fig. 7D). Together, these results demonstrate that
the PPARYy gene is a novel target gene of LXRa, which might
induce the expression of the PPARYy gene via direct activation
of the PPARYy promoter.
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FIG. 6. In vivo effects of LXR activation on adipogenic gene expression in white adipose tissue and liver. C57BL/6 mice were treated with
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blotting (A and C) or RT-PCR analysis (E) to examine the mRNA expression of several genes, including the FAS, LXRa, ADD1/SREBPIc,
PPARY, and aP2 genes. (A) Expression in epididymal fat. (B) Data in panel A were quantified and normalized relative to 28S rRNA levels. (C
and E) Expression in liver. (D) Data in panel C were quantified and normalized relative to 28S rRNA levels. Data from a representative of two
independent experiments are shown.



3438 SEO ET AL. MoL. CELL. BIOL.

A LXRE ( DR4 )

>

2 -282
mPPARYy w tgaatgtgtGGGTCActggCGAGACaatgtagcaa
hPPARy 315 t gaacat gt GGETCAccggCGAGACagtgtggcaa 280

TNT LXRo/RXRa - Mock + 0+ o+ @
B Competitor - - - SREC/PIAIPPARY C
—_—LXRE LXRE
IP: LXRa Ab IP: H3-Ac Ab
DNA-Protein _, .. T0801317 (hr) T0901317 (hr)
Complexes Input Pre 0 2 12 Input Pre 0 2 12

PPARr_ .,_‘._’I. - -

pr

oxron [ e | [DEDEDEDEN]

Lane 1 2 3 4 & € 7 8 9 10
LXRE
Sy S -
Free Probes P -349 51
5'-primer 3'-primer

Lane 1 2 3 4 5 6

Probe: LXRE on mouse PPARy promoter

D of of of
2
|Z a E.
g= I 5 ST g st
2 ? § = E’ =
E§ 4 & $’ 4 :i a4l
£ ] E S £3
o
32 3 gg 3t g o 3t
-“U [1) (1] E
£3 32 32
8T 2 % L,’ 2t ® E 2t
2 g2 g3
L L ] 3
1 &’ 1 & 1
LXRa/RXRa - - + + LXRa/RXRa - + + LXRa/RXRa - + +
T0901317(1uM) - + - + T0901317(1uM) 2 - + TO901317(1pM) - 2 *
Lane 1 2 3 4 Lane 1 2 3 Lane 1 2 3
800E-Box LXRE SRE +89% 1,022 LXRE +26 1,022 %R +26
o ] '
ADD1/SREBP1c Promoter Mouse PPARy Promoter Mouse PPARy Promoter

FIG. 7. Direct binding of LXRa to the mouse PPARYy promoter. (A) Sequence comparison of putative LXREs (DR4) in mouse and human
PPARY promoters. (B) In vitro-translated LXRa and RXRa proteins were used for EMSA with **P-labeled PPARy LXRE oligonucleotide.
Sequence-specific competition assays were performed with the addition of a 100-fold molar excess of unlabeled sterol regulatory element (SRE)
(lane 4), Cyp7A1 LXRE (lane 5), and PPARy LXRE (lane 6) oligonucleotides. (C) ChIP assays of the mouse PPARy promoter. Differentiated
3T3-L1 adipocytes were incubated with (+) or without (—) LXR agonist T0901317 (10 wM) for 0, 2, or 12 h. Cells were cross-linked and
immunoprecipitated with rabbit polyclonal antibodies against LXRa or polyclonal antibodies against acetylated histone H3. Immunoprecipitated
DNA fragments were amplified by PCR (see Materials and Methods). Lane 1 shows the amplified mouse PPARy promoter and GAPDH from
1% of the input DNA. GAPDH fragments were also amplified for the normalization of input DNA. IP, immunoprecipitant. (D) h293 cells were
cotransfected with the pADD1/SREBP1c —600-Luc reporter DNA (100 ng/well) and expression vectors for LXRa and RXRa (lanes 3 and 4).
pADD1/SREBP1c —600-Luc is a luciferase reporter containing the region comprising bp —600 to +89 of the mouse ADD1/SREBP1c promoter.
In parallel, h293 cells were cotransfected with the mouse pPPARy —1,022-LXRE-Luc reporter (wild-type) DNA (100 ng/well) or the mutant
pPPARy —1,022-mLXRE-Luc reporter DNA (100 ng/well) and expression vectors for LXRa and RXRa (lanes 2 and 3). The pPPARYy
—1,022-LXRE-Luc reporter is a luciferase reporter containing bp —1022 to +26 of the mouse PPAR<y promoter. The pPPARYy —1,022-mLXRE-
Luc reporter is a luciferase reporter containing the mutation in the LXRE motif of the mouse PPARYy promoter. After transfection, cells were
treated with (+) or without (—) LXR agonist T0901317 (10 uM) for 24 h.
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LXRa knockdown suppresses adipocyte differentiation. To
determine whether LXRs play a role in adipocyte differentia-
tion, we attempted to knock down LXRa expression by retro-
virus-derived siRNA, since LXRa is highly expressed in adi-
pose tissue. We generated two different siRNA constructs,
designated siLXRaSR933 and siLXRaSR1246. siLXRaSR933
potently suppressed the expression of LXRa mRNA, whereas
siLXRaSR1246 failed to inhibit the expression of LXRa
mRNA (data not shown). 3T3-L1 preadipocytes were infected
with these retroviruses and were induced for adipocyte differ-
entiation. As shown in Fig. 8A, siLXRaSR933-infected 3T3-L1
cells markedly repressed adipocyte differentiation, while empty
retrovirus- or siLXRaSR1246-infected cells revealed normal
adipocyte differentiation. To delineate whether the expres-
sion level of LXRa mRNA is critical for adipocyte differ-
entiation, we conducted Northern blot analysis. We found that
siLXRaSR933 efficiently suppressed the expression of en-
dogenous LXRa mRNA but that siLXRaSR1246 or empty
virus failed to knock down LXRa mRNA (Fig. 8B). Consis-
tent with morphological changes, the knockdown of LXRa
by siLXRaSR933 inhibited adipocyte-specific gene expression,
including that of PPAR«y and aP2 (Fig. 8B). When we gener-
ated stable cells expressing LXRa siRNA by using pPSUPER
vector in 3T3-L1, adipocyte differentiation was also dramati-
cally attenuated (unpublished data). Although previous studies
revealed that the LXRa gene is a target gene of PPARYy (1, 5),
we showed here that the PPAR<y gene would be a novel target
gene of LXRa with a positive-feedback mechanism to execute
adipocyte differentiation. To test whether the activation of
PPAR+y might induce adipogenesis in LXRa siRNA cells, we
treated LXRa siRNA cells with TZD. TZD treatment par-
tially, but not completely, compensated the differentiation po-
tency of the LXRa siRNA cells, implying that the activation of
LXRa is important for adipocyte differentiation as well as
PPARYy activation (Fig. 8C). In addition, MEF cells derived
from LXRa or LXRa/B knockout mice barely or slowly dif-
ferentiated into adipocytes with normal hormonal induction,
while MEF cells derived from LXRB knockout mice normally
differentiated into adipocytes like wild-type MEF cells (unpub-
lished data). These data strongly suggest that LXRa is an
important transcription factor for the mediation of adipocyte
differentiation as well as adipogenic gene expression.

LXRa activation cannot enhance adipogenesis in PPARy-
deficient MEF cells. It is likely that LXRa is able to activate
the expression of two different adipogenic transcription fac-
tors, ADD1/SREBP1c and PPAR~. To understand how LXRa
enhances adipogenesis, we investigated the effect of LXRa
activation on the adipocyte differentiation of 3T3-L1 preadi-
pocytes stably expressing DN-ADD1/SREBP1c (the dominant-
negative form of ADD1/SREBPI1c) and MEF cells derived
from PPAR<y heterozygote or PPARYy knockout mice. As
shown in Fig. 9A, retroviral overexpression of DN-ADD1/
SREBPIc efficiently inhibited adipocyte differentiation and
such an inhibitory effect of DN-ADD1/SREBPI1c on adipocyte
differentiation was relieved by TZD treatment, which is con-
sistent with a previous report (23). In addition, the activation
of LXR with T0901317 also rescued adipocyte differentiation
in DN-ADD1/SREBP1c-expressing cells to a lesser extent than
the activation of PPAR+y by TZD, implying that LXRa-depen-
dent enhancement of adipogenesis is partially mediated by
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ADDI1/SREBPIc. On the other hand, adipogenesis of MEF
cells derived from PPAR+y knockout mice was not induced by
the activation of LXRs, while MEF cells from the PPAR<y
hetrozygote mutant were differentiated into adipocytes more
potently by TZD or T0901317 (Fig. 9B). These results imply
that though both LXRa and PPARYy facilitate adipogenesis,
they appear to participate in a unified pathway of adipocyte
differentiation, with PPARYy being the proximal effector of
adipogenesis.

DISCUSSION

Both lipogenic and adipogenic gene expression are required
for the execution of de novo adipogenesis. In the last decade,
many laboratories have attempted to identify transcription fac-
tors which influence adipocyte differentiation. Here, we iden-
tified a novel mechanism of adipocyte differentiation with
LXRs which affect both lipogenesis and adipocyte-specific
gene expression. The idea that the activation of LXRs might be
involved in adipocyte differentiation (or biology) has emerged
from observations such as those showing that LXRa is highly
expressed in adipose tissue (45, 54) and that the expression of
LXRa mRNA is induced during adipocyte differentiation (Fig.
1). In accordance with these observations, investigations of
genome-wide gene expression profiles revealed that the acti-
vation of LXRs alters the expression of many adipocyte marker
genes, including leptin, lipoprotein lipase, and uncoupling pro-
tein 1, in fat tissue (45, 54, 71).

In our analysis of LXR activation during adipocyte differ-
entiation, we confirmed earlier studies suggesting that LXR
activation increases lipogenesis in 3T3-L1 cells (Fig. 2). We
also observed that LXR activation potentiated lipogenesis in
another preadipocyte cell line, 3T3-F442A, and in primary hu-
man preadipocytes (Fig. 2). Interestingly, we revealed that ac-
tivated LXRs not only induced lipogenesis involving the accu-
mulation of lipid droplets but also promoted the expression of
several adipocyte-specific marker genes, such as PPARy and
aP2, during adipocyte differentiation (Fig. 3 and 4). Since these
two genes are key characteristic features of differentiated adi-
pocytes, it is likely that the activation of LXRs facilitates gen-
uine adipocyte differentiation including lipogenesis and adipo-
cyte-specific gene expression, at least in vitro.

When the above idea was tested in vivo, T0901317 treatment
in mice increased the expression of adipocyte-specific genes
such as the PPARy and aP2 genes and also stimulated that of
lipogenic genes such as the LXRa, ADD1/SREBPI1c, and FAS
genes in fat and liver tissues (Fig. 6). Previously, it has been
demonstrated that LXRa expression is regulated by the potent
adipogenic transcription factor PPARy (1, 5). However, we
found that the PPARYy gene is a novel target gene of LXRa,
and this finding might explain how LXRa cooperates with
PPARYy to expedite adipogenesis. There are several lines of
evidence to support this hypothesis. First, LXR activation sub-
stantially increased the expression of PPARy mRNA in both
differentiated adipocytes and white adipose tissue in vitro and
in vivo, respectively (Fig. 4 and 6). Second, similarly, the ex-
pression level of PPARy mRNA was enhanced with the LXR
agonist in liver (Fig. 6). This observation provides a clue as to
how LXR activation could elevate aP2 mRNA expression in
liver, since PPARYy is a key transcription factor for aP2 gene
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FIG. 8. Effect of LXRa knockdown by siRNA during adipogenesis. 3T3-L1 cells were infected and selected with pSUPER retroviruses
including mock, siLXRaSR933, and siLXRaSR1246 (see Materials and Methods). Those infected cells were differentiated into adipocytes and
were harvested for total RNA preparation at the indicated time point. (A) The cells were stained with Oil Red O and photographed. (B) Northern
blots (20 pg of total RNA) were hybridized with FAS, ADD1/SREBP1c, PPARYy, LXRa, LXRB, and aP2 cDNA probes. Mock and siLXRaSR1246
were used as negative controls. (C) Effects of PPARYy ligand on 3T3-L1-LXRa siRNA stable cells. Mock and 3T3-L1-LXRa siRNA stable cell lines
were differentiated into adipocytes under normal differentiation conditions (see Materials and Methods) in the absence (DMSO) or presence of

T0901317 (1 pM) or rosiglitazone (0.1 wM).
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expression (Fig. 6). Third, activated LXRa bound to endoge-
nous chromatin DNA containing the PPARy promoter with
LXRE, which is well conserved in both mice and humans (Fig.
7). Fourth, not only did LXRa bind directly to the LXRE motif
in the PPARy promoter, but it also stimulated PPAR<y pro-
moter activity. Therefore, these results indicate that activated
LXRs stimulate the expression of the PPARy gene as a novel
target gene with a positive-feedback loop, so that these two
abundant adipocyte nuclear hormone receptors, LXRs and
PPARY, are both involved in adipocyte differentiation (Fig.
10).

In support of the present findings, Juvet et al. (20) reported
that LXR activation in 3T3-L1 cells increases adipocyte mor-

phology such as lipid droplet accumulation and expression of
the lipogenic FAS and ADD1/SREBP1c genes. Although nor-
mal development of fat tissues was found in young LXRa/B
null mice, Juvet et al. noticed that both white and brown
adipose tissue masses were significantly decreased in old
LXRa/B null mice compared to those in wild-type mice (20).
However, these authors proposed that increased adipocyte
phenotypes following LXR activation might not be due to
genuine adipogenesis. Instead, they suggested that the activa-
tion of LXRs would cause only the induction of lipogenic
genes, implying that the function of LXRs in adipocytes is
limited to the production of lipid droplets. However, these
authors did not report on the expression of adipocyte-specific
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such as ADD1/SREBPIc and PPAR<y would play key roles in the
mediation of lipogenesis and adipocyte-specific gene expression during
adipogenesis.

genes such as the PPARy and aP2 genes following LXR acti-
vation during adipocyte differentiation. Thus, the conclusion
reached by Juvet et al. has to be modified in view of the present
results regarding the role of LXRs in adipogenesis. As de-
scribed above, we found that LXR activation explicitly in-
creased adipocyte-specific gene expression both in vitro and in
vivo (Fig. 3, 4, and 6), suggesting that LXR activation would
affect both lipogenesis and adipogenesis.

In contrast to the present findings and those of others, Ross
et al. recently suggested that the activation of LXRs might play
a negative role in adipocyte differentiation (45). These authors
demonstrated that ectopic expression of LXRa followed by the
activation of its synthetic ligand suppressed adipogenesis.
Thus, they proposed that LXRa activation in adipose tissue
might be involved in lipolysis rather than lipogenesis, since
LXR activation produced a decrease of lipid droplet accumu-
lation in adipocytes (45). However, we demonstrated that the
expression of most adipogenic and lipogenic genes was clearly
stimulated by the activation of endogenous LXR in either
preadipocytes or differentiated adipocytes in vitro (Fig. 2 to 4)
and in white adipose tissue and liver in vivo (Fig. 6). One
plausible explanation to reconcile these discrepancies is that
the activation of both LXRa and LXRB might be required for
lipogenesis and adipogenic gene expression, because adipocyte
differentiation was decreased when only LXRa was overex-
pressed. Further studies are necessary to reconcile these con-
tradictory data.

To maintain certain levels of lipid metabolites in the whole
body, there should be at least two controlling systems, one for
sensing the levels of fatty acids and cholesterol and the other
for modulating the absorption, synthesis, and catabolism of
both of these lipids. Since adipose tissue is a primary organ for
lipid homeostasis, obese patients and animal models frequently
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show lipid disorders such as hyperlipidemia, hypercholesterol-
emia, and arteriosclerosis due to abnormal lipid metabolism.
Lipogenesis in adipocytes is controlled by two different tran-
scription factor families, SREBPs and LXRs. Previously, it has
been demonstrated that oxysterols derived from increased in-
tracellular cholesterol are able to activate LXRs, leading to
increased ADD1/SREBPI1c expression in liver (9, 41, 70). Con-
sistent with these results, we observed that the activation of
LXR primarily induced the expression of lipogenic genes, in-
cluding the LXRa, ADD1/SREBPIc, FAS, and SCD-1 genes,
in adipocytes in vitro and in fat and liver tissue in vivo (Fig. 4
and 6), which would account for the increase of lipogenesis by
LXR activation. ChIP experiments indicate that the activation
of LXR with T0901317 enhanced its DNA binding activity to
the promoter regions of target genes such as the ADDI/
SREBPIc gene (Fig. 5). Furthermore, it is of interest that the
activation of LXR is linked to chromatin modification, since
there was an increase of histone H3 acetylation to stimulate
the expression of ADD1/SREBPIc (Fig. 5). Similar results
were obtained with the PPARy promoter (Fig. 7), indicating
that changes in histone acetylation probably occurred in pro-
moter regions of LXR target genes in an activated-LXR-de-
pendent manner.

In summary, we have identified a novel function of LXRs in
adipocyte biology. LXR activation led to the induction of both
lipogenesis and adipogenesis during adipocyte development in
vitro and in vivo. Activated LXR stimulates adipogenesis not
only by increasing the transcription of ADD1/SREBPIc, but
also by inducing PPARy. These results imply that LXRa might
also constitute another regulatory cascade for the execution of
adipogenesis (Fig. 10). Because PPARvy directly regulates
LXRa (5), it is especially likely that LXRa and PPARYy acti-
vate adipogenesis with a positive-feedback loop, reinforcing
the expression of each other. Furthermore, since LXR ac-
tivation could not activate adipogenesis on its own without
PPARY, it seems that activated LXRs and PPAR~y might act in
a single pathway for adipogenesis, with PPARYy being the final
effector of adipogenesis. It has been considered that LXR
agonists might be beneficial for the treatment of hypercholes-
terolemia, since they can promote cholesterol efflux. However,
it has been reported that they also cause hypertriglyceridemia
with fatty liver in vivo (16, 19). This notion appears to be
related to our results indicating that activated LXRs stimu-
lated both lipogenesis and adipogenesis in vivo, which could
eventually cause hyperlipidemia in the absence of tight regu-
lation. In this sense, it would be advantageous to develop
selective LXR antagonists that could specifically downregulate
lipogenesis and/or adipogenesis without affecting cholesterol
metabolism. Although the detailed mechanism by which LXRs
regulate adipogenesis has yet to be determined, the present
results suggest a novel mechanism of LXRs in lipogenesis and
adipogenesis through PPARYy.
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