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Prolonged cold exposure induces nonshivering
thermogenesis primarily through �-adrenergic-
and cAMP-mediated regulation of uncoupling pro-
tein-1 (UCP1) in brown adipose tissue. Molecular
mechanisms involved in this induction of Ucp1
gene transcription consists of an intricate interplay
between many nuclear receptors in coordination
with coactivators/corepressors. Recently, it has
been shown that members of the nuclear recep-
tor-4A (NR4A) family of orphan nuclear receptors
(Nur77, Nurr1, and NOR-1) are highly responsive to
cAMP-second messenger pathways. Here we have
identified a new regulatory motif in the Ucp1 pro-
moter that binds NR4As to stimulate Ucp1 gene
transcription. Upon cold exposure of mice, or
�-agonist treatment of mouse and human adipo-

cytes, the expression of NR4A nuclear receptors is
rapidly induced, with NOR-1 being the most robust,
and this precedes increases in Ucp1 expression. A
dominant-negative mutant Nur-77 receptor that
prevents the transcriptional activity of NR4A re-
ceptors blocked �-adrenergic receptor-stimulated
Ucp1 gene transcription. By gel shift and chroma-
tin immunoprecipitation assays, we defined the se-
quence (�5.64 kb) in the Ucp1 promoter to which
NOR-1 binds. In transient reporter assays, this el-
ement significantly augments the activity of a
3.7-kb Ucp1 promoter. These results extend our
understanding of the combinatorial complexity in
the signaling pathways that control this tissue-
specific gene. (Molecular Endocrinology 22:
1057–1064, 2008)

OBESITY RESULTS FROM an imbalance in energy
homeostasis between caloric intake and expen-

diture. Because it appears that central mechanisms of
energy balance tend to favor intake and preservation
of caloric load (1), the identification of cellular mech-
anisms that can cause net energy expenditure could
be advantageous as targets for obesity therapy. One
of the most well understood cellular processes of sus-
tained negative energy balance is the uncoupling of
mitochondrial respiration in brown adipose tissue
(BAT) due to a regulated proton leak in the inner mi-
tochondrial membrane through uncoupling protein 1
(UCP1) (2). As a result of this process, fuel oxidation in
brown adipocytes becomes uncoupled from ATP syn-
thesis, and energy is dissipated as heat. This adaptive
thermogenic response is driven by the sympathetic
nervous system in response to cold temperature as

well as diet, to activate �-adrenergic receptors (�-ARs)
in white and brown adipocytes. These in turn regulate
the activity of lipases as well as nuclear transcription
factors (2, 3). In the case of the Ucp1 gene, many
elements of the signal transduction cascade emanat-
ing from the �-ARs that are involved in its regulation
have been identified, but questions remain (reviewed
in Ref. 3).

BAT-specific and adrenergic control of Ucp1 gene
transcription converge on a 221-bp cis-acting regula-
tory sequence, located �2.31 kb from the transcrip-
tion start site, to which a number of different transcrip-
tion factors and cofactors bind in response to
hormonal cues (3, 27). As such, this enhancer is a
regulatory nexus that permits a multiplicity of out-
comes through additive and synergistic interactions.
In addition, a proximal cAMP-responsive element 4
(CRE4) in the Ucp1 promoter has been shown to con-
tribute to the adrenergic response (4).

Recently, a family of orphan nuclear receptors [nu-
clear receptors 4A (NR4A)] have been shown to regu-
late glucose metabolism in liver and muscle (5, 6). The
NR4A family consists of three members: NR4A1
(Nur77), NR4A2 (Nurr1), and NR4A3 (NOR-1) (7). NR4A
receptors are immediate-early genes that are regu-
lated by many physiological stimuli including growth
factors, hormones, and inflammatory signals. These
receptors are highly expressed in a wide variety of
metabolically demanding and energy-dependent tis-
sues, such as skeletal muscle, adipose, heart, kidney,
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T cells, liver, and the brain (7). In the C2C12 skeletal
muscle cell line, Nur77 was rapidly induced by �-AR
agonists with subsequent regulation of genes involved
in energy expenditure and lipid homeostasis (8). It has
also been shown that in 3T3-L1 adipocytes, all three
NR4As were rapidly and transiently increased upon
initiating their differentiation (9), but more recent evi-
dence indicates that they are not required for differ-
entiation per se (10). Together these studies suggest
that NR4A may be involved in the balance of metabolic
fuel use in ways not previously appreciated.

In this study, we show that in white and brown
adipocytes, the expression of NR4A receptors in-
creases in response to �-AR stimulation of cAMP lev-
els, with NOR-1 being the most robustly increased.
Using a variety of approaches, we demonstrate that it
is one of the necessary elements in the concerted
transcriptional program to increase Ucp1 gene tran-
scription, and we identify the promoter element
through which NOR-1 mediates this effect.

RESULTS

In many cell types, the three NR4A family members,
Nur77, Nurr1, and NOR-1, are often regulated in par-
allel (6, 11). Therefore, we first determined their ex-
pression in vivo in BAT and white adipose tissue (WAT)
under conditions that would activate �-AR signaling.
Because cold temperature exposure stimulates the
sympathetic nervous system and release of noradren-
aline activates �-ARs, mice were acutely placed at 4
C. As shown in Fig. 1A, there was a significant increase
in transcripts for all three NR4A family members, with
NOR-1 exhibiting the most robust response. To more
directly address a role for �-ARs in this process,
mouse HIB-1B brown adipocytes were treated with 1
�M of the synthetic �-AR agonist isoproterenol (Iso) for
2 h to mimic sympathetic nervous system activation.
There was a similar increase in NOR-1 mRNA, which
was also reflected by increased NOR-1 protein as
shown in Fig. 1B.

A previous brief report suggested that Nur77 might
be involved in the inhibition of Ucp1 gene transcription
(12). We explored the regulation of NR4A transcription
factors in adipose tissue and how they might control
the expression of the Ucp1 gene or other genes in-
volved in thermogenesis. The expression of NOR-1,
Nur77, and Nurr1 as well as UCP1 and the transcrip-
tional coactivator peroxisome proliferator-activated
receptor-� (PPAR�) coactivator-1� (PGC-1�) were
measured as a function of time in BAT (Fig. 2A) and
WAT (Fig. 2B) of cold-exposed mice as well as in
cultured mouse HIB-1B (Fig. 2C), 3T3-L1 (Fig. 2D), and
human sc adipocytes (Fig. 2E) that had been treated
with Iso. As shown in the left panels of Fig. 2, all NR4A
family members were induced at 1–2 h of stimulation;
particularly NOR-1, which was the most highly in-
duced in all samples. Note that the responses were

always more pronounced in BAT and brown adipo-
cytes (Fig. 2, A and C) than in WAT and white adipo-
cytes (Fig. 2, B–E). In addition, the pattern of induction
of all NR4A mRNAs was transient, displaying a rapid
decline by 5–6 h. When comparing their peak increase
against the expression of Ucp1 and PGC-1�, shown in
the right panels of Fig. 2, the initial rise in NR4A more
often than not preceded that of Ucp1 and PGC-1�.

The next series of experiments sought to more di-
rectly address the question of whether NR4A regulate
Ucp1 gene expression. Because NOR-1 was consis-
tently the most robustly induced in both adipose tis-
sues and cultured adipocytes, most of the following
studies focused on NOR-1, realizing that these three
orphan nuclear receptors have been shown to have
redundant function in many instances (6, 11). The first
experiment used a dominant-negative approach.
6EB2 CAR�1 brown adipocytes and 3T3-L1 CAR�1
white adipocytes, which were engineered to express
the Coxsackie virus receptor (13), were infected with
an adenoviral vector expressing a dominant-negative
mutant of Nur77 (Nur77-M1) that lacks the AF-1 acti-
vation domain (6). This mutant receptor functions as a
pan antagonist of the transcriptional activity of all three
NR4A family members. Adenoviral green fluorescent
protein (GFP) was expressed as a negative control. In
cells infected with Nur77-M1, Iso-stimulated Ucp1
gene expression was significantly reduced in both
brown (40%, Fig. 3A) and white (60%, Fig. 3B) adipo-

Fig. 1. Expression of NR4A Family Members in BAT and
WAT of Cold-Exposed Mice

A, Real-time PCR analysis of NOR-1, Nurr1, and Nurr77
genes in BAT and WAT of mice at 4 C expressed relative to
those of mice at thermoneutrality. The results are mean � SEM

of three mice in each group; **, P � 0.001; *, P � 0.01; #, P �
0.05. B, Levels of NOR-1 from control or 2-h Iso-treated
HIB-1B cells as determined by RT-PCR (left) and Western
blotting of nuclear extracts (right).
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Fig. 2. Time Course of �-AR-Stimulated NR4A Gene Expression
Real-time PCR analysis of gene expression in BAT (A), WAT (B), HIB-1B (C), 3T3-L1 (D), and human (E) sc adipocytes (h-SQ).

BAT and WAT are from mice exposed to 4 C for indicated times (n � 3). HIB-1B, 3T3-L1, and human adipocytes were treated
with 1 �M Iso for indicated times. The results are mean � SEM of three experiments; **, P � 0.001; *, P � 0.01. Basal cycle threshold
(Ct) values for UCP1 were as follows: BAT, 21; WAT, 28; HIB-1B, 28; 3T3-L1, 31; h-SQ, 32. Basal Ct values for PGC-1� were as
follows: BAT, 21; WAT, 25; HIB-1B, 23; 3T3-L1, 24; h-SQ, 25. Basal Ct values for NOR-1 were as follows: BAT, 26; WAT, 27;
HIB-1B, 27; 3T3-L1, 30; h-SQ, 30. Basal Ct values for Nur77 were as follows: BAT, 22; WAT, 23; HIB-1B, 24; 3T3-L1, 23: h-SQ,
25. Basal Ct values for Nurr1 were as follows: BAT, 25; WAT, 28; HIB-1B, 28; 3T3-L1, 31; h-SQ, 30.
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cytes. Because the efficiency of infection of the differ-
entiated 6EB2 CAR�1 and 3T3-L1 CAR�1 adipocytes
was routinely 50–60%, this suggests that the suppres-
sion of UCP1 in the cells expressing the mutant Nur77
construct was probably much greater. There was also
no effect of Nur77-M1 on the increase of NOR-1 or
PGC-1� transcripts stimulated by Iso (Fig. 3, A and B;
in the case of 3T3-L1 CAR�1 adipocytes, there was no
effect of Iso on PGC-1�; not shown). Therefore, our
results collectively are consistent with a stimulatory
role of at least NOR-1 on Ucp1 gene transcription.

To determine whether NOR-1 directly binds to a
regulatory site in the Ucp1 promoter, we searched for
potential nerve growth factor-responsive element
(NBRE) binding site(s) up to 7 kb 5� to the start site of
transcription. Figure 4A shows a schematic illustration
of this region that includes the important enhancer
containing a number of essential regulatory elements
(3, 4, 14). This cartoon also shows several candidate
NBRE sequences that we identified. EMSA with oligo-
nucleotides containing these potential binding sites
were performed using nuclear extracts from COS-7
cells in which we expressed Flag-tagged NOR-1.
Among the four potential sites at �5.6 kb of the Ucp1
promoter (1–4 in Fig. 4A) oligo 4 strongly bound
NOR-1. Binding of NOR-1 to the NBRE sequence from
the G6P promoter (6) served as a positive control.

There were two weakly homologous sites in the en-
hancer; however, none could bind to NOR-1 (data not
shown). The specificity of binding to probe sequence
4 is shown by competitive binding of the unlabeled
probe in the reaction, where increasing amounts up to
100� of sequence 4 progressively eliminated all bind-
ing (Fig. 4B, lane 5). There was no competition for this
binding when 100� of sequence 3 (Fig. 4B, lane 6) was
used. The identity of NOR-1 as the binding species
was confirmed by addition of anti-Flag antiserum,
which resulted in the slower-migrating supershifted
band (white arrowhead in Fig. 4C). Also shown in Fig.
4C, binding of NOR-1 to sequence 4 was lost when
point mutations were introduced. These results to-
gether show that NOR-1 can bind to an NBRE in the
UCP1 promoter. These in vitro findings were extended
to chromatin immunoprecipitation assays to assess
the occupancy of this distal region of the Ucp1 pro-

Fig. 3. Suppression of Iso-Stimulated Ucp1 Gene Expres-
sion by Dominant-Negative Nur77-M1

Differentiating 6Eb2 CAR�1 (A) and 3T3-L1 CAR�1 (B)
adipocytes were infected with adenoviruses (Ad) for either
GFP or Nur77-M1 as detailed in Materials and Methods. Cells
were treated with 1 �M Iso for 2 h, and RNA was isolated.
UCP-1, NOR-1, and PGC-1� transcripts were measured by
real-time PCR. The results shown are mean � SEM of three
independent experiments; **, P � 0.001; *, P � 0.01; #, P �
0.05. Fig. 4. NOR-1 Binds to NBRE No. 4 in the UCP1 Promoter

A, EMSA with nuclear extracts (5 �g), prepared from
COS-7 cells transfected with NOR-1-Flag vector, that had
been incubated with radiolabeled sequences numbered 1–4
or the NBRE from G6P as a positive control. B, Cold probes
from NBRE 4 (10�, 50�, and 100�) or NBRE 3 (100�) was
included in the binding reactions using NBRE 4 as radiola-
beled probe. C, A mutant oligonucleotide for NBRE 4 (Mut#4)
or anti-Flag antiserum (1 �l) for super-shift was included in
the binding reactions of NBRE 4. A representative image from
three independent experiments is shown.
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moter by NOR-1 in intact cells. HIB-1B brown adipo-
cytes were treated with Iso (1 �M) for 2 h. As shown in
Fig. 5A, NOR-1 was found on this distal portion of the
UCP1 promoter under basal conditions, but it was
significantly increased (2.4-fold) in response to Iso.
PCR amplification with primers to a negative control,
the S6K1 gene, demonstrated the specificity of the
assay (Fig. 5B). We also observed a weak binding of
Nur77 to this distal site of UCP1 promoter (data not
shown).

To establish the functional relevance of this binding,
a small (150-bp) piece of the UCP1 promoter contain-
ing the NBRE (sequence 4) was inserted into two
different reporter constructs to test for responsiveness
to NOR-1. First, as a simple functional test, the NBRE
was placed within the context of a minimal TATA-box
promoter construct driving a luciferase reporter
(NBRE-Luc) and introduced into COS-7 cells with or
without a NOR-1 expression plasmid. Figure 6A shows
that NOR-1 significantly increased luciferase activity
by 2.5-fold as compared with cotransfection with
empty vector pCMV4. Next the NBRE was inserted
immediately 5� to the 3.7-kb mouse UCP1 promoter
(4), designated NBRE-Ucp1-Luc, and its activity was
measured in either COS-7 cells or HIB-1B cells. Using
COS-7 cells, which contain negligible levels of the
prerequisite transcription factors for the expression of
the Ucp1 gene, we reconstituted cAMP-inducible
UCP1 enhancer activity by transfecting expression
plasmids encoding PPAR�, retinoid X receptor-�
(RXR�), PGC-1�, and providing the PPAR� agonist
rosiglitazone, as done previously (15). Under these
conditions, we tested the effect of cotransfected
NOR-1 on the Ucp-1 reporter vectors UCP1-Luc and
NBRE-Ucp1-Luc. As shown in Fig. 6B, luciferase ac-
tivity was increased in both of the reporter vectors in
response to Fsk. However, when cotransfected with
NOR-1, there was a significant increase in the Fsk-
stimulated activity of NBRE-Ucp1-Luc as compared
with Ucp1-Luc. In addition, even in the absence of
Fsk, NBRE-Ucp1-Luc showed a significantly higher
basal activity than Ucp1-Luc with NOR-1 cotransfec-
tion. Finally as shown in Fig. 6C, when transfected into
HIB-1B brown adipocytes, Iso increased Ucp1-Luc
reporter activity by 6.5-fold, whereas for NBRE-Ucp1-
Luc there was a more than 9-fold increase in activity.

Fig. 5. Recruitment of NOR-1 to the UCP1 Gene Promoter
Differentiated HIB-1B cells were treated with Iso (1 �M) for

2 h. NOR-1 was immunoprecipitated as described in Mate-
rials and Methods. Binding of NOR-1 to the UCP1 promoter
(A) or S6K1 gene (B) was detected by PCR. A representative
image from two independent experiments is shown.

Fig. 6. Functional Activity of the NBRE from the UCP1 Pro-
moter in Transient Reporter Assays

A, COS-7 cells were transfected with NBRE-Luc with
NOR-1 expression vector, and luciferase activity was mea-
sured after 48 h. B, Reconstitution of UCP1 promoter activity
in COS-7 cells and effect of NOR-1. COS-7 cells were co-
transfected with either Ucp1-Luc or NBRE-Ucp1-Luc (de-
noted as NBRE) and expression vector for pCMV-NOR-1 as
described in Materials and Methods. Cells were treated with
Fsk (10 �M) during the final 6 h of transfection. Luciferase
activity was normalized to �-galactosidase activity (lower
panel). C, HIB-1B cells were transfected with either Ucp1-Luc
or NBRE-Ucp1-Luc (denoted as NBRE) or NBRE-M-Ucp1-
Luc (denoted as NBRE-M). Cells were treated or not with Iso
(1 �M) during the final 4 h of transfection. Luciferase activity
was normalized to �-galactosidase activity. The results
shown are means � SEM of three independent experiments;
**, P � 0.001; *, P � 0.01; †, P � 0.01 as compared with
Iso-treated samples; #, P � 0.05 as compared with control
untreated samples.
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However, this increase in luciferase activity was elim-
inated when the Ucp1 NBRE sequence (GAAGGTCA)
was mutated (changes in italic) to GAACACGA in the
NBRE-UCP1-Luc plasmid (NBRE-M-Ucp1-Luc; Fig.
6C). Together these results illustrate that the increase
in UCP1 promoter activity in NBRE-Ucp1-Luc was due
to the binding of NR4A family members to the Ucp1
NBRE sequence. From our results collectively, we can
conclude that NOR-1 participates in the cAMP-depen-
dent increase in transcription of the Ucp1 gene.

DISCUSSION

The NR4A orphan nuclear receptors were first cloned
as early response genes to growth factors, and previ-
ous literature confined their importance to immune
function and neuronal development (7). More recently,
NR4A have been shown to be regulators of genes
involved in glucose metabolism in liver and skeletal
muscle (5, 6). Here we show that they are also part of
the metabolic regulation of adipose tissue by aug-
menting the �-adrenergic stimulation of Ucp1 gene
transcription. In response to cold exposure, expres-
sion of NR4A receptors, particularly NOR-1 (NR4A3),
is robustly induced in BAT and WAT. This response is
mimicked by �-adrenergic stimulation in cultured adi-
pocytes. By a variety of approaches, we clearly estab-
lish that NR4A receptors bind to the Ucp1 promoter
and contribute to the overall magnitude of the cAMP-
dependent transcription of the Ucp1 gene. The in-
creased expression of NR4A receptors seen here in
adipocytes in response to �-AR-stimulated increases
in cAMP levels are similar to that observed in other
tissues by �-ARs or other Gs-coupled receptors (6, 16,
17). Several CREs have been noted in the NOR-1
promoter that may be responsible for these cAMP-
dependent increases in expression (18).

Of the four candidate binding sites for NOR-1 in the
Ucp1 promoter, sequence 4 is the most similar to the
consensus binding site for NR4A receptors. This
NBRE in the Ucp1 promoter is located distal to the
small highly conserved enhancer region (�2.31 to
�2.53 kb) (3, 19), which is now well established to be
densely packed with a number of sequences shown to
be critically important for the cAMP- and brown fat-
specific expression of Ucp1. A number of transcription
factors are recruited to this enhancer region that serve
to either stimulate (PPAR�, PPAR�, RXR�, activating
transcription factor-2, PGC-1�) (3) or inhibit (liver X
receptor-�, nuclear receptor interacting protein 140)
UCP1 gene transcription (20, 27). Recently, estrogen-
related receptor-� also has been shown to bind to the
Ucp1 enhancer (20) but its role in adipose tissue biol-
ogy is complex and remains to be clarified (21, 22).
Like the distal NBRE that resides outside of the en-
hancer region, a cAMP response element-binding pro-
tein binding site in the proximal portion of the UCP1
promoter (CRE4) is an important contributor to overall

Ucp1 gene transcription in response to cAMP (4).
Therefore, although the enhancer is a critical compo-
nent for transcriptional activation, other regions of the
promoter such as CRE4 and the NBRE are also im-
portant contributors and amplify the response.

Several features of the NR4A family make it difficult
to evaluate their functions in cells as well as in whole-
animal physiology. In most studies of Nur77, Nurr1,
and NOR-1, their expression is often regulated by
similar stimuli (7). They are also shown to have redun-
dant function in several tissues, including liver, mac-
rophages, hypothalamic and pituitary systems, and T
cells (6, 7, 11, 17). Despite evidence for significant
roles for one or the other in various cell types (7),
Nur77�/� and NOR-1�/� mice were reported to have
a minimal phenotype (23, 24), suggesting that their
absence was likely compensated for by other family
members (7). Only when both Nur77 and NOR-1 were
jointly eliminated was a phenotype of acute myeloid
leukemia observed (25). Therefore, in the case of Ucp1
gene transcription, adipose tissue-specific deletion of
all three NR4A family members may be required to
elucidate their exact role.

Our finding of a new player in the cAMP-dependent
control of the Ucp1 gene illustrates the complex reg-
ulatory control on the expression of this mitochondrial
uncoupler. These studies also extend the realm of
tissues in which NR4A receptors regulate energy me-
tabolism to all three major organ systems involved in
the management of metabolic balance: liver, muscle,
and adipose. Because cAMP-dependent increases in
NR4A occur in white adipocytes, where mitochondrial
uncoupling by UCP1 is at best a very minor aspect of
their metabolism, the identity of other target genes in
white fat regulated by NR4A could lend important new
insight into �-AR stimulation of adipose tissue fuel
mobilization or adipokine production and release.

MATERIALS AND METHODS

Animal Experiments

Ten- to 12-wk-old C57BL/6J mice were acclimated to ther-
moneutrality (28 C) for 3 d and then transferred to a 4 C
environment for up to 8 h. After euthanasia, the interscapular
BAT and WAT were rapidly collected and frozen in liquid
nitrogen. All animal experiments were approved by Institu-
tional Animal Care and Use Committees of The Hamner In-
stitutes for Health Sciences in accordance with National In-
stitutes of Health Guidelines for the Care and Use of
Laboratory Animals.

Chemicals and Plasmids

The plasmid pCMV4-NOR1 was generated by cloning the
complete NOR-1 coding sequence into pCMV4-Flag vector
(Stratagene, Palo Alto, CA). NBRE-Luc, Ucp1-Luc, and
NBRE-Ucp1-Luc were constructed in pLuc-MCS vector
(Stratagene). SB202190 and PD098059 were from Calbio-
chem (La Jolla, CA). Isobutylmethylxanthine, insulin, Iso,
dexamethasone, and Fsk were from Sigma Chemical Co. (St.
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Louis, MO). Tris-glycine gels (4–20%) were from NOVEX (In-
vitrogen, Carlsbad, CA). A protease inhibitor cocktail (catalog
item 11697498001) was purchased from Roche Applied Sci-
ence (Indianapolis, IN).

Cell Culture and Transfections

HIB-1B brown preadipocytes were cultured in DMEM with
10% fetal bovine serum (FBS). At 80% confluency, they were
differentiated into adipocytes by addition of rosiglitazone (1
�M) for 4–5 d. Transfections of HIB-1B cells were performed
in six-well plates with 1 �g of either Ucp1-Luc or NBRE-
Ucp1-Luc and 3 �l Lipofectamine 2000 (Invitrogen). Where
indicated, during the final 6 h of the transfection, the cells
were treated with Iso (1 �M).

The 3T3-L1 and 3T3-L1 CAR�1 cells (13) were differenti-
ated 1 d after confluence in DMEM containing 10% FBS with
the addition of 0.5 mM isobutylmethylxanthine, 0.4 �g/ml
dexamethasone, 5 �g/ml insulin, and 1 �M rosiglitazone to
the medium. Three days later, cells received fresh DMEM
plus 10% FBS medium without additives and replenished
with same every 3 d. Infection of 3T3-L1 CAR�1 (on d 3 of
differentiation) was done with adenoviruses expressing either
GFP or activation domain mutant (Nur77-M1) at a multiplicity
of infection of 300, which routinely resulted in 50–60% of cell
infection. Forty eight hours after infection, the cells were
harvested for RNA analysis.

6Eb2 and 6Eb2 CAR�1 cells were differentiated as de-
scribed previously (26). 6Eb2 CAR�1 cells were infected with
adenoviruses as described above on d 5, and cells were
harvested after 48 h as above.

COS-7 cells were maintained in DMEM with 10% FBS and
transfected with NBRE-Luc (0.5 �g) and pCMV-NOR-1 (0.5
�g) and 3 �l Lipofectamine 2000 in six-well plates. Forty-
eight hours after transfection, cells were collected for lucif-
erase assays (Promega, Madison, WI). For the reconstitution
of UCP1 promoter activity, Ucp1-Luc or NBRE-Ucp1-Luc
(0.8 �g) was cotransfected with pCMV-NOR-1 (0.4 �g),
pECMV-PGC-1� (0.4 �g), PPAR� (0.2 �g), RXR� (0.2 �g),
and �-galactosidase (0.1 �g). Rosiglitazone (1 �M) was
added to COS-7 cells at the initiation of the transfections.
Cells were treated with Fsk (10 �M) during the last 6 h of
transfection.

Subcutaneous human preadipocytes were from Zen-Bio
Inc. (Research Triangle Park, NC). These were pooled sam-
ples from healthy, nondiabetic women [n � 6; average body
mass index 26.98 (range 24.96–29.13) kg/m2; average age
43.7 (range 29–63) yr] and differentiated into adipocytes ac-
cording to the supplier’s protocol.

RNA Isolation and Analysis

Total RNA was extracted from cultured cells or tissues using
Tri reagent (Sigma). RT-PCR was performed on an ABI Prism
7700 Sequence Detector (PerkinElmer, Norwalk, CT) using
TaqMan probes or SYBR-Green reagent and specific primers
(Integrated DNA Technologies, Coralville, IA) as indicated.
Expression levels for all genes were normalized to the mean
value of internal control GAPDH.

EMSA

Nuclear extracts were prepared from COS-7 cells that had
been transfected with Flag-NOR-1 vector by TransFactor
Extraction Kit from BD Biosciences (San Diego, CA). Double-
stranded DNA probes were end-labeled with [�32P]ATP and
T4 polynucleotide kinase. The binding reactions (10 �l) con-
tained 5 �g 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�g poly (d�-
dC). 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. Specificity of
binding interactions was determined by addition of 1 �l anti-
Flag antibody (Sigma) to the binding reaction mixtures 10 min
before the addition of labeled oligo, followed by an additional
15 min of incubation before applying to the gel. Gels were
dried and subjected to autoradiography.

Immunoblotting

Nuclear extract were prepared from Iso-treated differentiated
cells as described above. Proteins were resolved by SDS-
PAGE and transferred onto nitrocellulose membranes (Bio-
Rad, Hercules, CA), which were then incubated at room
temperature for 1 h in a blocking buffer composed of Tris-
buffered saline containing 0.1% Tween 20 (TBS-T) and 4%
BSA, followed by incubation for 1 h with the indicated anti-
bodies in the blocking buffer. After being washed 3 times for
5 min each with TBS-T, the membrane was incubated with
alkaline phosphatase-conjugated anti-sheep IgG (Sigma) an-
tibodies followed by washing with TBS-T. Immunoreactive
bands were visualized with enhanced chemical fluorescence
substrate (GE Healthcare, Piscataway, NJ).

Chromatin Immunoprecipitation Assays

Chromatin immunoprecipitation assays were performed us-
ing a commercial kit (Upstate, Lake Placid, NY) according to
manufacturers’ protocol. Briefly, differentiated HIB-1B cells
were treated with Iso (1 �M) for 2 h. For the cross-linking step,
formaldehyde (37%, vol/vol) was added directly to the culture
medium to achieve a final concentration of 1% and incubated
for 10 min at 37 C. Cells were rinsed twice with cold PBS,
harvested, and then lysed in 0.4 ml SDS buffer [1% SDS, 10
mM EDTA, 50 mM Tris (pH 8.1)]. The lysates were sonicated to
shear genomic DNAs and were centrifuged at 16,000 � g for
10 min. The supernatants were diluted 10-fold with a buffer
[24 ml 0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7
mM Tris-HCl (pH 8.1), 167 mM NaCl] in the presence of
protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 1
�g/ml aprotinin, and 1 �g/ml pepstatin A). An aliquot (75 �l)
of a 50% slurry of salmon sperm DNA/protein A agarose was
added, incubated for 30 min at 4 C, and then centrifuged
briefly. This precleared supernatant was incubated with an-
tibodies against NOR-1 or IgG overnight at 4 C with gentle
mixing. Sixty microliters of the salmon sperm DNA/protein A
agarose slurry were added and incubated for 1 h at 4 C to
collect the antibody/histone/DNA complex by gentle and
brief centrifugation. After reversion of cross-links, the pres-
ence of target DNA fragments was detected by PCR. Primers
(forward CCTCCCTGCAAACTCAAAAG, and reverse,
CAACTCTGCCCGTGTTTTCT) were used to amplify the
UCP1 distal site.
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