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The adipocyte integrates crucial information about metabolic needs in order to balance energy intake,
storage, and expenditure. Whereas white adipose tissue stores energy, brown adipose tissue is a major site of
energy dissipation through adaptive thermogenesis mediated by uncoupling protein 1 (UCP1) in mammals. In
both white and brown adipose tissue, nuclear receptors and their coregulators, such as peroxisome prolifera-
tor-activated receptor y (PPARy) and PPARYy coactivator 1aa (PGC-1a), play key roles in regulating their
development and metabolic functions. Here we show the unexpected role of liver X receptor o (LXRa) as a
direct transcriptional inhibitor of 3-adrenergic receptor-mediated, cyclic AMP-dependent Ucpl gene expres-
sion through its binding to the critical enhancer region of the Ucpl promoter. The mechanism of inhibition
involves the differential recruitment of the corepressor RIP140 to an LXRa binding site that overlaps with the
PPARY/PGC-1a response element, resulting in the dismissal of PPARvy. The ability of LXR« to dampen energy
expenditure in this way provides another mechanism for maintaining a balance between energy storage and

utilization.

Adipose tissue is the site of fat storage and oxidation and
plays an important role in maintaining energy balance (45, 46).
Two types of adipose tissue, namely, white adipose tissue
(WAT) and brown adipose tissue (BAT), share many common
features, such as the ability to take up glucose, synthesize and
store triglycerides, and catabolically mobilize those triglycer-
ides to free fatty acids for respiration and ATP production.
However, they play largely opposing roles in mammalian phys-
iology. WAT serves as the prime reservoir for storing excess
caloric energy, in addition to its more recently recognized role
as a source of endocrine hormones such as leptin, adiponectin,
and resistin. In contrast, BAT is the major site of adaptive
thermogenesis for the purpose of generating heat to maintain
body temperature, particularly in response to cold environ-
ments (see review in reference 4). As such, it is a net consumer
of caloric energy and is also a site of diet-induced thermogen-
esis (50).

In both WAT and BAT, catabolism is driven by the sympa-
thetic nervous system (SNS) through the B-adrenergic receptor
(BAR) signaling cascade. In BAT, the ability to mobilize and
oxidize fuel is for the purpose of thermogenesis. In brown
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adipocytes, this thermogenic capability is due to the high den-
sity of mitochondria within this cell type and, most importantly,
the presence of a brown adipocyte-specific uncoupling protein
1 (UCP1). UCP1 resides in the mitochondrial inner mem-
brane, where it allows a regulated proton leak to uncouple
respiration from ATP production (17, 54). Its role in diet-
induced thermogenesis is related to the presence of brown
adipocytes within various WAT depots, particularly in intra-
abdominal or intrathoracic regions (10), where their appear-
ance and function can be regulated by endogenous catechol-
amine stimulation or synthetic adrenergic agonists (11).
Indeed, the inherent genetic propensity for this phenomenon is
strongly associated with resistance to diet-induced obesity and
metabolic syndrome (1, 12, 18). Although the existence of BAT
in newborn humans is well accepted, brown fat has largely been
considered irrelevant either as a source of heat or as a meta-
bolic energy sink in adult humans. However, recent evidence
from many clinical studies in the positron emission tomogra-
phy imaging field, coupled with histological analyses, now chal-
lenge this notion and provide intriguing evidence for its exis-
tence (see reference 38), although the net impact on
temperature or body weight and composition awaits further
work.

The control of UCP1 expression in brown adipocytes by
BARs and cyclic AMP (cAMP) has been known for many
years, but other required components of the process have more
recently come to light, one of which is the p38 mitogen-acti-
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vated protein kinase (MAPK) pathway (6, 44). The brown
fat-specific expression of the Ucpl gene and the response to
BAR activation resides predominantly in a small 220-bp en-
hancer region of the promoter of the Ucpl gene, which is
highly conserved among mammalian species (7, 15, 28). This
region harbors a number of important sequence elements (7,
28) that have been identified as binding sites for key transcrip-
tion factors, including peroxisome proliferator-activated recep-
tors (PPARs) and activating transcription factor 2 (ATF-2)
family members (2, 6, 43, 52). Coordinating these transcrip-
tional regulatory activities is the family of associated nuclear
coregulators (47). Of these, PPARYy coactivator la (PGC-1at)
was discovered in a differential screen of transcriptional regu-
lators in brown versus white adipocytes (41). PGC-1a has been
shown to coordinate gene expression that stimulates mitochon-
drial biogenesis and oxidative metabolism in several cell types
with relevance to metabolic fuel utilization (19). In BAT, the
expression of PGC-la is, like that of UCP1, increased in re-
sponse to BAR stimulation, and its coregulator activity in this
setting is also dependent on p38 MAPK phosphorylation (6).

Understanding the factors that promote the expression of
UCP1 and the brown adipocyte phenotype shall undoubtedly
help to unravel the molecular decisions that distinguish these
two developmental programs. However, identifying factors
that might actively repress or otherwise inhibit expression of
UCP1 and the program of mitochondriogenesis are arguably
no less important and are likely to prove equally informative.
In this regard, there are several targeted gene deletions in
rodents that result in a phenotype of “obesity resistance,” most
commonly characterized at the molecular level by increased
expression of UCP1 in WAT depots. Some of these genes
include transcription factors and cofactors (8, 26, 30, 32). We
were particularly interested in the phenotype of liver X recep-
tor (LXR)-null mice for several reasons. Mice lacking both
LXRa and -B are lean and show remarkable increases in UCP1
expression in WAT and muscle. Both subtypes of LXR are
expressed in adipose tissue: LXRB is ubiquitously expressed in
every tissue, but LXRa is most abundant in liver and spleen
BAT and WAT. Since activated LXRa stimulates glucose up-
take (29) and promotes triglyceride synthesis and lipogenesis
in adipose tissue (42, 53), coupled with the loss in adipose
tissue mass observed for LXR knockout mice (26), this sug-
gests that LXRa in particular is an important regulator of fat
storage in adipose tissue (25). Because the role of LXRa in
brown adipocytes is unknown, it was intriguing to speculate
that LXRa may play a role in controlling energy expenditure in
this tissue.

In this study, we show that LXRa can function as a tran-
scriptional repressor in a gene-specific manner. In addition to
the increases in basal expression of UCP1 in adipocytes from
LXRa /" mice, there is also a remarkable increase in mito-
chondrial biogenesis and oxygen consumption. Consistent with
this increased capacity for thermogenesis, LXRa ™/~ mice pos-
sess a higher basal body temperature. Mechanistically, we show
that LXRa antagonizes Ucpl gene transcription by directly
binding to a DR-4 (direct repeat spaced by 4) element in the
Ucpl enhancer in an LXR agonist-dependent manner. The
nuclear corepressor RIP140 is recruited, and it serves together
with LXRa to interfere with the cAMP-dependent binding of
PPARYy to its response element at an adjacent cis-acting reg-
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ulatory element in the Ucpl enhancer. Collectively, our find-
ings show that LXRa can function as a ligand-activated repres-
sor and that in adipose tissue it serves as a negative break on
the expression of UCP1 and the manifestation of the brown
adipocyte phenotype.

MATERIALS AND METHODS

Animal experiments. LXR™/* (wild-type [WT]), LXRa /", and LXRaf /"
mice (8 to 10 weeks old) were generated in a mixed-strain background (C57BL/
6-129Sv/Ev) as described previously (26). They were housed in a 25°C environ-
ment with 12-h light/dark cycles on standard rodent chow diet for 3 days and then
randomly divided into two groups for each genotype. One group for each geno-
type was transferred to a 5°C environment for 7 h; the other group for each
genotype was kept in room temperature. Core body temperature was measured
using a RET-3 microprobe (Physitemp). Following euthanasia, the interscapular
BAT and gonadal WAT were rapidly collected. A portion of each tissue was
frozen in liquid nitrogen and to recover RNA for measurement by real-time PCR
(RT-PCR) using TagMan or Sybr green probes as indicated in specific experi-
ments. The other portion was fixed in 10% buffered formalin and used for
histology. All animal experiments were approved by the Institutional Animal
Care and Use Committees of The Hamner Institutes for Health Sciences and the
University of Texas Southwestern Medical Center in accordance with National
Institutes of Health guidelines for the care and use of laboratory animals.

Chemicals and plasmids. T0901317 (T09) was from Cayman Chemical. 22R-
hydroxycholesterol (22R-OH) and forskolin (FSK) were from Sigma (St. Louis,
MO). Antibody against mouse LXRa was a very generous gift from Jean-Marc
A. Lobaccaro (58). Antibodies against PPARYy (sc-7196x) and RIP140 (sc-8997x)
were from Santa Cruz Biotechnology. The plasmid EN-Tk-CAT containing the
mouse Ucpl enhancer (—2530 to —2310) and the B-actin-luciferase (B-actin-luc)
control vector for transfection were constructed as previously described (5). The
plasmid pCMV5-hRXRa was purchased from Open Biosystems Company. The
plasmid pCMX-mLXRa was described previously (24). The DR-4 mutation in
the Ucpl enhancer [Ucpl-En-DR-4 deletion tk-CAT, named Ucpl-En-tk-
CAT(DR-4A)] was generated by removing the fold base spacer from the WT
sequence, GCGTCACAGAGGGTCA (the 4-base spacer is underlined), to
make GCGTCA----GGGTCA (where dashes indicate bases deleted) (see Fig.
7B). The integrity of all new plasmid constructs was verified by DNA sequencing
(MWG).

Histology. Tissues were fixed in buffered formalin and embedded in paraffin.
Five-micrometer sections were incubated with 1:500-diluted UCP1 antisera (kind
gift of T. Gettys and L. Kozak) overnight at 4°C. After being washed with
phosphate-buffered saline (PBS), the sections were incubated with 1:200-diluted
biotinylated anti-sheep immunoglobulin G (IgG) (BA-6086; Vector Labs, Bur-
lingame, CA) for 30 min, washed, and incubated with 1:200-diluted streptavidin
horseradish peroxidase (43-4323; Zymed Labs, San Francisco, CA) for 30 min,
all at room temperature. Following staining with AEC chromogen (00-2007;
Zymed Labs, San Francisco, CA) for 5 min at room temperature, the sections
were dehydrated and mounted for evaluation and photography.

Cell culture and transfections. HIB-1B brown preadipocytes (48) were main-
tained in Dulbecco’s modified Eagle medium (DMEM) with 10% fetal bovine
serum (FBS). Upon reaching confluence, they were differentiated into adipocytes
by the addition of rosiglitazone (1 wM) for 5 days (5). Primary brown adipocytes
from C57BL/6J mice were prepared from BAT as described previously (5, 6, 36,
37, 44) and cultured in DMEM supplemented with 10% FBS, 0.14 wg/ml am-
photericin B (Fungizone), 17 uM p-pantothenic acid, 33 wM b-biotin, 100 uM
ascorbic acid, and 4 nM insulin. Differentiation of the cells was performed in the
presence of 50 nM insulin, 50 nM thyroid hormone (T3), and 1 uM rosiglitazone
for 10 days (5, 6, 44). Mouse embryo fibroblasts (MEFs) were isolated from WT
and LXRa /" and RIP140™/~ mouse embryos. The cells were cultured in
DMEM supplemented with 10% heat-inactivated FBS. When they approached
100% confluence, they were differentiated with dexamethasone (20 pg/ml), iso-
butylmethylxanthine (110 pg/ml), rosiglitazone (2.5 wM), and insulin (10 pg/ml)
for 6 to 8 days. Where indicated, fully differentiated primary brown adipocytes,
HIB-1B cells, or MEFs were treated for 6 h with vehicle (dimethyl sulfoxide
[DMSOY]; final concentration, =<0.1%), FSK (10 pM), T09 (5 pM), or FSK and
TO09 together (T09 added 30 min prior to FSK) in DMEM supplemented with
10% dextran-coated charcoal (Sigma)-stripped FBS.

Transfections of HIB-1B cells were performed in six-well plates (Falcon) with
a total amount of plasmid DNA equal to 2.2 pg/well and 5 pl Lipofectamine 2000
(Life Technologies). As indicated in particular experiments, these DNA mixtures
included WT EN-tk-CAT or mutant EN-tk-CAT(DR-4A) (1.0 pg), pCMX-
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mLXRa (0.5 pg), pCMV5-hRXRa (0.5 ng), and B-actin-luc (0.2 ng). The
PPARY agonist rosiglitazone (1 wM) was added to the cells 6 h after transfection.
Where indicated, during the final 6 h of the transfection, the cells were treated
with FSK (10 wM) or T09 (5 pM) or with both together as described above.
Forty-eight hours after transfection, cells were collected for chloramphenicol
acetyltransferase (CAT) assays (Roche Molecular Biochemicals) and luciferase
assays (Promega) as described previously (33).

Mitochondrial mass. Primary MEFs (WT and LXRa /") were differentiated
into adipocytes by use of the protocol described above. We used green fluores-
cent MitoTracker green FM (M7514; molecular probe from Invitrogen) to mea-
sure the mitochondrial DNA mass according to the product manual. When the
cells fully differentiated into adipocytes, we removed the medium from the dish
and added the prewarmed (37°C) growth medium containing the MitoTracker
(final concentration, 75 nM) and incubated the cells for 30 min. After staining,
we removed the medium and washed the cells with prewarmed medium two
times, and then the cells were digested by trypsin, transferred to 1 ml cold PBS,
and kept on ice for running-flow cytometry. In this experiment, a no-dye (without
adding MitoTracker green FM) negative control was used to remove the back-
ground.

Oxygen consumption. Oxygen consumption was measured for adipocytes de-
rived from MEFs by using a Clark-type oxygen electrode (Hansatech Instru-
ments Ltd., Norfolk, England). Each sample was analyzed by incubating 1 X 10°
cells with 1 ml DMEM containing 25 mM HEPES and 2% fatty acid-free bovine
serum albumin (pH 7.4) in a magnetically stirred chamber at 37°C. In each
sample, after the basal respiration was recorded, 2.0 pwg/ml oligomycin (F,F,
ATPase inhibitor) was added to determine the uncoupled respiration following
the addition of 8 pM carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone
(FCCP; uncoupler) to determine the maximum respiration. The results are
presented as the means *+ standard errors of the mean (SEM) of three inde-
pendent experiments.

RIP140 gene silencing in HIB-1B and WT MEFs. Sequence-specific RIP140
gene silencing by small interfering RNA (siRNA) was performed in HIB-1B cells
and LXRa-null and WT MEFs. The sequence of siRNA duplexes were designed
as described previously (40). HIB-1B cells were transfected with siRNA duplex
by use of Lipofectamine 2000 in six-well plates (20 pmol siRNA in 1 X 10° cells).
Twelve hours later, cells were transfected with plasmids Ucp1-EN-tk-CAT and
B-actin-luc (as an internal control); 72 h after the siRNA transfection, cells were
collected for CAT assays (Roche Molecular Biochemicals) and luciferase assays
(Promega).

WT MEFs were transfected with siRNA duplexes by use of Lipofectamine
2000 in six-well plates (20 pmol siRNA in 1 X 10° cells). Eighteen hours later, the
cells were transfected with the same amount of siRNA. Six hours after the second
transfection, the cells were incubated with differentiation medium as described
above. Ninety-six hours after the first transfection, cells were treated with FSK
(10 pM) and/or T09 (5 wM) for 6 h as described above and then collected for
RNA isolation and RT-PCR.

RNA isolation and analysis. Total RNA was extracted from cultured cells by
use of Trizol reagent (Sigma). Prior to RT-PCR, samples were treated with
DNA-free DNase (Ambion) to remove contaminating genomic or plasmid DNA.
RNA was quantified by NanoDrop. cDNA was generated using the high-capacity
c¢DNA archive kit from Applied Biosystems in a reaction volume scaled down to
a 50-ul total. RT-PCR was performed on an ABI Prism 7700 sequence detector
(Perkin Elmer) using TaqMan probes or Sybr green reagent and specific primers
(IDT). Expression levels for all genes were normalized to the mean value for
internal control GAPDH. Primer and probe sequences are given elsewhere (see
http://www.thehamner.org/docs/figures.pdf).

Electrophoretic mobility shift assay. Nuclear extracts were prepared by use of
a TransFactor extraction kit from BD Biosciences (Palo Alto, CA). Double-
stranded gel shift probes were end labeled with [y-*?P]ATP and T4 polynucle-
otide kinase. The binding reaction mixtures (10 pl) contained 5 pg nuclear
protein in a buffer composed of 25 mM HEPES (pH 7.9), 0.5 mM EDTA, 0.5
mM dithiothreitol, 1% Nonidet P-40, 5% glycerol, 50 mM NaCl, and 1 pg
poly(dI-dC). Unlabeled competitor oligonucleotides were added to the binding
reaction mixtures in molar excess as detailed in the figure legends prior to the
addition of labeled oligonucleotides. Reaction mixtures were incubated at room
temperature for 15 min, and DNA-protein complexes were resolved on a 6%
DNA retardation gel for 40 min at 180 V. Specificities of binding interactions
were determined by the addition of 1 pl of antiserum (either mouse anti-LXRa
or mouse anti-IgG) to the binding reaction mixtures 10 min after the components
were mixed, followed by an additional 5 min of incubation before loading into the
gel. Gels were then dried and subjected to autoradiography. The nucleotide
sequences of sense oligonucleotide probes are provided below (see Fig. 7A), and

LXRa REPRESSES UCP1 EXPRESSION 2189

a consensus LXR response element (LXRE) from the mouse GLUT4 promoter
was used as a positive control (13).

ChIP assays. Chromatin immunoprecipitation (ChIP) assays were performed
using a commercial reagent (Upstate) according to the manufacturer’s protocol.
Briefly, differentiated HIB-1B cells grown in 10-cm? dishes were treated with
vehicle or with FSK (10 uM), T09 (5 wM), or both together for 6 h. For the
cross-linking step, an aliquot of formaldehyde (37% [vol/vol]) was added directly
to the culture medium to achieve a final concentration of 1%, and incubation was
done for 10 min. Cells were then rinsed twice with cold PBS, harvested with cell
scrapers, and lysed in 10 ml of a sodium dodecyl sulfate (SDS) buffer (1% SDS,
10 mM EDTA, 50 mM Tris, pH 8.1). The lysates were sonicated to shear
genomic DNAs to achieve lengths of between 200 and 1,000 base pairs. The
sheared lysates were centrifuged at 16,000 X g for 10 min, supernatants were
collected and diluted 10-fold with ChIP dilution buffer (24 ml of 0.01% SDS,
1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI, pH 8.1, 167 mM NaCl)
in the presence of protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 1
pg/ml aprotin, and 1 wg/ml pepstatin A). An aliquot (75 pl) of a 50% slurry of
salmon sperm DNA-protein A-agarose was added and incubated for 30 min.
Agarose beads were precipitated by brief centrifugation, and the precleared
supernatant was collected. Antibodies against LXRa or PPARy and control
antibody IgG were added to this 2-ml supernatant fraction and incubated over-
night at 4°C with gentle mixing. Sixty microliters of the salmon sperm DNA-
protein A agarose slurry was added and incubated for an additional 1 h at 4°C to
collect the antibody/histone/DNA complex by gentle and brief spinning. The
presence of target DNA fragments was detected by PCR after the DNA was
de-cross-linked with proteins. The primers used for the Ucpl enhancer were
5'-AGTGAAGCTTGCTGTCACTC-3' and 5'-GTCTGAGGAAAGGGTTGA
CC-3".

Protein kinase assays for PKA and p38 MAPK. WT and LXRa '~ MEFs
were differentiated into adipocytes as described above and were treated with 10
M isoproterenol (Iso) for either 5 min (protein kinase A [PKA] activity) or 10
min (p38 activity). Cells were washed twice in PBS and lysed in 25 mM HEPES
buffer, pH 7.4 (containing 150 mM NaCl, 5 mM B-glycerophosphate, 1 mM
sodium orthovanadate, 5 mM sodium pyrophosphate, 5 mM EDTA, 10% glyc-
erol, 0.9% Triton X-100, 0.1% Igepal, and 1 complete mini tablet of protease
inhibitors per 10 ml) for 15 min, and supernatants were recovered as described
above.

To measure PKA activity assay, 16 pl of cell lysate was incubated for 30 min
at 37°C with 5 pl of the 5X PepTag PKA reaction buffer, 3 wl of PepTag Al
peptide (fluorescent kemptide), and 1 pl of the peptide protection solution
(assay kit from Promega, Madison, WI) in a 25-pl total volume. The reaction was
stopped by boiling the samples at 95°C for 10 min, and 4 pl of 50% glycerol
solution was added to the samples. Samples (10 ul) were loaded and resolved on
a 0.8% agarose gel. Images were acquired using a Typhoon 9410 variable-mode
imager (GE Healthcare, Piscataway, NJ) and then quantified by densitometry
analysis using ImageQuant 5.2 software (Molecular Dynamics, Piscataway, NJ).

To measure p38 MAPK activity, 10-ul cell lysates were incubated with 4 pg
glutathione transferase-ATF-2(1-109) fusion substrate (New England Biolabs),
200 pM ATP, and 25 pl of 4X kinase reaction buffer (80 mM HEPES, pH 7.4,
80 mM MgCl,, 100 mM B-glycerophosphate, 8 mM dithiothreitol, and 0.4 mM
sodium orthovanadate) in a 100-pl reaction volume at 37°C for 30 min. Gluta-
thione-Sepharose 4B (60 pl) was used to recover the substrate. Proteins were
resolved with 4 to 20% Tris-glycine gels and transferred to nitrocellulose mem-
brane. Protein phosphorylation was visualized by immunoblotting with anti-
phospho-ATF-2 (Thr71) antibody (Cell Signaling Technology, Beverly, MA).
Image acquisition was performed on a Typhoon 9410 variable-mode imager.

Statistics. Significant differences between groups were determined by either
two-tailed ¢ tests or one-way analysis of variance (ANOVA) as indicated for
specific experiments in figure legends. A minimum P value of <0.05 was con-
sidered statistically significant.

RESULTS

Elevated core body temperature of LXRa-null mice. When
placed in a cold environment, the SNS activates 3-ARs in BAT
to quickly mobilize free fatty acids for stimulating UCP1-de-
pendent uncoupling and nonshivering thermogenesis. Since
previous work showed that LXRa ™/~ LXRB ™/~ mice had in-
creased UCP1 expression, we examined the potential for in-
creased nonshivering thermogenesis in these animals. WT,
LXRa /", and LXRa '~ LXRB ™/~ mice (6- to 8-week-old
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FIG. 1. Higher core body temperature and expression of Ucpl in BAT and WAT of LXRa ™/~ mice. (A) Core body temperature in WT (O),
LXRa '~ (@), and LXRa '~ LXRB /" (V) mice before and after cold (5°C) challenge. *, P < 0.05 versus WT (two-tailed ¢ test). (B to E) RT-PCR
analysis. Ucpl gene in BAT (B) and WAT (C) of WT and LXRa ™'~ mice at 25°C and 5°C. Symbols: **#, P < 0.001 versus WT at 25°C; i1+, P <
0.001 versus LXRa ™/~ at 25°C; #f#, P < 0.001versus WT at 5°C (one-way ANOVA). PGC-1la mRNA in BAT (D) and WAT (E) of WT and
LXRa ™'~ mice at 25°C and 5°C. Symbols: *, P < 0.05; ##*, P < 0.001 versus WT at 25°C; %, P < 0.05; £$%, P < 0.001 versus WT at 5°C (one-way

ANOVA). All results are means = SEM for five mice for each genotype.

males) were placed at 5°C for up to 7 h. As shown in Fig. 1A,
at 25°C the body temperature of LXRa ™/~ mice was signifi-
cantly higher (0.25°C) than that of WT mice, and they main-
tained this elevated temperature difference during the cold
challenge. The temperature of LXRa /= LXRB ™/~ mice
tended to be intermediate. The fact that mice lacking LXRs
have a higher body temperature prior to the cold challenge,
which tends to persist through the 5°C period, suggests that the
machinery of nonshivering thermogenesis involving Ucpl and
PGC-1a can be constitutively elevated in LXR-null mice. Gene
expression was measured in BAT and WAT of these animals at
room temperature and following cold challenge. At room tem-
perature, Ucpl mRNA levels in LXRa ™/~ mice were threefold
higher than in WT mice (Fig. 1B). Following 7 h of cold
exposure, there was a fourfold increase in Ucpl expression in
WT mice, with only a modest further increase in LXRa ™/~
mice. As observed previously (26), the difference in Ucpl ex-
pression levels between the genotypes was more dramatic in
WAT (Fig. 1C). Compared with what was seen for WT mice,
there was a 10-fold increase in Ucpl mRNA for LXRa ™/~
mice in gonadal WAT even at 25°C (26), and there was a
further significant elevation after 7 h at 5°C. In WT mice, Ucpl
expression in WAT was unchanged in response to the cold
(Fig. 1C). Interestingly, in BAT there was no significant dif-
ference between WT and LXRa ™/~ mice in the expression of
PGC-1a at room temperature or in the ability to robustly
induce PGC-1a mRNA in response to cold exposure (Fig. 1D).
In WAT of WT mice, there was a 1.5-fold increase in PGC-1a

mRNA levels following the 5°C challenge, as observed previ-
ously (6, 41). However, in WAT of LXRa '~ mice, PGC-1a
gene expression was only slightly higher than that seen for WT
mice at 25°C, with no further increase in response to cold (Fig.
1E). Taken together, these data reveal a significant inverse
relationship between expression of LXRa and Ucpl and cold
sensitivity, but not with PGC-1a gene expression.

Adipocytes from LXRa ™'~ mice exhibit multiple character-
istics of the brown adipocyte phenotype. Given the increased
basal body temperature and expression of UCP1 in adipose
tissue of LXRa /™ mice, we also investigated the possibility
that the adipocytes in these mice have higher thermogenic
activity due to a higher density of mitochondria and the ex-
pression of genes involved in fat oxidation. Consistent with this
idea, the expression of a collection of genes involved in mito-
chondrial biogenesis, including those of both the nuclear and
mitochondrial genomes, were greater in adipose tissue from
LXRa /" mice than in that from WT animals (Fig. 2A and C).
In addition to Ucp1, which was increased up to 10-fold in WAT
of LXRa ™'~ mice, several other genes of particular interest
that were significantly increased in both BAT and WAT of
LXRa '~ mice include those for the brown adipocyte marker
CIDE-A, mitochondrial transcription factor A, and subunits of
nuclear respiratory factor 2. These data suggest increased
brown adipocyte numbers as well as mitochondrial density
within these adipose depots. Immunostained sections from
BAT or gonadal WAT for UCP1 readily show that the cells in
BAT from LXRa /" mice tend to be smaller and more in-
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FIG. 2. Increased expression of mitochondrial and brown fat markers in BAT and WAT of LXRa /™ mice. RT-PCR analysis of genes in BAT
(A) and WAT (C) of WT and LXRa /™ mice at 25°C. Data are expressed relative to those for the WT mice. Symbols: *, P < 0.03; **, P < 0.001;
#%%, P < (0.0001 versus corresponding gene in WT (two-tailed ¢ test). Immunohistochemical staining for UCP1 in BAT (B) and gonadal WAT
(D) from WT and LXRa /" mice. All results are means = SEM for five mice for each genotype.

tensely stained for UCP1, as indicated by the red-brown color.
They also contain smaller lipid droplets than WT mice (Fig.
2B). Similarly, in white adipocytes from LXRa-null animals
one can see significantly greater punctuate red-brown UCP1
staining, as shown in Fig. 2D.

Since adipose tissue contains other cell types in addition to
adipocytes, MEFs derived from the WT or LXRa /" mice
were subject to the standard adipocyte differentiation protocol,
and the expression levels of the same panel of genes were
examined. Cells from both genotypes could differentiate into
adipocytes. Morphologically, both WT and LXRa-null cells
accumulated lipid droplets, and the expression of adipocyte
marker genes such as aP2 and B;AR were increased compared
with what was seen for untreated fibroblasts (Fig. 3A and B).
While the expression of aP2 is lower in the LXRa ™/~ adipo-
cytes, the expression of B;AR is higher. Figure 3C shows that
the pattern of mitochondrial and brown fat marker gene ex-
pression observed in adipose tissues from the WT and
LXRa /" mice was preserved in the cultured cells. Transcripts
were elevated for each of the brown adipocyte marker genes in
the adipocytes derived from the LXRa ™/~ MEFs. Some were
increased 2- to 3-fold while others, such as those for Elovl3,
Ucpl, PGC-1a, Cox4, and cytochrome ¢, were increased be-
tween 5- and 10-fold. Again, it is important to note that this is

under basal conditions without added cAMP or other stimu-
lators. Next, mitochondrial content was measured before and
after differentiation of MEFs into adipocytes by use of Mito-
Tracker green coupled with flow cytometry. Figure 3D shows
that upon differentiation from the fibroblast stage, mitochon-
drial mass increased by approximately 20% in WT cells. How-
ever, in the LXRa-null cells the increase in mitochondrial mass
following differentiation was more than four times greater than
that seen for the WT. Thus, even in the unstimulated, basal
state, LXRa ™/~ adipocytes are endowed with significantly
more mitochondria. These adipocytes from LXRa ™/~ mice
also exhibit increased oxygen consumption and uncoupled res-
piration. As shown in Fig. 3E, the basal oxygen consumption of
LXR ™/~ cells is twofold higher than the level observed for WT
cells. In the presence of FCCP, which raises the respiratory
activity to maximal levels, oxygen consumption in the
LXRa ™/~ cells was still significantly higher than that of WT
cells. This indicates that LXRa /" cells have a greater mito-
chondrial electron transport capacity, consistent with the in-
creased mitochondrial mass. The fact that FCCP induced a
twofold increase in the respiratory rate of WT cells but no
significant increase in LXRa ™'~ cells implies that the basal
electron transport activity of the LXRa ™/~ cells is nearly max-
imal. Oligomycin inhibits ATP synthetase to suppress only
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FIG. 3. Increased mitochondrial mass, respiration, and brown adipocyte markers in LXRa /" adipocytes. Expression of adipogenic marker
genes aP2 (A) and ;AR (B) in undifferentiated (UnD) and differentiated (Diff) WT and LXRa ™'~ MEFs. Symbols: ##%, P < 0.001 versus WT
(UnD); 17, P < 0.001 versus LXRa ™/~ (UnD); £1#, P < 0.001 versus WT (Diff) (one-way ANOVA; n = 6). (C) Expression levels of genes related
to mitochondrial biogenesis and brown fat in adipocytes derived from WT and LXRa ™'~ MEFs. ##%, P < 0.001 versus the corresponding gene
in the WT (two-tailed 7 test; n = 6). (D) Percent increase in mitochondrial mass upon differentiation of WT and LXRa ™/~ MEFs measured by
MitoTracker green and flow cytometry. *, P < 0.05 versus WT (two-tailed ¢ test; n = 2). (E) Oxygen consumption in adipocytes derived from WT
and LXRa /= MEFs by using a Clark-type oxygen electrode under basal conditions or following ATP synthetase inhibitor oligomycin (2 wg/ml;
uncoupled respiration) or FCCP (8 wM; maximum respiration). Symbols: *, P < 0.05; **, P < 0.01; *%*, P < 0.001 versus corresponding treated
WT; §, P < 0.01; 1, P < 0.001 versus basal untreated WT (one-way ANOVA; n = 3). All data are means = SEM.

oxidative phosphorylation-associated respiration. As a result,
all residual respiration is due to uncoupling. With oligomycin
treatment, LXRa /"~ cells still maintained a threefold increase
in oxygen consumption over that of the WT cells. In addition,
in WT cells there was a twofold-decreased respiratory rate in
the presence of oligomycin, whereas in LXRa ™/~ cells most

respiration was oligomycin insensitive. These results reflect a
net increase in the uncoupling capacity of LXRa ™/~ cells.
Since LXRa ™/~ adipocytes have increases not only in UCP1
expression but also in mitochondrial mass, respiration, and
mitochondrial uncoupling, this finding is consistent with the
data in Fig. 2 showing increased UCP1 and mitochondrial gene
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FIG. 4. LXR agonists selectively suppress cAMP-stimulated Ucpl gene expression in brown adipocytes. Expression levels of Ucpl1(A) and
SREBP1 (B) in differentiated HIB-1B cells treated for 6 h with vehicle (DMSO), 10 uM FSK, 1 pM 22R-OH, and 5 uM T09 as indicated.
Transcripts were measured by RT-PCR using TagMan probes. Results are means = SEM (n = 4) relative to values for vehicle-treated cells. (C
to F) Ucpl and PGC-1la transcripts were measured by RT-PCR by TaqgMan probes in differentiated primary brown adipocytes (C and D) and
HIB-1B cells (E and F). Cells were treated for 6 h with vehicle (DMSO), 10 pM FSK, 10 M Iso, and 5 M T09 as indicated. Results from three
experiments were performed in duplicate and are presented as means = SEM relative to values for vehicle-treated cells. Symbols: **, P < 0.01;

*%%, P < 0.001 versus vehicle; i, P < 0.001 versus FSK; £f, P < 0.01, ££%; P < 0.001 versus Iso (one-way ANOVA).

expression in adipose tissue from LXRa ™/~ mice. Altogether,
this supports the idea that increased respiration and uncou-
pling reduces fat storage in LXRa /™ mice. In terms of events
at the cellular level, the data also indicate that in the absence
of LXRa there is a greater predilection for the adipocytes to
differentiate into what resembles a brown adipocyte pheno-
type.

LXRa suppresses BAR agonist- and FSK-induced Ucpl
gene expression. In order to explore the mechanism by which
LXRa affects Ucpl gene expression, we treated differentiated
HIB-1B brown fat cells with two different LXR ligands: the
oxysterol 22R-OH and the synthetic ligand T09. As shown in
Fig. 4A, there was no effect of the LXR ligands on basal levels
of Ucpl gene transcripts, which were very low. Following pro-
vision of the adenylyl cyclase activator FSK, there was a very
robust stimulation of Ucpl gene expression, which was sup-
pressed by both LXR ligands. In the same cells, however, the
expression of SREBP1, a well-known LXR target gene, was
increased by both 22R-OH and T09 (Fig. 4B). The effects of
T09 and 22R-OH on SREBP1 were not significantly different.
These results indicate that LXR is capable of both stimulating
and repressing different target genes within the same cell.
While the ability of LXRs to directly bind and activate the
transcription of various target genes is well known, this unique
suppression of Ucpl gene expression by LXR activation could
be either direct or indirect.

To examine this inhibitory activity of LXR on UCP1 in more
detail, we extended these initial studies into primary brown
adipocytes as well as WT and LXRa /~ MEFs. In the first
experiment, fully differentiated primary cultures of brown fat
cells and HIB-1B immortalized brown adipocytes were treated
with the B-agonist Iso or with FSK to induce Ucpl gene ex-
pression. As shown to the left of Fig. 4C and E, in both cell
models T09 alone had no effect on Ucpl gene expression but,
as for results depicted in Fig. 4A, it eliminated at least half of
the increase due to either Iso or FSK. Interestingly, although
we and others have consistently seen a close temporal and
mechanistic parallel in the responses of the Ucpl and PGC-1a
genes to B-adrenergic stimulation (6, 41, 57), in this case the
addition of T09 did not affect basal or cAMP-induced PGC-1a
gene expression (Fig. 4D and F, right).

The next experiments using MEFs derived from the WT and
LXRa ™/~ mice provided a genetic approach to the role of
LXRa on cAMP-induced Ucpl gene expression. As depicted
in Fig. 5SA, TagMan RT-PCR results comparing WT and
LXRa-null cells showed that Ucpl gene expression was
strongly induced in response to FSK in cells from both geno-
types. Note that in LXRa ™/~ cells this induction was almost
10-fold higher than that in the WT cells. The same pattern was
observed when cells were treated with Iso. The ability of T09 to
suppress cAMP-dependent Ucpl gene expression was ob-
served only in WT cells, not in LXRa-null cells. Since even
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FIG. 5. Suppression of cAMP-stimulated Ucp1 expression is absent from LXRa '~ adipocytes. Differentiated MEFs were treated for 6 h with
vehicle (DMSO), 5 uM T09, 10 pM FSK, and FSK plus T09 as indicated. RT-PCR analysis of Ucp1(A) and PGC-1a (B) gene expression in WT

and LXRa ™/~

adipocytes. Results are means = SEM relative to vehicle-treated cells for each genotype. Symbols: #+%, P < 0.001 versus

vehicle-treated control; 71, P < 0.001 versus FSK; fii, P < 0.001 versus Iso (one-way ANOVA; n = 4 to 6).

under nonstimulated conditions the expression of Ucp! is al-
ready 8- to 10-fold higher in LXRa ™/~ cells, this indicates that
under stimulated conditions the absolute differences in expres-
sion of Ucpl between WT and LXRa /= cells are several
hundredfold. By contrast, the absence of LXRa had a small
effect on cAMP-dependent increases in the expression of the
PGC-1a gene (Fig. 5B). These results are similar to the data
from primary brown adipocytes and HIB-1B cells (Fig. 4).
Altogether, the results support a model in which activated
LXRa antagonizes the cAMP-dependent transcription of the
Ucpl gene. Since LXRP is still present in these LXRa ™/~
cells, and LXRa ™/~ LXRB '~ cells behaved in a fashion es-
sentially identical to that of the LXRa '~ cells (not shown),
the results also indicate that, at least for regulating Ucp1 gene
expression, LXR@ does not compensate for the absence of
LXRa. Thus, it appears that the effect of LXR agonists to
blunt Ucpl gene expression is a property of LXRa alone.
Absence of LXRa does not alter the activity of BAR-regu-
lated kinases. To address the possibility that the LXRa ™/~ cell
phenotype is due to changes in the amount or activity of more-
proximal elements in the BAR signaling cascade that lead
ultimately to Ucpl gene transcription, we examined the BAR-
dependent activation of PKA and p38 MAPK, two key factors
involved in the transcription of the Ucpl gene (6, 44, 56). A
comparison of PKA and p38 MAPK activities under both basal
and stimulated (10 wM Iso) conditions in WT and LXRa ™/~
adipocytes differentiated from MEFs is given elsewhere (see
http://www.thehamner.org/docs/collins-mcb08.pdf). Relative to
what was seen for the untreated WT cells, it is clear that there

are no differences in basal PKA and p38 MAPK activities in
the LXRa ™/~ cells and minimal differences between genotypes
in response to Iso.

LXRa represses cAMP-dependent Ucpl gene transcription
through a DR-4 element in its enhancer region. Within the
powerful enhancer region of the Ucpl promoter that was orig-
inally defined by Kozak et al. (28) and Cassard-Doulcier et al.
(7), we noticed a previously unidentified conserved DR-4 se-
quence element (Fig. 6A). To test the idea that this DR-4 in
the Ucpl enhancer could be responsible for the effects of
ligand-activated LXRa to antagonize cAMP-dependent trans-
activation, we first determined whether LXRa is capable of
binding to this DR-4 sequence. Shown in Fig. 6B are the
sequences used in gel shift experiments. The LXRE used as a
positive control is from the mouse GLUT4 gene (13). Two
mutations in the Ucpl DR-4 were made: an internal deletion
that removed the four-base spacer between the repeats
(“dDR-4”), and a substitution mutation within the upstream
repeat (“mDR-4"). Nuclear extract from HIB-1B cells (treated
with T09 or not as indicated) produced DNA-protein com-
plexes with the radiolabeled LXRE and the DR-4 of the UcpI
enhancer (Fig. 6C, lanes 1 to 5). When the Ucpl DR-4 se-
quence was used as a probe (Fig. 6C, lanes 6 to 16), this
binding could be eliminated by increasing concentrations of
unlabeled WT sequence, while the mutants were substantially
impaired in their ability to compete for binding. The identity of
LXRa as the binding species was confirmed by the inclusion of
anti-LXRa antiserum, resulting in the supershifted species in-
dicated. These results demonstrate that LXRa can bind the
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FIG. 6. Activated LXRa suppresses cAMP-stimulated Ucp! enhancer activity through a DR-4 element. (A) Alignment of DR-4, DR-1, and
CRE2 in the enhancer regions of the Ucpl genes from five species. (B) Design of synthetic oligonucleotides containing LXRE from mGlut4 (13)
and DR-4 from the mouse Ucp! enhancer. (C) Gel shift assays using nuclear extracts (5 pg) from HIB-1B cells incubated with radiolabeled LXRE
or DR-4 in the absence or presence of increasing molar amounts (10X, 100X) of the unlabeled WT and mutant competitor oligonucleotides shown
in panel B. For supershift analysis, anti-LXRa antiserum (1 pl, 2 wl) was added to the binding reaction mixture. Lanes 1 and 6 contain no nuclear
protein. The black arrowhead indicates the protein-DNA complex. The white arrowhead indicates the supershifted complex. (D and E) Transient
transfection of HIB-1B cells with tk-CAT reporter genes containing the 220-bp enhancer element from the mouse Ucpl gene with WT or mutant
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FSK-treated WT-DR-4 (one-way ANOVA; n = 3).

Ucpl DR-4 sequence in vitro. It also implies that LXRB does
not bind, since the antiserum is specific for LXRa (58).

The next experiments were designed to determine whether
the DR-4 sequence is directly involved in the inhibition of
Ucpl gene expression by activated LXRa. Deletion of the
4-base spacer region of the Ucpl DR-4 element was con-
structed in the 220-bp enhancer sequence of the mouse Ucpl
gene and used in promoter-reporter assays as performed pre-
viously (5, 6). The WT and dDR-4 constructs were transfected
into differentiated HIB-1B cells, and their activity in response
to FSK and T09 was assessed. As shown in Fig. 6D, T09
blocked FSK-induced transactivation of the WT Ucpl en-
hancer. There was no effect of T09 under basal conditions,
similar to findings for cultured adipocytes (Fig. 4, 5, and 6).
However, the basal activity of the dDR-4 construct was ele-
vated more than twofold, and T09 was unable to blunt the
increase in response to FSK. The same results were obtained
for a construct containing the substitution mutation in DR-4

(not shown). In a separate approach, LXRa and RXRa were
overexpressed together with the cotransfected Ucpl promoter
constructs (Fig. 6E). In this case, a similar inhibitory effect of
LXRa on FSK-stimulated Ucpl enhancer activity was ob-
served, but compared with the results in Fig. 6D, the ability of
FSK to transactivate the WT Ucpl enhancer was greatly di-
minished. Moreover, overexpression of LXRa and RXRa had
no effect on the activity of the dDR-4 mutant. Altogether,
these findings are consistent with the view that activated LXRa
suppresses Ucpl gene transcription through DR-4 in the en-
hancer of the Ucpl gene.

The corepressor RIP140 is required for the suppression of
Ucpl gene transcription by LXRa. The results from the gel
shift experiments and the effects of the DR-4 mutations on
Ucpl expression suggested that LXRa is interfering with the
transactivation of the Ucpl enhancer. In earlier studies, we and
others discussed the importance of the DR-1 PPARYy binding
site (6), which is a target of the PKA/p38 MAPK-dependent
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FIG. 7. Dismissal of PPAR«y from the Ucpl enhancer by activated LXRa and role of RIP140 in suppressing of Ucpl gene transcription.
Differentiated HIB-1B cells (A, B, D, and E) and adipocytes derived from LXR '~ (C) or RIP140 /'~ (F) MEFs were treated with FSK (10 uM)
or FSK plus T09 (5 uM) for 6 h and collected for immunoprecipitations with anti-RIP140, anti-LXRa, and anti-PPARy sera as illustrated and as
described in Materials and Methods. Occupancy of the Ucpl enhancer by LXRa (A and B) and PPARY (A, B, C, and F) and PGC-1a and RIP140
(D and E) was detected by ChIP. (G and H) HIB-1B cells were transfected with siRNA targeting RIP140 as described in Materials and Methods
and subsequently treated (G) or not (H) with delivery of vector-containing Ucpl enhancer (Ucpl-En-tk-CAT) and B-actin-luc as an internal
control. Six hours prior to collection for assays, cells were treated with the following: T09 (5 uM), FSK (10 wM), or FSK plus T09. Ucp! enhancer
activity and transcripts were measured by CAT and luciferase enzyme activity assay and by RT-PCR using TagMan probes with GAPDH as an
internal control, respectively. Immunoprecipitated DNA was analyzed by agarose gel imaging (A and D) and quantitative PCR using specific
primers for Ucpl enhancer (B, C, E, and F). Bar graphs are presented as means = SEM. V, vehicle; MW, molecular weight. Symbols: *#x, P <
0.001 versus vehicle or vehicle of scrambled sequence; 1, P < 0.001 versus FSK of scrambled sequence (one-way ANOVA).
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transactivation of the Ucpl gene (6). Since this DR-1 is im-
mediately adjacent to DR-4, with only one base between them
(Fig. 6A), this suggested that occupancy of DR-4 by LXRa
might somehow interfere with the cAMP-stimulated binding
and function of PPAR~y at the DR-1 for the transactivation of
the Ucpl gene. To explore this possibility, ChIP assays were
performed with HIB-1B cells that had been treated with FSK
or T09 as indicated. Figure 7A shows representative gels and
Fig. 1B presents the PCR quantitation. T09 alone did not cause
recruitment of LXRa to the Ucpl enhancer. However, binding
was recovered from cells treated with FSK. PPARy was also
recruited to the Ucpl enhancer in response to FSK, as we have
previously observed (6, 44), but, importantly, with the addition
of T09 this interaction was lost. These data also illustrate that
LXRa is recruited to the Ucpl enhancer by cAMP, but it is the
presence of the LXR agonist that is necessary for interference
with the cAMP-dependent recruitment of PPAR'y. The results
indicate that when LXRa is in its ligand-activated conforma-
tion, a competition or exclusion exists between these two nu-
clear factors for occupancy of this region of the Ucp! enhancer.
As shown in Fig. 7C, results from ChIP assays performed with
LXR-null cells show that the dismissal of PPARYy from the
Ucpl enhancer in response to the LXR agonist is abolished.
The action of transcription factors depends on the recruit-
ment of additional elements to the target genes where they
play distinct roles. Along with the activity of various chromatin
remodeling enzymes and the polymerase II transcriptional ma-
chinery, gene activation is orchestrated by recruitment of co-
activators, and the process of transcriptional activation can be
reversed by recruitment of corepressors. PGC-1a is a coacti-
vator for Ucpl, and we and others have shown previously that
it is recruited to the Ucpl enhancer. Interestingly, several as-
pects of the phenotype of mice lacking the corepressor RIP140
mirror the LXRa /" phenotype (8, 30). Therefore, since
RIP140 has been found on the Ucpl gene promoter (8, 30), we
set out to determine whether LXRa recruits RIP140 to func-
tion as the corepressor on the Ucp! enhancer upon activation
by T09. ChIP assay results are shown in Fig. 7D, and the
quantification is shown in Fig. 7E. In the presence of T09
alone, immunoprecipitation with the RIP140 antisera did not
recover the Ucpl enhancer. In the presence of FSK, in which
LXRa is present at the enhancer, there was a small increase in
RIP140, as detected in the quantitation (Fig. 7E). However,
upon the addition of T09 in the presence of cAMP, the re-
cruitment of RIP140 on the Ucpl enhancer was dramatically
increased. Also as shown in Fig. 7E, the LXR ligand did not
cause the recruitment of PGC-1a binding, nor did it affect
PGC-1a recruitment induced by FSK. Obviously, this does not
eliminate the possibility that upon the addition of LXR ligand
there is some modification of PGC-1a that affects its coactiva-
tor function, but in any event these data show that the loss of
PGC-1a is not a necessary requirement for the repressive ac-
tivity. Finally, as shown in Fig. 7F, data from ChIP assays
performed with adipocytes differentiated from RIP140-null
cells show that, as observed for LXR-null cells (Fig. 7C), the
loss of PPARY from the Ucpl enhancer with the LXR ligand
was abolished. These results further suggest that the transre-
pression of the Ucpl gene mediated by activated LXR requires
corepressor RIP140 and its regulated clearance of PPARYy.
In order to further investigate whether RIP140 can function-
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ally modulate LXRa-mediated repression of Ucpl gene tran-
scription, gene silencing experiments were performed using
siRNA. Pilot RNA interference (RNAi) experiments (http:
/fwww.thehamner.org/docs/figures.pdf) showed complete knock-
down of RIP140. Under these conditions, in HIB-1B cells
transiently transfected with the Ucpl enhancer/reporter plas-
mid, the scrambled sequence had no effect on the ability of
ligand-activated LXRa to block FSK-stimulated transactiva-
tion of the Ucp! enhancer (Fig. 7G). In the absence of RIP140,
the LXR ligand failed to suppress FSK-stimulated activity. We
performed the same RNAi knockdown experiment and exam-
ined the expression of the endogenous Ucpl gene. As shown in
Fig. 7TH, the results were essentially the same as those observed
for the reporter constructs with the HIB-1B cells, as shown in
Fig. 7G. In the absence of RIP140, the basal expression of
Ucpl was ~5-fold greater than in cells provided the scrambled
sequence, and FSK-stimulated expression was not blocked by
T09. All the data together lead to the conclusion that RIP140
is required for the suppression of Ucpl gene transcription by
activated LXRa.

DISCUSSION

The ability to express UCP1 in WAT depots is associated
with resistance to obesity, as shown in genetic studies with
various mouse strains as well as overexpression studies (1, 12,
18, 27, 49). In the latter case, simply overexpressing UCP1 in
WAT appears sufficient to promote mitochondrial biogenesis
(49). Recently, several reports have indicated that mitochon-
drially derived signals such as those that stem from changes in
mitochondrial membrane potential or ATP production can
promote mitochondrial biogenesis by a process known as “ret-
rograde signaling,” but the molecular basis of this is not clear
(31). Therefore, because of the evidence for decreased mito-
chondrial function in metabolic disease (34) and the search for
mechanisms to combat obesity, understanding the molecular
basis of brown versus white adipocyte differentiation continues
to be of interest.

What factors and pathways control the differentiation of
brown versus white adipocytes has been a long-standing ques-
tion (22). More recently, there has been a debate in the field,
based on several compelling observations, as to whether brown
and white adipocytes have the capacity to interchangeably
“transdifferentiate” between these two cytotypes (10, 35). The
SNS is the main driver for the development and maintenance
of the brown adipocyte phenotype. It is well established that
under conditions in which SNS activity is minimized, such as
when animals are maintained at thermoneutrality, brown adi-
pocytes lose their characteristic features of UCP1 expression
and their high density of mitochondria (9). If maintained in
these conditions long enough, these cells can begin to produce
typical white adipocyte markers, such as leptin (3). When SNS
function is reestablished, expression of UCP1 and mitochon-
drial biogenesis is restored. Therefore, brown adipocytes
might be able to morphologically resemble white adipocytes
but retain a genetic “memory” that allows them to reacquire
the brown adipocyte phenotype when stimulated.

In the pursuit of understanding the molecular basis for the
brown versus white fat fate, investigators have searched for the
pathways and factors that activate or promote brown adipocyte
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differentiation. For example, PGC-1a was discovered as a fac-
tor that was highly enriched in brown but not white adipocytes
(41) and now appears to be important for mitochondrial bio-
genesis per se in many cell types (16). Another molecule called
prdm16 has recently been proposed as a determining factor for
brown adipocyte differentiation (51), but its mechanism is un-
clear. In addition to these approaches, it is equally useful to
identify those elements that actively inhibit or repress brown
adipocyte differentiation or its thermogenic activity. In that
regard, targeted disruption in mice of several genes directly
involved in energy storage and fat accumulation have been
shown to lead to a lean phenotype and dramatic increases in
UCP1 expression in adipocytes, particularly in white fat depots
(see reference 20 for a review). For example, the apoptotic
family member CIDE-A is highly expressed in brown fat,
where it appears to interact with UCP1 to suppress its uncou-
pling function. In the absence of CIDE-A, there is unre-
strained uncoupling of respiration, and the animals exhibit a
lean phenotype (61). There are also several nuclear transcrip-
tion factors whose absence also leads to a similar phenotype:
these include the LXRs, ERRa, retinoblastoma protein, and
RIP140 (20).

In the case of the LXRs, they normally promote energy
storage through the expression of the lipogenic transcription
factor SREBP1c, while the genetic absence of both subtypes of
LXR leads to ectopic expression of UCP1 in muscle and WAT,
which is more pronounced following consumption of a fat- and
cholesterol-containing “Western” diet (26). Here in this study
we show that, unlike what was found in the study of Kalaany et
al., mice lacking only LXRa have a significantly higher basal
body temperature that is consistent with the greater levels of
expression of UCP1 in both BAT and WAT. LXRa /~ mice
also possess more mitochondria and express a broad range of
genes that encode mitochondrial proteins and specific markers
of brown adipocytes. Thus, it would seem that in adipose tissue
LXRa functions as an inhibitor of the common SNS and BAR
signaling pathways that promote both diet-induced and cold-
induced thermogenesis. Since the results for mice and cultured
fat cells lacking LXRa alone were indistinguishable from re-
sults obtained with LXR double knock-out samples, this
strongly suggests that LXRa is the operationally important
isoform for this phenotype of increased basal UCP1 expression
and mitochondrial biogenesis.

In the current work, we demonstrate by a number of differ-
ent approaches that agonist-activated LXRa directly antago-
nizes transcription of the Ucpl gene through a DR-4 element
in the Ucpl gene promoter to block the induction that results
from SNS activation. First, using several different adipocyte
models, we observed that the suppression of Ucpl gene ex-
pression was evident only when both LXRa and its selective
agonist were present. Adipocytes differentiated from WT and
LXRa '~ MEFs showed that cAMP-stimulated UCP1 expres-
sion could be blocked only in WT cells and not in LXRa-null
cells. An important point is that LXRa /" adipocytes ex-
pressed significantly more UCP1 even under unstimulated
basal conditions, and there was an enormous increase in ex-
pression in response to FSK or the BAR agonist Iso. Impor-
tantly, we determined that cultured adipocytes from the
LXRa ™/~ mice had higher mitochondrial density, oxygen con-
sumption, and uncoupled respiration, which was also reflected
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in the increased expression of a panel of mitochondrial and
brown adipocyte marker genes in these cells.

An important factor shown to promote Ucpl expression in
brown adipocytes, and mitochondriogenesis in general, is the
coactivator PGC-la. PGC-la participates together with
PPARYy in Ucpl gene transcription in response to B-adrenergic
stimulation, through a cAMP/p38 MAPK pathway (15). Tran-
scription of both the Ucpl and PGC-1a genes in response to
B-adrenergic stimulation often shows close temporal and
mechanistic parallels. However, the inhibitory effect of LXRa
is specifically on the Ucpl gene and not a primary consequence
of changes in PGC-1a itself. Instead, we identified a DR-4
element in the Ucpl gene enhancer to which LXRa binds. As
shown in ChIP assays, this site is immediately adjacent to the
DR-1 site that becomes occupied by PPAR+y upon elevations in
cAMP (6). Curiously, we observed that conditions that elevate
cAMP also result in LXRa being recruited to the enhancer,
even in the absence of its ligand. It is unclear whether LXRa
is chemically modified in some way and what the function of
this cAMP-dependent binding of LXRa is for the enhancer,
since the genetic absence of LXR obviously does not hamper
the ability to transactivate the Ucpl gene; instead, the expres-
sion of Ucpl is enormously increased. In any event, the signif-
icant point is that upon agonist activation of LXRa, the cAMP-
induced binding of PPARy is lost. This suggests that the
dismissal of PPARYy is involved in the suppression of Ucpl
transcription. Other interpretations were considered. These
included a possible direct interaction between LXRa and
PPARY, but this is unlikely for two reasons. First, in response
to cAMP, which is the stimulus for Ucpl transcriptional acti-
vation, LXRa and PPAR‘y are nevertheless both found on the
Ucpl enhancer. Second, reports of cross talk between PPAR
and LXR have appeared and, at least with cell culture models
of forced overexpression, show that these two nuclear recep-
tors can interfere with each other’s ability to activate target
genes by competing for limiting amounts of RXR (23, 60).
However, for our studies, this explanation is unlikely, since the
provision of excess receptors did not eliminate the ability of
LXR to repress Ucpl gene expression. Finally, it is known that
thyroid hormone augments the process of nonshivering ther-
mogenesis and UCP1 expression in BAT (55), but the exact
mechanism is still not clear. Although thyroid hormone recep-
tors can bind DR-4 elements (21), we can find no support for
an involvement of a thyroid hormone receptor from either
gene transfection or in vitro DNA-protein binding experiments
that would explain the DR4-dependent regulation of Ucpl
gene expression (data not shown).

Since the control of gene expression by nuclear receptors
requires the recruitment of coregulator complexes, RIP140
was a good candidate to investigate for several reasons. The
phenotype of RIP140-null mice is remarkably similar to that of
LXRa '~ mice (8, 30). These animals are reported to be lean
and resistant to obesity induced by a high-fat diet, due to a
higher mitochondrial uncoupling-derived energy expenditure.
RIP140 is also highly induced during white adipocyte differen-
tiation (39). Interestingly, this is driven by the nuclear receptor
ERRa, the absence of which in mice has also been reported to
produce a hypermetabolic, lean mouse (32). Finally, RIP140
was previously found on the Ucpl enhancer (8), although there
was no particular association with any nuclear receptor. Re-
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cently, Debevec et al. proposed that RIP140 regulates Ucpl
gene transcription with the involvement of ERRa and PPAR«
(14), but no specific binding site was proposed. We clearly
show by ChIP assays that RIP140 appears on the Ucpl pro-
moter only in response to the agonist activation of LXR, when
PPARY is eliminated from the promoter. In addition, RNAI
silencing of RIP140 expression eliminated the ability of the
LXR agonist to suppress Ucpl expression; results for RIP140
RNAi in LXRa ™/~ cells were similar. Other corepressors, such
as nuclear receptor corepressor and the silencing mediator of
retinoic acid and thyroid hormone receptors, might be consid-
ered to play a role in the repression mediated by LXRa, since
they have been shown in another system to be involved in LXR
ligand-independent transcriptional repression at the SREBP1
promoter (59). However, repression of the Ucpl promoter by
LXRa occurs only in response to cAMP and in the presence of
the LXRa ligand. Thus, with the discovery of the DR-4 in the
Ucpl enhancer that mediates this LXRa repression, there is
clearly a need for further work to gain a better mechanistic
understanding of the complex molecular interactions that are
taking place on this functionally “crowded” enhancer region of
the Ucpl promoter.

In summary, our results show a novel role for LXRa to
function as a direct transcriptional repressor. It also suggests
that LXRa is functioning as a “brake” on the expression of
genes that promote the differentiation process toward the
brown adipocyte phenotype. It is unclear at this point whether
the molecular basis of this phenomenon is due to (i) the ability
of LXRa to repress a network of genes that contribute to the
brown adipocyte phenotype or (ii) the robust expression of
UCP1, now unrestrained by that lack of LXRa, creating a
mitochondrially derived signal that promotes mitochondrial
biogenesis by retrograde signaling. Both mechanisms are plau-
sible, and this question will need to be addressed in future
studies. On a physiological level, LXRa is equally abundant in
both BAT and WAT, but UCP1 and a rich density of mito-
chondria are found mainly in BAT. This raises the question as
to whether the pivotal regulatory factor by which LXRa reg-
ulates Ucpl and mitochondrial biogenesis involves the avail-
ability of an LXR ligand. Of the enzymes that are presently
known to be involved in the synthesis of oxysterols, cholesterol
24-hydroxylase is confined to the central nervous system, leav-
ing cholesterol 25-hydroxylase (CH25H) as a relevant enzyme
expressed in adipose tissue, although the exact nature of the
true endogenous ligands are still a matter of debate (D. Rus-
sell, personal communication). Interestingly, when expression
levels of CH25H were measured, there was 30-fold more
CH25H in WAT than in BAT (http://www.thehamner.org/docs
/collins-mcb08.pdf). These observations would appear to sug-
gest that under physiological conditions when conditions favor
the storage of lipid-rich energy, it would be preferable for a
system such as that we have shown for LXRa to suppress
energy-consuming events such as UCP1-dependent uncou-
pling and wasting of energy through thermogenesis. Alto-
gether, this study provides an interesting new avenue of
investigation into understanding the signals and mechanisms
that control the differentially expressed genes in white and
brown adipocytes.
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