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Uncoupling Proteins (UCPs) are integral ion channels resid-
ing in the innermitochondrialmembrane. UCP2 is ubiquitously
expressed, while UCP3 is found primarily in muscles and adi-
pose tissue. Although the exact molecular mechanism of action
is controversial, it is generally agreed that both homologues
function to facilitate mitochondrial fatty acid oxidation. UCP2
and -3 expression is activated by the peroxisome proliferator-
activated receptors (PPARs), but so far no PPAR response ele-
ment has been reported in the vicinity of the Ucp2 and Ucp3
genes. Using genome-wide profiling of PPAR� occupancy in
3T3-L1 adipocytes we demonstrate that PPAR� associates with
three chromosomal regions in the vicinity of theUcp3 locus and
weakly with a site in intron 1 of the Ucp2 gene. These sites are
isolated from the nearest neighboring sites by >900 kb. The
most prominent PPAR� binding site in the Ucp2 and Ucp3 loci
is located in intron 1 of the Ucp3 gene and is the only site that
facilitates PPAR� transactivation of a heterologous promoter.
This site furthermore transactivates the endogenous Ucp3 pro-
moter, and using chromatin conformation capturewe show that
it loops out to specifically interact with the Ucp2 promoter and
intron 1. Our data indicate that PPAR� transactivation of both
UCP2 and -3 is mediated through this novel enhancer in Ucp3
intron 1.

Uncoupling proteins (UCPs)4 are integral ion-channels
residing in the inner mitochondrial membrane. The founding
member of the family, UCP1, is exclusively expressed in brown
adipose tissue, where it plays a central role in adaptive thermo-
genesis (1). UCP1 uncouples the oxidation of metabolic inter-
mediates from the generation of ATP by dissipating the proton
gradient thereby releasing the energy as heat (2). Several UCP1

homologues have been discovered, including UCP2 and UCP3,
which share 59 and 57% amino acid identitywithUCP1, respec-
tively (3, 4). The genes encoding these two UCP isoforms are
located head to tail on chromosome 7 inmice (chromosome 11
in humans) and separated by �20 kb. UCP2 is expressed in
several tissues, including lung, kidney, pancreas, and white adi-
pose tissue, whereasUCP3 is expressed primarily inmuscle and
in brown and white adipose tissue (3, 4). Although reconstitu-
tion and overexpression experiments have demonstrated that
UCP2 and UCP3 can function as proton channels (3, 5, 6),
UCP2 (7) and UCP3 (8, 9) knock-out mice maintain normal
body temperature during cold exposure. Thus, UCP2 and
UCP3 do not appear to contribute significantly to cold-induced
thermogenesis in mice, and it has been contested whether
UCP2 and UCP3 display uncoupling activity in vivo. Interest-
ingly, a number of other studies have suggested that the pri-
mary function of UCP2 and UCP3 is to limit the production of
reactive oxygen species associated with respiration (7, 10).
Indeed, reactive oxygen species production is elevated in UCP2
null mice (11), which is reflected in the increased microbicidal
activity of macrophages isolated from these animals (7). Other
widely held hypotheses consider UCP3 to function to limit oxi-
dation of pyruvate (10) or to be an exporter of the toxic fatty
acid anions and peroxides that accumulate in themitochondria
during periods of elevated �-oxidation (12). Consistent with
this hypothesis, muscle UCP3 levels are increased by fasting
(13) and intralipid infusion (14). However, it is controversial
whether the UCP3 knock-out mice display normal (9) or
reduced fatty acid oxidation rates (14). Although a recent study
rejects the hypothesis ofUCP3being a fatty acid anion exporter,
there is a consensus that lack of UCP3 does lead to a decrease in
the mitochondrial fatty acid oxidation capacity during fasting
(15).
Several studies have indicated that the peroxisome prolifera-

tor-activated receptor (PPAR) transcription factor family regu-
lates bothUCP2 andUCP3 expression. The PPAR� (16, 17) and
PPAR�/� (18–20) subtypes activate genes involved in lipid oxi-
dation (21, 22), and they target UCP2 and -3 in liver and mus-
cles, respectively. The PPAR� subtype activates both lipogenic
and lipid oxidation genes (23, 24) and is highly expressed in
adipocytes, where it is a master regulator of adipogenesis (25).
UCP3mRNA is increased in the white adipose tissue of rodents
fed a PPAR� agonist (26, 27), and induction of both UCP2 and
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-3 expression has been demonstrated in clonal adipocyte cell
lines and isolated adipocytes (28–30).
The PPARs bind direct repeats of 5�-AGGTCA-3� spaced by

onenucleotide (DR1) as obligate heterodimerswith the retinoidX
receptors (RXRs) (31, 32).However, so far no suchPPARresponse
elements (PPREs) have been annotated within or in vicinity of the
Ucp2 andUcp3 genes. Three potential PPREs have been indicated
by in silico analysis of the humanUCP3 promoter, but it is unclear
whether these are functional (33, 34). Furthermore, it was recently
shown that in both humans and hamsters, specific regions or a
single base pair in intron 1 are essential for expression of UCP3 in
skeletal muscles (35) and brown adipose tissue (36), respectively.
Interestingly, in hamsters, this single base polymorphism, which
determines tissue-specific expression of UCP3, also confers
responsiveness toPPARagonists, althoughnoPPREwas identified
in the sequence of�40 bp of genomicDNAcentered on the poly-
morphism (36).
The PPAR-mediated regulation of UCP2 appears to be indi-

rect, but has been reported to be dependent on a double E-box
motif in the proximal promoter (37, 38). In addition, it has been
demonstrated that the activity of UCP2 is regulated by two
silencer elements, one of which is located in intron 1 (38).
We have previously described an intronic PPRE (39), and

using genome-wide chromatin immunoprecipitation sequenc-
ing (ChIP-seq) profiling we have shown that 47% of all PPAR�/
RXR binding sites in 3T3-L1 cells are found in intronic regions
(40). Here we show that intron 1 of the murineUcp3 gene con-
tains such a PPAR�/RXR binding site, centered on a DR1 ele-
ment that enables PPAR� activation of reporter constructs in

transient transfections. Using the chromatin conformation
capture (3C) technique we demonstrate that the PPAR�/RXR
binding site in intron 1 ofUcp3 loops out to interact specifically
with the promoter and 5�-region ofUcp2, in 3T3-L1 adipocytes
suggesting that PPAR� transactivation of both UCP2 and -3 is
mediated through the binding site in Ucp3 intron 1.

EXPERIMENTAL PROCEDURES

Retroviral Transduction of 3T3-L1 Cells—Phoenix cells were
transfected using the calcium phosphate technique with a ret-
roviral LXSN-hCAR�1 vector expressing the truncated cox-
sackie-adenovirus receptor (CAR�1) (41) at 50% confluence.
Two days after transfection, virus supernatant was harvested
and centrifuged to remove phoenix cells. To generate 3T3-L1-
CAR cells, 3T3-L1 cells at 50% confluence were transduced
with a 1:1 dilution of virus supernatant and fresh growth
medium in the presence of 6 �g/ml Polybrene (Sigma-Aldrich)
and subjected to neomycin (G418, 0.7mg/ml, Bie andBerntsen)
selection the following day.
Cell Cultures—3T3-L1 and 3T3-L1-CARpreadipocytes were

cultured in Dulbecco’s modified Eagle’s medium (Invitrogen)
supplemented with 10% calf serum (Fischer Scientific PAA).
Phoenix and HEK293T cells were grown in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% fetal calf serum
(Biochrom AG). All cell lines were kept in medium supple-
mented with streptomycin (100 �g/ml) and penicillin (62.5
�g/ml). The 3T3-L1 fibroblasts were differentiated to adipo-
cytes by stimulation with 3-isobutyl-1-methylxanthine, dexa-
methasone, and insulin as described previously (39).

FIGURE 1. UCP2 and -3 are target genes of PPAR� in 3T3-L1 cells. A, mRNA expression of PPAR�, UCP3, and UCP2 during 3T3-L1 adipogenesis. Levels of
mRNA was determined by real-time PCR and normalized to the corresponding TFIIB levels. The experiment was performed in duplicate, and the range is
indicated. This experiment is representative of three individual experiments. B, ectopic expression of PPAR�2 in 3T3-L1 preadipocytes induces UCP2 and -3
mRNA expression. 3T3-L1- CAR preadipocytes were transduced with adenovirus expressing PPAR�2 (AdHA-PPAR�2) in the presence of 1 �M PPAR� agonist
rosiglitazone, or with control adenovirus containing empty vector (AdEmpty) in the presence of vehicle (DMSO). Total RNA was harvested 8 h after transduction,
and the mRNA expression of PPAR�, UCP3, and UCP2 was determined by real-time PCR and normalized to the corresponding TFIIB levels. The experiment was
performed in triplicate, and the range is indicated.
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Adenoviral Transduction—The generation of and transduc-
tion with adenovirus encoding HA-tagged mouse PPAR�2 was
performed as previously described (23). Briefly, adenovirus was
suspended in medium and added to 3T3-L1-CAR cells at 80%
confluency. After 2 h of transduction, the virus-containing
medium was removed and newmedium containing the vehicle
DMSO or 1 �M rosiglitazone (BRL49653) was added for an
additional 6 h.
RNA Extraction and cDNA Synthesis—Cells were harvested

in 500 �l of TRIzolTM. Total RNA was extracted by addition of
chloroform and precipitated with isopropanol and centrifuga-

tion. The pelletwaswashedwith 75% ethanol and redissolved in
diethyl pyrocarbonate-treated water. From each preparation, 1
�g of RNA was subjected to DNase I (Invitrogen) treatment,
and cDNA was synthesized using random deoxynucleic acid
hexamers and reverse transcriptase (First-Strand Kit, Invitro-
gen) as previously described (42).
Chromatin Immunoprecipitation—ChIP was performed as

previously described (40). Antibodies used were anti-
PPAR� (H-100, sc7196, Santa Cruz Biotechnologies, Santa
Cruz, CA), and anti-RXR (�197, sc774, Santa Cruz
Biotechnologies).

FIGURE 2. PPAR�/RXR ChIP-seq profile of the Ucp2 and Ucp3 loci. Screen shots from the genome-wide ChIP-seq profile of PPAR�/RXR binding sites in 3T3-L1
cells by Nielsen et al. (40) on days 0 and 6 of differentiation. A, close-up of the murine Ucp2 and -3 loci with a schematic representation indicating the positions
of the PPAR�/RXR binding sites and DR1 elements relative to the transcription start sites shown below. B, overview of the PPAR� and RXR binding profiles on
�2.3 Mb of chromosome 7 encompassing the Ucp2 and -3 genes. The genomic distances to the neighboring PPAR�/RXR binding sites relative to the sites in the
Ucp3 and -2 locus are indicated.
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Real-time PCR—Quantitative three-step real-time PCR was
performed on the Mx3000 real-time PCR instrument (Strat-
agene) using 2�SYBR Green Master Mix and Sigma passive
reference (Sigma-Aldrich) according to the instructions from
the manufacturer. All measurements were performed in dupli-
cate. Primers for real-time PCR (sequences available upon
request) were designed using Primer Express 2.0 (Applied Bio-
systems) or Primer3 (available on-line). Specificity and efficacy
were validated before use.
Cloning and Sequencing—The PPAR�/RXR binding sites

detected in proximity and within the murine Ucp3 and Ucp2
genes were PCR-cloned in front of the SV40 promoter in the
pGL3-Promoter vector using primers generating MluI and
XhoI (New England Biolabs) restriction sites. The Ucp3 proxi-
mal promoter (�450 bp) and �1950 PPAR�/RXR binding site
was PCR-cloned into the pGL3-Basic vector upstream and
downstream of the luciferase gene, respectively, using primers
generating MluI and XhoI (New England Biolabs) restriction
sites. The DR1 element in the �1950 PPAR�/RXR binding site
was subsequentlymutated by the introduction of an ApaI (New
England Biolabs) site. The 3C PCR product was cloned into
pCRTM 4Blunt-TOPOTM by Zero BluntTM TOPOTM PCR
Cloning (Invitrogen). Sequencing was performed on the ABI
prism 310 using the Big Dye Terminator v1.1, v3.1 Kit (Applied
Biosystems).
Transient Transfections—HEK293T cells were transfected at

90% confluence with the pGL3 reporter constructs, pShuttle-
CMV-PPAR�, and a pCMV-�-galactosidase (Promega, Madi-
son,WI) control in 24-well plates usingMetafectene Pro (Bion-

tex). Following 5 h of incubation,
the medium was exchanged to fresh
medium containing DMSO or 1 �M

rosiglitazone. Cells were harvested
19 h later in lysis buffer (Tropix)
and luciferase, and �-galactosidase
assays were performed as described
previously (43). All experiments
were performed in triplicate, and
luciferase and�-galactosidase activ-
ities were measured in duplicate.
Chromatin Conformation Cap-

ture—Nuclei were isolated by 15-
min incubation in 1 � TE buffer (1
mM EDTA, 10 mM Tris-HCl (pH
8.0)) supplemented with 0.5% Tri-
ton X-100 at 37 °C, followed by 15
min of centrifugation at 3000 rpm
and 4 °C. The remaining prepara-
tion of the chromatin conformation
capture (3C) samples and controls
was performed as previously de-
scribed (44) using the Csp6I restric-
tion enzyme. Control fragments for
the evaluation of 3C primers were
generated by PCR amplification
(Phusion hot start high-fidelity
DNA polymerase, Finnzymes) of
the regions flanking the Csp6I

restriction sites at Ucp3 intron 1, the 5�-end of Ucp2, and the
regions upstream and downstream of the latter. The fragments
were mixed in equimolar concentration, digested with Csp6I,
purified using the Qiagen PCR purification kit, and ligated with
T4 DNA ligase (New England Biolabs). Serial dilutions (2, 4, 8,
and 16 fg per reaction) of these in vitro-generated templates
were used to evaluate the specificity of the 3C primers
(sequences available upon request) in a background of 50 ng of
Csp6I-digested 3T3-L1 genomic DNA. Subsequently, PCR
conditionswere optimized to obtain comparable sensitivity and
linear amplification for all primer sets.

RESULTS

UCP2 and UCP3 Expression Is Regulated by PPAR� in
3T3-L1 Cells—It has previously been demonstrated that
UCP2 and UCP3 expression is rapidly up-regulated in adi-
pocyte cell lines exposed to PPAR� agonists (28, 30), whereas
the undifferentiated cells are unresponsive (30). Corre-
spondingly, both UCP2 and UCP3 mRNA levels increased as
the murine 3T3-L1 cells underwent adipogenesis (Fig. 1A).
The increase is proportionally larger for UCP3, which is
expressed at very low levels in undifferentiated 3T3-L1 cells,
whereas the mRNA level of the highly expressed UCP2
is approximately doubled. To further establish that UCP2
and -3 are direct target genes of PPAR�, we transduced 3T3-
L1-CAR cells (3T3-L1 cells ectopically expressing CAR�1
to facilitate adenovirus uptake) with adenoviral vectors
expressing HA-tagged mouse PPAR�2. We have previously
shown that adenoviral expression of PPAR�2 leads to rapid

FIGURE 3. PPAR� and RXR binding sites are found in proximity and within the Ucp2 and -3 genes. PPAR�
and RXR ChIP-PCR to confirm binding sites identified by ChIP-seq. Chromatin was harvested from cross-linked
3T3-L1 cells on days 0 and 6 of differentiation. ChIP was performed using antibodies against PPAR� or RXR.
Occupancy (-fold enrichment above myoglobin promoter levels) at the binding sites found in Fig. 2 and at
intermittent control regions was determined by real-time PCR. This experiment is representative of three
independent experiments.
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establishment of transcriptionally active complexes, thus
allowing us to evaluate the immediate effects on target gene
activity at the mRNA level within 8 h post transduction (23).
Subjecting the 3T3-L1-CAR preadipocytes to PPAR�2 ade-
novirus in combination with the potent PPAR� agonist ros-
iglitazone, led to an increase in UCP2 and UCP3 expression
comparable to the levels induced by adipogenesis (Fig. 1B),
thereby confirming that both UCP2 and UCP3 are primary
targets of PPAR� in 3T3-L1 cells.
ChIP-seq Profiling Detects PPAR� Binding in the Vicinity and

within the Ucp2 and -3 Loci—We recently used ChIP-seq to
generate genome-wide maps of PPAR� and RXR binding sites
throughout adipocyte differentiation of 3T3-L1 cells (40).
Based on these data we identified prominent PPAR�/RXR
peaks in theUcp3 locus at position�11250,�7000, and�1950
relative to the transcription start site. By contrast, the Ucp2
locus and surroundings displayed only a single very low inten-
sity peak at�400 relative to the transcription start site (Fig. 2A).
These sites are �900 kb from the neighboring PPAR� binding

sites (Fig. 2B). PPAR� and RXR
binding was confirmed by ChIP-
PCR (Fig. 3), which in accordance
with the ChIP-Seq data showed
highest occupancy at the �1950
binding site in Ucp3, and very low
occupancy at the �400 binding site
in Ucp2. This pattern of PPAR�/
RXR binding was also found in the
murine hepatoma cell line AML-
12 upon adenoviral expression of
PPAR�2 (unpublished ChIP-Seq
results).
NHR-scan (available on-line)

found degenerate DR1 elements in
the genomic regions directly be-
low the three binding sites in and
near theUcp3, and one in proximity
of, although not positioned directly
beneath, the binding site in Ucp2
(Fig. 2A).
The Ucp3 � 1950 DR1 Element

Enables PPAR�-mediated Transac-
tivation of Reporter Constructs—
PPAR�/RXR occupancy as detected
in ChIP may be the result of direct
binding to a PPRE or of indirect bind-
ing to DNA via other transcription
factors. To evaluate which of the
PPAR�/RXR binding sites found
within and in the vicinity of theUcp2
and Ucp3 loci could be potential
PPREs, the DR1 elements and sur-
rounding �500 bp were cloned in
front of the SV40 basal promoter in
the pGL3 luciferase reporter con-
struct. Interestingly, only theUcp3 �
1950 region mediated a dose-depen-
dent increase in transcription of the

luciferase reporter upon co-expression of PPAR�2 (Fig. 4).
By contrast, neither theUcp3�11250 or�7000 regions nor the
Ucp2 � 400 region conferred PPAR� responsiveness to these
reporter constructs (Fig. 4).
As the intronic �1950 region of Ucp3 clearly contains the

most prominent and functional PPAR�/RXR binding site in
the Ucp3 and -2 loci, we cloned the �500-bp fragment
encompassing this binding site into the promoter-less pGL3-
Basic vector together with the proximal Ucp3 promoter
(�450 bp) immediately downstream and upstream of the
luciferase gene, respectively (Fig. 5A). Again, the intronic
Ucp3 PPAR�/RXR binding site facilitated significantly
enhanced dose-dependent luciferase activity in response to
PPAR� overexpression. Importantly, this ability was criti-
cally dependent on the presence of the �1950 DR1 element,
because PPAR� transactivation was abolished by mutation
of this site (Fig. 5B). These results show that PPAR� trans-
activation of UCP3 primarily is mediated through the DR1
element at position �1950 in intron 1.

FIGURE 4. Only the PPAR�/RXR binding site in intron 1 of the Ucp3 gene mediates PPAR� transacti-
vation of a heterologous promoter. Approximately 500 bp surrounding the PPAR�/RXR binding sites in
Ucp2 and -3 were cloned in front of a SV40 promoter in the pGL3-Promoter luciferase reporter vector and
transfected into HEK293T cells together with increasing amounts of PPAR�2 expression vector in the
presence of 1 �M rosiglitazone or the vehicle DMSO as indicated. Luciferase levels were normalized to the
expression from a �-galactosidase control vector. Results are representative of three independent exper-
iments, each performed in triplicate. Standard deviations are indicated.

FIGURE 5. The �1950 PPAR�/RXR binding site in the Ucp3 gene enables PPAR�-transactivation of the
endogenous Ucp3 promoter. A, the Ucp3 proximal promoter (�450 bp) and the �1950 PPAR�/RXR binding
site were cloned into the promoterless pGL3-Basic vector upstream and downstream of the luciferase gene,
respectively. The DR1 element in the �1950 PPAR�/RXR binding site was subsequently mutated by the intro-
duction of an ApaI site. B, transfections were performed as in Fig. 4. Results are representative of three inde-
pendent experiments each performed in triplicates. Standard deviations are indicated.

PPAR� Transactivation of UCP2/3 through an Intronic PPRE

17314 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 23 • JUNE 4, 2010



The PPAR� Binding Site in Ucp3 Intron 1 Interacts with the
Ucp2 Gene through DNA Looping—The failure to detect robust
binding of PPAR� in the proximity of the Ucp2 locus was sur-
prising given the many previous observations indicating that
the UCP2 gene is a direct target of PPAR� and -�/� in hepato-
cytes and muscle cells, respectively (16, 18), and of PPAR� in
adipocytes (Fig. 1) (28–30). Based on the low intensity of the

PPAR�/RXR peak and the finding
that the genomic region below the
binding site does not contain a DR1
and is unable to mediate PPAR�
transactivation of a heterologous
promoter, we speculated that this
peak might represent a site where
PPAR�/RXR interact indirectly
with the DNA through other tran-
scription factor complexes recog-
nizing a response element in Ucp2
intron 1. PPAR�/RXR could be
binding indirectly to this site inde-
pendent of other genomic binding
sites, or it could be bound to a PPRE
elsewhere in the genome and inter-
act indirectly with the site via long
range chromatin interactions. Con-
sidering the latter scenario, it is
interesting that, in terms of being
PPAR� target genes, Ucp2 and -3
are quite isolated on chromosome 7
in 3T3-L1 cells with the ChIP-seq
data showing �900 and 1400 kb to
the next PPAR�/RXR binding site
upstream and downstream, respec-
tively (Fig. 2B) (40). Thus, the only
genomic PPAR�/RXR binding that
takes place within reasonable dis-
tance of theUcp2 gene is at the sites
within and upstream of Ucp3.
To further investigate the possi-

bility that the PPAR�/RXR-respon-
sive enhancer in intron 1 of the
Ucp3 gene is regulating also the
Ucp2 locus, we employed the 3C
technique to determine if these
genomic elements engage in specific
interactions through DNA looping.
3C is a powerful technique for
detecting physical interactions
between genomic elements far apart
on the same or different chromo-
somes. In 3C experiments, formal-
dehyde cross-linked chromatin is
subjected to restriction enzyme
digestion leading to the formation
of discrete complexes containing
the DNA strands and interacting
proteins that were held in close
proximity in the nucleus. The sub-

sequent intramolecular ligation adjoins the neighboring DNA
strands in the complex, and these ligation products are then
detected by semi-quantitative PCR indicating the interaction
frequencies between the chromosomal fragments and thereby
the spatial organization of a genomic region. Twelve combina-
tions of eight highly specific primers with comparable sensitiv-
ity allowed us to detect all possible intramolecular ligation

FIGURE 6. The PPAR� binding site in Ucp3 intron 1 loops out to specifically interact with the Ucp2 pro-
moter and 5�-region in adipocytes. A, schematic representation of the mouse Ucp3 and -2 loci showing the
position of the �1950 and �400 PPAR�/RXR bindings sites in the Ucp3 and Ucp2 intron 1, respectively (solid
vertical lines). Sites recognized by the restriction enzyme Csp6I used in the 3C assay are indicated by punctuated
lines, and arrows mark the positions of the primers used in the 3C analyses. B, agarose gel picture showing the
3C PCR amplicons generated with the BF-IF primer combination that detects looping between the bait (restric-
tion fragment covering the �1950 PPAR�/RXR binding site in intron 1 of the Ucp3 gene) and the interactor (the
restriction fragment covering the Ucp2 promoter and 5�-region, including the �400 PPAR�/RXR bindings site).
C, agarose gel picture showing the 3C PCR amplicons generated with the indicated primer combinations (see
A) designed to detect looping between the bait and the genomic regions immediately up- or downstream of
the interactor fragment. Lanes are as follows: marker (M), no template control (NTC), Csp6I-digested 3T3-L1
genomic DNA (GD), standard curve of control template (2–16 fg), 3T3-L1 adipocytes day 6 (d6), and non-cross-
linked ligated control (NCLC).

PPAR� Transactivation of UCP2/3 through an Intronic PPRE

JUNE 4, 2010 • VOLUME 285 • NUMBER 23 JOURNAL OF BIOLOGICAL CHEMISTRY 17315



products formed between “the bait,” the 850-bp Csp6I restric-
tion fragment containing the PPAR�/RXR binding site inUcp3
intron 1, and either “the interactor,” the 2450-bp Csp6I restric-
tion fragment covering the Ucp2 gene from the promoter and
into the beginning of intron 2, or the genomic regions immedi-
ately upstream and downstream from the interactor (Fig. 6A).
Interestingly, we found that in 3T3-L1 adipocytes the bait inter-
acts specifically with the interactor (Fig. 6B), because no inter-
actions between the bait and the genomic regions immediately
up- and downstream of the 2450-bp Ucp2 fragment was
detected (Fig. 6C). The fact that only the BF � IF primer com-
bination generated a Ucp3 bait-Ucp2 interactor 3C ligation
product is indicative of the orientation of the two strands of
DNA in the chromatin context. The BR � IR primer set would
be expected to generate a product as well in this orientation.
The failure to do so is presumably because DNA-bound pro-
teins are obstructing the formation of a fully circular ligation
product, a phenomenon often observed in 3C. These results
suggest that PPAR� transactivation of both UCP2 and -3 is
mediated through the binding site in Ucp3 intron 1 and DNA
looping. A model depicting how this interaction potentially
could take place is shown in Fig. 7.

DISCUSSION

UCP2 and -3 are considered bona fide PPAR target genes, yet
the elements throughwhich this regulation takes place have not
been well characterized. We therefore took advantage of our
recent ChIP-seq-based mapping of PPAR� and RXR binding
during adipocyte differentiation of 3T3-L1 cells (40) to identify
potential PPAR�/RXR regulatory elements in the Ucp2 and -3
loci. Interestingly, we found the most prominent PPAR�/RXR
binding site in the vicinity of theUcp3 and -2 loci to be situated
in intron 1 of the Ucp3 gene at position �1950 relative to the
transcription start site. Of the four PPAR�/RXR binding sites
found in this region only this intronic site mediated PPAR�
transactivation of the heterologous SV40 promoter in lucifer-
ase reporter assays (Fig. 4). Importantly, the�1950 binding site
in Ucp3 also enabled PPAR�-mediated transactivation of the
cognate endogenous promoter in a manner that was critically
dependent on the presence of the DR1 element (Fig. 5B). Inter-
estingly, the �1950 DR1 element inUcp3 intron 1 is conserved
in hamsters and positioned only 30 bp upstream of the single
base pair position identified as important for induction of
UCP3 expression by PPAR� agonists in brown adipocytes (36).

Surprisingly, we failed to detect any significant binding of
PPAR�/RXR to theUcp2 locus except from a very low intensity
peak in intron 1, which only partially overlapped a degenerated
DR1 element at the very edge of the peak (Fig. 2A). Moreover, a
region of �500 bp overlapping the peak failed to mediate any
PPAR� induction of the SV40 promoter (Fig. 4). Based on these
observations we reasoned that the weak PPAR�/RXR binding
in Ucp2 intron 1 could signify indirect interactions of PPAR�/
RXR with the DNA mediated through DNA looping. The only
detectable genomic PPAR�/RXR binding within the 900-kb
distance of theUcp2 gene is the binding to the sites within and
in the vicinity of theUcp3 loci (Fig. 2B) (40). Interestingly, using
3C technology we demonstrated that the PPAR�/RXR-respon-
sive enhancer in the Ucp3 intron 1 indeed loops out to specifi-
cally interact with the genomic region stretching from theUcp2
promoter and into the second exon in 3T3-L1 adipocytes (Fig.
6, B and C), where we correspondingly observed PPAR�/RXR
binding in intron 1 of theUcp2 gene (Fig. 2). The distribution of
Csp6I restriction sites in Ucp2 precludes a better resolution of
the exact position of the interaction, but the ChIP-seq and
ChIP-PCRdata suggest that theUcp3PPRE loops down to a site
in intron 1 ofUcp2, approximately�400 bp relative to the tran-
scription start site (Fig. 2A and Fig. 3). Interestingly, the impor-
tance of intron 1 in regulating UCP2 transcription has already
been demonstrated by the presence of a silencer element in this
region (38). In addition, PPAR� transactivation of UCP2 has
been shown to be dependent on the double E-box motif in the
proximal promoter (37), but our ChIP-seq data did not provide
us with any clues as to why this is the case. The possibility
remains that the factors binding to these elements are regulated
by the formation and/or stabilization of the intrachromosomal
loop between Ucp2 and -3.
In conclusion, we have identified the �1950 PPAR�/RXR

binding site in intron 1 of theUcp3 gene as themost prominent
and functional PPAR�/RXRbinding site in theUcp3 and -2 loci.
Furthermore, we have shown that this site loops out to specifi-
cally interact with the Ucp2 promoter and 5�-region in adipo-
cytes. Our data indicate that PPAR�/RXR transactivation of
both Ucp2 and -3 is mediated through the binding site in the
Ucp3 intron 1.
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44. Göndör, A., Rougier, C., and Ohlsson, R. (2008) Nat. Protoc. 3, 303–313

PPAR� Transactivation of UCP2/3 through an Intronic PPRE

JUNE 4, 2010 • VOLUME 285 • NUMBER 23 JOURNAL OF BIOLOGICAL CHEMISTRY 17317


