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Cold stress in rodents increases the expression of UCP1 and
PGC-1� in brown and white adipose tissue.We have previously
reported that C/EBP� specifically binds to the CRE on the prox-
imal Pgc-1� promoter and increases forskolin-sensitive Pgc-1�
and Ucp1 expression in white 3T3-L1 preadipocytes. Here we
show that in mice exposed to a cold environment for 24 h, Pgc-
1�, Ucp1, and C/ebp� but not C/ebp� or C/ebp� expression
were increased in BAT. Conversely, expression of the C/EBP
dominant negative Chop10 was increased inWAT but not BAT
during cold exposure. Reacclimatization of cold-exposed mice
to a warm environment for 24 h completely reversed these
changes in gene expression. In HIB-1B, brown preadipocytes,
forskolin increased expression of Pgc-1�, Ucp1, and C/ebp�
early in differentiation and inhibited Chop10 expression.
Employing chromatin immunoprecipitation, we demonstrate
that C/EBP�, CREB, ATF-2, and CHOP10 are bound to the
Pgc-1� proximal CRE, but CHOP10 does not bind in HIB-1B
cell lysates. Forskolin stimulation and C/EBP� overexpression
in 3T3-L1 cells increased C/EBP� and CREB but displaced
ATF-2 andCHOP10binding to thePgc-1�proximalCRE.Over-
expression of ATF-2 and CHOP10 in 3T3-L1 cells decreased
Pgc-1� transcription. Knockdown of Chop10 in 3T3-L1 cells
using siRNA increased Pgc-1� transcription, whereas siRNA
against C/ebp� in HIB-1B cells decreased Pgc-1� and Ucp1
expression. We conclude that the increased cAMP stimulation
of Pgc-1� expression is regulated by the combinatorial effect of
transcription factors acting at the CRE on the proximal Pgc-1�
promoter.

A remarkable feature of rodent adipose tissue is the ability to
undergo a transition from white to brown adipose during cold
exposure. This transition is driven by the sympathetic nervous
system and enables the animal to defend its body temperature
by increasing heat production due to the oxidation of fatty acids
by brown adipose mitochondria, which contain the tissue-spe-
cific UCP1 (uncoupling protein 1). The inherent plasticity that
allows this transition from white to brown adipose tissue is not
due to a change in the number of adipocytes in a depot but to

modification of white adipocytes to the brown adipocyte phe-
notype, sometimes referred to as “transdifferentiation” (1). This
change in adipocyte cell type is orchestrated by the sympathetic
nervous system neurotransmitter, noradrenaline, which stimu-
lates intracellular cAMP and activates a protein kinase A-de-
pendent increase in UCP1 expression.
Transdifferentiation from white to brown adipose tissue

and/or vice versa has been reported in many species, including
rodents, cats, dogs, ruminants (2–9), and humans (10). Studies
have suggested the existence of brown adipocytes in humans
not only at birth but also within white fat depots in adult
humans (11). There is evidence that human brown adipocytes
may be able to proliferate under certain circumstances, such as
chronic cold exposure (12, 13), suggesting that transdifferentia-
tion ofWAT2 to BAT in adult humans is a potential strategy to
reduce obesity. The proposal that BAT is present in adult
humans (1) has recently been supported by the use of fluorode-
oxyglucose positron emission tomography to reveal BAT
human depots localized to the supraclavicular, neck, spinal
cord, and mediastinum areas (14).
The nuclear receptor coactivator, PGC-1� (peroxisome pro-

liferator-activated receptor � (PPAR�) coactivator-1�) has also
been shown to be involved in the expression of the BAT phe-
notype (15). PGC-1� is expressed in a number of tissues,
including brown adipose tissue, muscle, liver, and brain (16).
PGC-1� is induced by cold exposure or adrenergic stimulation
in BAT but not WAT, and ectopic expression of PGC-1� in
WAT cells induces expression of UCP1 (15). It is also expressed
in non-adipose cells under circumstances when increasedmet-
abolic energy expenditure is favored (e.g. in the liver in response
to glucagon stimulation during fasting (17) or in exercise-con-
ditionedmuscle tissue, where it plays a role in the stimulation of
oxidative capacity via its interaction with the NRF1 and -2
(nuclear respiratory factor 1 and 2) family (16, 18)). Expression
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of PGC-1� is cAMP-dependent in liver and BAT, and a major
role of PGC-1� is to augment cAMP-mediated transactivation
of effector genes, such as UCP1 in BAT or PEPCK in the liver
(15), (17). cAMP-induction of PGC-1� appears to depend pri-
marily on a single conserved cAMP-response element (CRE)
found within 200 bp of the transcription start site. Although
this proximal CRE can drive PGC-1� expression in both BAT
and liver, additional unidentified mechanisms operate to
silence cAMP-inducible PGC-1� expression inWAT, although
a range of other WAT expressed genes are cAMP-regulated
(19). CRE sites are regulatory elements that can bind a wide
range of transcription factors, typically belonging to the bZIP
family (20). Transcription factors of the bZIP family can act as
activators, non-activators, or repressors, which are regulated by
different signaling pathways and influence gene expression
(21). CREB was the first protein characterized as a target of
cAMP acting through CRE sites (20). Subsequent to the char-
acterization of CREB, ATF-2, c-JUN, CREM, and the C/EBPs
have been described as functioning as CRE-binding proteins
connecting cellular stimulation with transcription of CRE-con-
taining genes, thus adding another layer of complexity to the
CRE sites (22–24). Protein kinase A activation of PGC-1�
expression has been proposed to be mediated by interaction of
ATF-2 and CREB, in brown adipose tissue and liver, respec-
tively. Our previous study has demonstrated that C/EBP� bind-
ing to the CRE on the Pgc-1� promoter is able to induce cAMP-
responsive expression of Pgc-1� and Ucp1 in the white
preadipocyte cell line 3T3-L1 (25).
White adipocyte differentiation is the result of a chain of

transcriptional events involving CCAAT/enhancer-binding
proteins C/EBP�, C/EBP�, and C/EBP� (26–28) and the
nuclear hormone receptor PPAR� (29, 30), which combine to
induce adipogenic genes. Within 6 h of adding the hormonal
mixture to induce differentiation, there is an increased expres-
sion of C/EBP�, but this lacks DNA binding activity until much
later due to the simultaneous expression of CHOP10 (C/EBP
homologous protein), which sequesters and inactivates
C/EBP� by heterodimerization with its leucine zipper (31).
After a lag period, CHOP10 undergoes down-regulation,
releasing C/EBP� from inhibitory constraint, allowing transac-
tivation of the C/EBP� and PPAR� genes, transcription factors
required for terminal differentiation. The transcriptional
events involved in brown adipocyte differentiation are not as
well characterized, but genetic ablation studies have demon-
strated that PPAR�, C/EBP�, and C/EBP� but not C/EBP� are
also essential for this process (32, 33).
Therefore, a number of bZIP transcriptional factors interact

with theCREon thePgc-1� proximal promoter, suggesting that
adipose tissue-specific responses to cAMP may come about by
different combinations of transcriptional factors binding to the
CRE as has beenproposed for thePepck and Il-10 (34–36).Here
we provide evidence that conversion of WAT to BAT during
exposure to a cold environment involves combinatorial tran-
scriptional factor regulation of thePgc-1� proximal CRE,which
gives rise to adipose tissue-specific expression of Pgc-1� and
Ucp1 during stimulation by cAMP.

EXPERIMENTAL PROCEDURES

Animal Experiments—Three groups of C57BL/6 mice were
used, each consisting of four female individuals. All three
groups were housed individually in cages measuring 48 � 15 �
13 cm with a 16-h light and 8-h dark cycle with access to bed-
ding material. All groups had access ad libitum to a standard
mouse chow diet. Mouse weight and feed consumption was
measured at 24-h intervals. One groupwas kept at 22� 2 °C for
72 h; these mice comprised the warm acclimatized group. A
second group was kept at 22 � 2 °C for 48 h, followed by 8 �
2 °C for 24 h and comprised the cold acclimatized group. The
third group of 12 individuals was kept at 22 � 2 °C for 24 h and
then at 8 � 2 °C for 24 h, followed by a return to 22 � 2 °C for
24 h and comprised the reacclimatized group. All experiments
followed institutional guidelines at the University of Aberdeen
as well as those set out for animal care by the United Kingdom
Home Office. Animals were euthanized by concussion, fol-
lowed by cervical dislocation followingHomeOffice guidelines.
Plasmids—The firefly luciferase reporter gene construct con-

taining 264 bp (264PGC1�-pGL3) from the region upstream of
the rat Pgc-1� transcription start site ligated to the pGL3-Basic
vector (Promega) has been described (25). The pMSVC/EBP�
(mouse) expression plasmid that contains the respective
cDNAs under the control of the mouse sarcoma virus long ter-
minal repeat was kindly provided by S.McKnight (University of
Texas Southwestern Medical Center, Dallas, TX). The mock
plasmid pcDNA3 was from Invitrogen. The CRE-positive vec-
tor (pCRE-LUC) that contains four juxtapose copies of the con-
sensus CRE sequence upstream of a TATA box to drive expres-
sion of the firefly luciferase gene was purchased from
Stratagene. Expression vector for the truncated isoform (pSG/
LIP) of C/EBP� was provided by Birgit Gellersen (Institute for
Hormone and Fertility Research, University ofHamburg,Ham-
burg, Germany). The expression plasmids pEBG2T-ATF2,
which contained human ATF-2, and pCMV5CREB1, which
contained human CREB1, were kindly provided by Philip
Cohen (University of Dundee, UK). Mouse CHOP10 wild type
and dominant negative (deletion of the leucine zipper domain)
plasmids were supplied by David Ron (New York, NY).
Cell Culture, Transfections, and Luciferase Assays—3T3-L1

cells (ECACC) and HIB-1B cells (kindly provided by B.
Spiegelman) were maintained in Dulbecco’s modified Eagle’s
medium with 10% fetal bovine serum (Invitrogen) in 5% CO2.
For differentiation, HIB-1B cells were cultured to confluence
(day 0), and then they were exposed to the differentiation mix-
ture (0.5 mM isobutylmethylxanthine, 250 nM dexamethasone,
170 nM insulin, 10 nM T3). After 48 h, cells were maintained in
medium containing 5% fetal bovine serum, 170 nM insulin, and
10 nM T3 until day 7 for harvest, and this mediumwas replaced
daily. HIB-1B cells were transfected with luciferase plasmids
using Fugene 6 (Roche Applied Science) at a charge ratio of 3:1,
and 3T3-L1 cells were transfected with Lipofectamine 2000
(Invitrogen) at a charge ratio of 2:1 at 80% confluence in com-
bination with expression vectors, where indicated, or pcDNA3
as a control. The pRL-SV40 (fromPromega) that carriesRenilla
luciferase was also co-transfected as an internal control for
monitoring the transfection efficiency. Thirty-six hours later,
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cells were treated with forskolin in serum-free conditions, and
after 12 h, cells were harvested, and luciferase activities were
analyzed using the Dual-Luciferase assay kit (Promega), as rec-
ommended by the manufacturer. Values were expressed rela-
tive to the control Renilla to allow for differences in transfec-
tion efficiency.
Immunofluorescence Studies—HIB-1B and 3T3-L1 preadi-

pocytes were grown inCultureWellTM chambered coverglasses
(Invitrogen). Cells were treated with 10 �M forskolin or vehicle
solution (DMSO) for 30 min and fixed with 4% paraformalde-
hyde in phosphate-buffered saline for 15 min. Cells were per-
meabilized with 0.3% (v/v) Triton X-100 for 5 min and blocked
with 3% (w/v) bovine serum albumin for 1 h. After blocking,
cells were incubated in 3%bovine serum albumin in phosphate-
buffered saline containing 0.1% Tween 20 and anti-pCREB,
anti-pATF-2 (Cell Signaling), or anti-C/EBP� (C-19; Santa
Cruz Biotechnology) overnight at 4 °C. Cells were washed three
times with 0.1% Tween 20 and incubated at room temperature
for 1 h in the dark after adding fluorescence-labeled secondary
antibody (fluorescein isothiocyanate-conjugated anti-rabbit
IgG from Sigma). After washing in phosphate-buffered saline,
antifade solution with 4�,6-diamidino-2-phenylindole (Molec-
ular Probes) was applied, and cells were coveredwithmounting
solution until they were examined by fluorescence microscopy.
C/ebp� and Chop10 Gene Silencing—Commercially avail-

able mouse siRNA oligonucleotides targeting C/EBP� and
CHOP10 as well as control (non-targeting) siRNA (Dharma-

con) were employed to transfect HIB-1B and 3T3-L1 cells (100
nM siRNA), respectively, by the use of Dharmafect 3 (Dharma-
con) according to the manufacturer’s protocol. In cotransfec-
tion experiments involving siRNAs, the siRNAwas added to the
well when cells reached 60% confluence, and plasmid transfec-
tionwas performed 24 h later. HIB-1B cells were kept in serum-
freemedium for 4 h after transfection, which was replaced with
medium containing 20% fetal bovine serum to maximize cell
growth and prevent potential cytotoxicity. Cells were harvested
72 h after transfection for RNA extraction.
ChIP Assays—Chromatin immunoprecipitation (ChIP)

assays were performed according to the manufacturer’s proto-
col (Upstate Biotechnology, Inc., Lake Placid, NY). Briefly,
HIB-1B and 3T3-L1 preadipocytes were transfected with
pcDNA3 or pMSVC/EBP�, and 48 h later (at confluence), they
were stimulated with forskolin (10 �M) or DMSO for 1 h. Pro-
tein-DNA cross-linking was achieved by adding formaldehyde
(1% final concentration) for 1 h at 37 °C. The cells were washed
twice with ice-cold phosphate-buffered saline and lysed in SDS
lysis buffer (3% SDS, 1% Triton X-100, 0.5% sodium deoxy-
cholate, 10 mM EDTA, and 50 mM Tris-HCl, pH 8.1) supple-
mented with protease inhibitors. The whole cell lysates were
sonicated with a Soniprep 150 for 30 s at the maximum setting.
This was repeated eight times with 1-min intervals between
each 30-s pulse, yielding chromatin fragments between 200 and
500 bp in size. Lysates were centrifuged at 13,000 rpm for 10
min, and the resulting supernatants were diluted 10-fold with

FIGURE 1. UCP1, PGC-1�, and C/EBP� but not C/EBP�, C/EBP�, or CHOP10 expression are induced during cold stress in mice in iBAT but not gonadal
WAT. Animals were maintained at 22 � 2 °C for 72 h (warm), at 22 � 2 °C for 48 h followed by 8 � 2 °C for 24 h (cold), and at 22 � 2 °C for 24 h and then at 8 �
2 °C for 24 h followed by a return to 22 � 2 °C for 24 h (re-acclimatized; Re-aclim). Values were analyzed by qRT-PCR and normalized against 18 S rRNA
expression. Values are the average of four animals in each group � S.E.
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ChIP dilution buffer in the presence of protease inhibitors.
Normal rabbit IgG (sc-2027; Santa Cruz Biotechnology) and
salmon sperm DNA, 50% protein A-agarose slurry (80 �l) was
added to the lysates, which were incubated for 30min at 4 °C to
reduce nonspecific background. Agarose beads were precipi-
tated by brief centrifugation, and the supernatantwas collected.
Antibodies against CREB (Upstate Biotechnology), C/EBP�,
ATF-2 (N-96; Santa Cruz Biotechnology), CHOP10 (F-168;
Santa Cruz Biotechnology), or preimmune serum (negative
control) were added to the 2-ml supernatant fraction, and the
mixture was incubated overnight at 4 °C with rotation. The
immunocomplexes were collected by binding to 60 �l of
salmon sperm DNA-Protein A-agarose slurry after incubation
for 1 h at 4 °C with rotation. The antibody-histone-DNA com-
plexes were washed sequentially with low salt buffer, high salt
buffer, lithium chloride wash buffer, and TE buffer. The pellets
were then eluted, and reversal of cross-linking was done by
heating at 65 °C overnight in the presence of NaCl. Purification
of DNA was done with a QIAquick PCR purification kit (Qia-
gen), and the obtained DNA fragments were analyzed by PCR
using the following primer pairs for the mouse Pgc-1� pro-
moter: forward, 5�-GGGCTGCCTTGGAGTGACGTC-3�;
reverse, 5�-AGTCCCCAGTCACATGACAAAG-3�.

Western Blotting—Western blotting onwhole cell lysates was
performed as reported previously (25). Immunological detec-
tion was performed using antibodies directed against CREB
(1:1000 dilution), ATF-2 (1:500 dilution), CHOP10 (1:350 dilu-
tion), C/EBP� (1:500 dilution), and actin (1:250 dilution;
Sigma). The antigen-antibody complex was detected by incu-
bating the membrane for 1 h at room temperature in buffer
containing a 1:1000 dilution of horseradish peroxidase-conju-
gated anti-rabbit IgG secondary antibody (Cell Signaling) and
visualized with SuperSignal West Pico blotting substrate
(Pierce).
Real Time PCR—Total RNA was extracted from cultured

cells by use of TRI reagent (Sigma). Prior to RT-PCR, samples
were treated with DNA-free DNase to remove contaminating
genomic or plasmid DNA. cDNA was generated using the
cDNA synthesis kit from Qiagen. Quantitative real time PCR
(qRT-PCR)was performed using SYBRGreen (Qiagen) accord-
ing to the manufacturer’s instructions in a Rotor Gene 3000
thermal cycler (Corbert Research). The sequences of the prim-
ers used for real time PCR were Pgc-1� sense (GCGCCGTGT-
GATTTACGTT) and antisense (AAAACTTCAAAGCGGTC-
TCTCAA), Ucp1 sense (CCTGCCTCTCTCGGAAACAA)
and antisense (TGTAGGCTGCCCAATGAACA), C/ebp�

FIGURE 2. cAMP activation by forskolin increases UCP1, PGC-1�, C/EBP�, and C/EBP� expression, whereas it decreases CHOP10 expression through-
out differentiation. C/EBP� becomes forskolin-inducible only 96 h after inducing differentiation. Cells were treated with forskolin (10 �M) or DMSO for 3 h
prior to RNA extraction. Gene expression levels were analyzed by qRT-PCR and normalized against 18 S rRNA expression. Error bars, S.E. of triplicate observa-
tions of one of three independent experiments.
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sense (CCGGGAGAACTCTAACTC) and antisense (GATGT-
AGGCGCTGATGT), C/ebp� sense (GCAAGAGCCGCGAC-
AAG) and antisense (GGCTCGGGCAGCTGCTT), C/ebp�
sense (ACGACGAGAGCGCCATC) and antisense (TCGCC-
GTCGCCCCAGTC), Chop10 sense (AGAGGAAGAATCAA-
AAACCTTCACT) and antisense (ACTCTGTTTCCGTTTC-
CTAGTTCTT), and 18 S rRNA sense (GTAACCCGTTGAA-
CCCCATT) and antisense (CCATCCAATCGGTAGTA-
GCG). Expression levels for all genes were normalized to the
internal control 18 S rRNA.

StatisticalAnalysis—All of the datawere analyzedwith either
Student’s t test or two-way analysis of variance.

RESULTS

Differential Regulation of C/EBP Isoforms in Brown and
White Adipose Tissue of Cold-exposed Adult Mice and HIB-1B
Cells—We have previously demonstrated that C/EBP� overex-
pression was able to increase Pgc-1� and Ucp1 expression in
response to cAMP stimulation in 3T3-L1 cells, suggesting that
C/EBP� is implicated in sympathetic neural stimulation of

FIGURE 3. CHOP10 is present in confluent 3T3-L1 but not HIB-1B preadipocytes, and overexpression of CHOP10 down-regulates the stimulatory effect
of overexpression of C/EBP� on PGC-1� transcriptional activation. A, Western blotting showing overexpression of CHOP10 (30 kDa) in confluent HIB-1B
and 3T3-L1 cells. *, nonspecific binding that serves as a loading control. B, Pgc-1� promoter activity in HIB-1B and 3T3-L1 cells co-transfected with 264PGC1�-
pGL3 and an empty control vector pcDNA3 or expression plasmids for C/EBP�, CHOP10, or a mutant CHOP10, as indicated, and at confluence were treated with
forskolin (10 �M) or DMSO for 12 h. C, Pgc-1� reporter activity in HIB-1B and 3T3-L1 cells co-transfected with 264PGC1�-pGL3, pcDNA3, pC/EBP�, and increasing
amounts of pCHOP10, as indicated; at confluence, they were treated with forskolin (10 �M) or DMSO. Error bars, S.E. of triplicate observations of one of three
independent experiments.
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brown adipose tissue recruitment in white adipose tissue
depots. We first set out to demonstrate that the increase in
Pgc-1� and Ucp1 expression in adipose tissue in response to
cold stress was associated with increased C/ebp� expression.
Maintaining mice for 24 h in a cold environment at 8 °C com-
pared with 22 °C significantly increased mRNA levels for both
Pgc-1� (p � 0.05) andUcp1 (p � 0.01; Fig. 1, A and B) in inter-
scapular BAT (iBAT), and these changes were reversed within
24 h of reacclimatization of cold-maintained animals back to a
warm environment. Interscapular WAT (iWAT) represents
tissue that was distinguishable from iBAT by visual dissection,
and as expected, both Pgc-1� and Ucp1 expression were lower
compared with iBAT. The increase in Pgc-1� andUcp1 expres-
sion in iWAT (p � 0.01) in animals maintained in the cold was
presumably due to a population of iWAT contaminated with
iBAT (Fig. 1, A and B). There was a small but significant (p �
0.01) induction of Ucp1 expression in gonadal WAT, which is
likely to be due to BAT recruitment of small pockets of cells
previously observed inWAT (Fig. 1A).Ucp1was not expressed
in liver. Pgc-1� was expressed at lower levels in gonadal WAT
and liver and was not altered by housing temperature. When

tissuemRNA for the threeC/EBP isomerswasmeasured (Fig. 1,
C–E), there were no significant effects of housing temperature
on C/ebp� and C/ebp� levels in any of the tissues studied, but
C/ebp� expression was significantly (p� 0.01) increased by the
cold housing treatment in iBAT, iWAT, and liver but not
gonadal WAT. Similar to Pgc-1� and Ucp1, levels of C/ebp�
mRNA were highest in iBAT, and responses to the cold envi-
ronment were rapidly reversed by 24-h reacclimatization in the
warmth. Exposure to cold has previously been reported to
increase C/ebp� but not C/ebp� or C/ebp� in iBAT (37, 38),
indicating a positive association of C/EBP� gene expression
with Pgc-1� and Ucp1. We next assessed the levels of Chop10,
which has been reported to act as a dominant negative tran-
scription factor of C/EBPs (Fig. 1F); Chop10 was not altered by
environmental temperature in liver and decreased in iBAT (p�
0.05) but was increased (p � 0.01) by the cold treatment in
gonadal WAT and iWAT.
Having demonstrated that changes in adipose tissue expres-

sion ofC/ebp� in response to transitions fromwarm to cold and
cold to warm environments followed the same pattern as
Pgc-1� and Ucp1 expression, we next sought to examine these

FIGURE 4. Cell levels of CREB are higher in confluent 3T3-L1 compared with HIB-1B cells and ATF-2 overexpression decreases the capacity of C/EBP�
and CREB to transactivate the PGC-1� promoter in both 3T3-L1 and HIB-1B cells. A, Western blotting showing overexpression of CREB (43 kDa) and ATF-2
(80 kDa). *, nonspecific binding (loading control). B, PGC-1� promoter activity in HIB-1B and 3T3-L1 cells transiently co-transfected with 264PGC1�-pGL3 and
an empty control vector pcDNA3 or expression plasmids for C/EBP�, CREB, and ATF-2 or combinations, as indicated; at confluence, they were treated with
forskolin (10 �M) or DMSO for 12 h. C, Pgc-1� reporter activity in HIB-1B and 3T3-L1 cells co-transfected with 264PGC1�-pGL3, pcDNA3, pC/EBP�, and increasing
amounts of pATF-2 after a 12-h treatment with forskolin (10 �M) or DMSO. Error bars, S.E. of triplicate observations of one of three independent experiments.
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associations during differentiation in the brown adipocyte cell
line, HIB-1B. Expression of Ucp1 was significantly (p � 0.01)
increased by treatment with forskolin, compared with basal
DMSO-treated cells at confluence (Fig. 2A), as we have previ-
ously demonstrated (25). This response disappeared 12 and
24 h after inducing differentiation but returned by 36 h and
increased to 7 days after induction, when lipid droplets can be
observed in HIB-1B cells. Basal Ucp1 mRNA expression was
low throughout the differentiation protocol unless stimulated
by cAMP with forskolin (39). Forskolin-induced expression of
Pgc-1� followed a pattern similar to that ofUcp1 (Fig. 2B), with
a significant increase (p� 0.01) at confluence followed by a loss
of response to forskolin at 12 h postinduction and then a signif-
icant response (p � 0.01) up to 7 days of differentiation. Inter-
estingly, there was a biphasic increase in the sensitivity of
Pgc-1� expression to forskolin with a second peak at 36 h after
induction of differentiation and little change in basal Pgc-1�
expression during the differentiation experiment.
Basal expression of C/ebp� mRNA in HIB-1B cells was

increased, peaking at 48 h after the addition of the differentia-
tion induction mixture (Fig. 2D). Forskolin induced a further
increase (p � 0.01) in C/ebp� expression, which was main-
tained throughout the 7-day differentiation protocol. This con-
trasted with expression of C/ebp�, which only responded (p �
0.01) to the forskolin addition between 4 and 7 days after induc-
ing differentiation, as previously reported for BAT preadipo-
cytes (37) (Fig. 2C). Some sensitivity of C/ebp� expression to
forskolin was apparent in the early stages of differentiation, but
this was dramatically increased by day 3 of differentiation (p �
0.01). The pattern of expression of Chop10 during HIB-1B
differentiation was generally the inverse of the other C/EBP
homologues in that forskolin treatment decreased (p � 0.01)
Chop10 expression at virtually all time points, except for a
transient increase in expression 24–48 h after induction of
differentiation.
Overexpression of Chop10 Down-regulates the Stimulatory

Effect of Overexpression of C/ebp� on Pgc-1� Transcription in
HIB-1B and 3T3-L1 Cells—We have previously proposed (25)
that combinatorial interactions between bZIP transcription
factors acting on the CRE site of the Pgc-1� proximal promoter
by forming homo- and/or heterodimers might regulate adipo-
cyte Pgc-1� expression in response to forskolin. We therefore
compared the effect of overexpression of C/EBP� andCHOP10
on the activity of a 264-bp PGC-1� luciferase reporter con-
struct, which we have previously shown to respond differen-
tially to forskolin in HIB-1B and 3T3-L1 cells. We first estab-
lished successful overexpression of CHOP10 by Western
blotting in cell protein extracts (Fig. 3A). Successful transfec-
tion of C/EBP� has previously been shown (25). These studies
also demonstrated that confluent HIB-1B cells lack CHOP10
expression compared with 3T3-L1 cells. Overexpression of
C/EBP� increased (p� 0.01)Pgc-1� promoter activation under
both basal and forskolin-induced conditions, and this effectwas
far greater in HIB-1B compared with 3T3-L1 cells (Fig. 3B). On
its own, CHOP10 overexpression failed to alter the expression
from the Pgc-1� reporter construct, as did overexpression of a
mutated CHOP10 construct that lacked the leucine zipper
domain, which enables the formation of homo- or heterodimer

formation with other bZIP and non-bZIP transcription factors
(40). Co-transfection studies with both C/EBP� and CHOP10
overexpression vectors demonstrated that CHOP10 overex-
pression down-regulates (p � 0.01) the stimulatory effect of
overexpression of C/EBP� on Pgc-1� transcriptional activa-
tion, with this effect being more marked in 3T3-L1 cells (Fig.
3B). Co-expression of the mutated CHOP10 and C/EBP� sug-
gested that removing the leucine zipper domain decreased this
down-regulatory action of CHOP10. We further characterized
the interaction between CHOP10 and C/EBP� on the Pgc-1�
promoter by transfecting preadipocytes with increasing
amounts of CHOP10 expression vector while maintaining
C/EBP� overexpression constant. CHOP10 down-regulated
the stimulatory effect of C/EBP� overexpression on Pgc-1�
transcriptional activation in a dose-dependent manner, with
this effect being more sensitive in 3T3-L1 cells (Fig. 3C).
The Role of CREB, ATF-2, and LIP in Cell-specific cAMP

Inducibility of PGC-1�—We have previously shown that CREB
and C/EBP� bind to the Pgc-1� proximal promoter CRE region
using electromobility shift assays (25). Using this approach, we
first established that ATF-2 also specifically binds to the PGC-
1�-CRE (results not shown). We next examined the effect of

FIGURE 5. Overexpression of LIP down-regulates the stimulatory effect of
overexpression of C/EBP� on PGC-1� transcriptional activation. Pgc-1�
promoter activity in HIB-1B and 3T3-L1 cells co-transfected with 264PGC1�-
pGL3, pcDNA3, pC/EBP�, and increasing amounts of pLIP. At confluence, cells
were treated with forskolin (10 �M) or DMSO for 12 h. Error bars, S.E. of tripli-
cate observations of one of three independent experiments.
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co-overexpression of either CREB or ATF-2 on the stimulatory
effect of C/EBP� on Pgc-1� transcriptional activation.Western
blotting of cell extracts first demonstrated successful overex-
pression of CREB and ATF-2 (Fig. 4A) and also demonstrated
that HIB-1B cells have higher concentrations of CREB and
ATF-2 than 3T3-L1 cells. Furthermore, ATF-2 is present as a
doublet inHIB-1B cells but only as a single band in 3T3-L1 cells.
Overexpression of CREB stimulated (p � 0.01) Pgc-1� tran-

scriptional activation in response to forskolin in both HIB-1B
and 3T3-L1 cells, but there was no further augmentation of the
stimulatory effect of C/EBP� over expression on forskolin-in-
duced expression from the Pgc-1� luciferase reporter construct
(Fig. 4B). In contrast, ATF-2 overexpression did not alter tran-
scription from the Pgc-1� promoter, but there was evidence in
HIB-1B cells that ATF-2 decreased (p � 0.05) C/EBP� up-reg-
ulation of Pgc-1� transcriptional activation (Fig. 4B). A dose-
response experiment with increasing amounts of ATF-2 co-
transfected with a constant amount of C/EBP� expression
vector revealed that ATF-2 overexpression inhibited forskolin
up-regulation of Pgc-1� transcriptional activity more sensi-

tively in control and C/EBP�-over-
expressing HIB-1B compared with
3T3-L1 cells (Fig. 4C).
The observation that ATF-2 can

act as a transcriptional inhibitor of
Pgc-1� expression in HIB-1B cells
contradicts the evidence presented
by Cao et al. (41) that cAMP stimu-
lation of Pgc-1� expression was
transduced by p38MAPK-mediated
ATF-2 activation and binding of
ATF-2 to the proximal PGC-1�-
CRE.Wehave been unable to repeat
the observations of Cao et al. (41)
that the MAPK inhibition using
either SB202190 or SB203580 inhib-
ited cAMP stimulation of Pgc-1�
and Ucp1 in HIB-1B cells.3 Our
results are consistent with the pro-
posal that p38 MAPK phosphoryla-
tion of ATF-2 acts as a negative reg-
ulator of transcription from the
Pgc-1� promoter, whereas C/EBP�
and CREB act as transcriptional
activators.
There are several isomers of

C/EBP�, including LIP, a 20-kDa
truncated form (also known as liver
inhibitory protein), that retain the
C-terminal bonding domain but
lack the major N-terminal transac-
tivation domain and can domi-
nantly inhibit the activating C/EBP
isoforms (42). Co-transfection with
a constant amount of C/EBP� and
increasing amounts of the 20-kDa
C/EBP� indicated that the stimula-
tory effect of C/EBP� on transcrip-

tion from the Pgc-1� proximal promoter was decreased but not
abolished by co-expression of the 20-kDa C/EBP� (Fig. 5). To
establish that the effects of bZIP transcriptional factor overex-
pression on Pgc-1� were not due to a general response of pro-
moters containing CREs, we used a control pCRE-LUC firefly
reporter construct made up of four tandem CRE repeats and
demonstrated that forskolin-induced expression was not
altered by co-transfection with expression vectors for C/EBP�,
CREB, and ATF-2 in either HIB-1B or 3T3 (Fig. 6).
Fluorescence microscopy was then employed to determine

the effect of forskolin on the cellular localization of phospho-
CREB (pCREB), phospho-ATF-2 (pATF-2) and C/EBP� in
HIB-1B and 3T3-L1 cells. Basal pCREB levels were low in both
HIB-1B and 3T3-L1 control cells, but exposure to forskolin
resulted in the accumulation of high amounts of pCREB in the
nucleus, as judged by the increased fluorescence intensity pres-
ent in the nucleus (Fig. 7A). In HIB-1B cells, pATF-2 was pres-

3 A. Karamitri, G. Karamanlidis, and M. A. Lomax, manuscript in preparation.

FIGURE 6. C/EBP�, CREB, and ATF-2 do not alter the transcription of a control CRE vector in response to
cAMP. HIB-1B or 3T3-L1 cells were transiently co-transfected with 4CRE-pGL3 luciferase constructs and expres-
sion plasmids for the control pcDNA3, pC/EBP�, pCREB, pATF-2, or combinations, as indicated, and at conflu-
ence, they were treated with forskolin (10 �M) or DMSO for 12 h. Error bars, S.E. of triplicate observations of one
of three independent experiments.
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ent in both cytoplasm and nucleus, and exposure to forskolin
increased translocation into the nucleus (Fig. 7B). In 3T3-L1
cells, pATF-2 was present in high levels mainly in the nucleus,
independent of forskolin stimulation. In HIB-1B and 3T3-L1 in
the absence of forskolin, the nuclear staining for C/EBP� was
diffuse, but the addition of forskolin resulted in a shift from

diffuse to punctate nuclear immu-
nofluorescent staining in both cell
types. The punctate nuclear entities
coincide with 4�,6-diamidino-2-
phenylindole staining, which is
known to localize to centromeres
(43). This is a characteristic pattern
ofC/EBP�, and it is believed that the
associationwith centromeres corre-
lates with maximum DNA binding
activity (44).
C/EBP� Overexpression Increases

C/EBP� and CREB but Decreases
ATF-2 and CHOP10 Binding to the
CRE Region of the PGC-1� Pro-
moter in 3T3-L1 Cells in Response to
cAMP—We then employed chro-
matin immunoprecipitation assays
to find out whether forskolin treat-
ment or overexpression of C/EBP�
caused differential binding of bZIP
transcription factors to the CRE
region of the PGC-1� proximal pro-
moter. In HIB-1B cells, forskolin
increased binding of C/EBP�, CREB
(p � 0.01), and ATF-2 (p � 0.05)
and abolished CHOP10 binding
to the Pgc-1� promoter (Fig. 8A).
Overexpression of C/EBP� in-
creased C/EBP� binding (p � 0.01)
and induced weak CHOP10 binding
(p � 0.01), whereas combined
C/EBP� overexpression and forsko-
lin treatment resulted in increased
binding of C/EBP�, CREB, and
ATF-2 (p � 0.01) and decreased
(p � 0.01) CHOP10 binding to the
Pgc-1� promoter in HIB-1B cells. In
3T3-L1 cells, CREB, ATF-2, and, to
amuch lesser extent, CHOP10 were
bound to Pgc-1� promoter chroma-
tin (Fig. 8B). Overexpression of
C/EBP� alone resulted in a weak
enrichment of Pgc-1� promoter
chromatin with C/EBP�, whereas
ATF-2 and CHOP-10 binding were
increased (p � 0.01) compared with
control cells. There was a striking
increase (p� 0.01) in bothCHOP10
and C/EBP� binding to the Pgc-1�
promoter in response to forskolin
treatment, but combined overex-

pression with C/EBP� and forskolin treatment decreased both
CHOP10 and ATF-2 binding (p � 0.01) and increased C/EBP�
and CREB binding (p � 0.01). The results demonstrate that in
3T3-L1 cells, conditions that markedly stimulate Ucp1 expres-
sion (C/EBP� overexpression and forskolin) are associatedwith
increased C/EBP� and CREB binding and decreased CHOP10

FIGURE 7. Forskolin increases nuclear phospho-CREB but not phospho-ATF-2 in HIB-1B and 3T3-L1 cells.
C/EBP� acquires a punctate fluorescent pattern in the presence of forskolin. HIB-1B and 3T3-L1 preadipocytes
were treated with forskolin (10 �M) or DMSO for 30 min, fixed, and treated with antibodies against C/EBP�,
pCREB, and pATF-2, followed by fluorescein isothiocyanate-labeled anti-rabbit IgG, and counterstained by
4�,6-diamidino-2-phenylindole (DAPI). This experiment is representative of similar experiments performed on
at least two separate occasions.
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and ATF-2 binding, whereas in HIB1B cells, the same condi-
tions only displace CHOP10 binding to the PGC-1� promoter.
Knockdown of Chop10 in 3T3-L1 Cells Increases Pgc-1�

Transcription, whereas siRNA against C/ebp� in HIB-1B Cells
Decreases Pgc-1� and Ucp1 Expression—To demonstrate the
functional importance of CHOP10 and C/EBP� in the control
of Pgc-1� expression, we next employed siRNA to knockdown
theses genes. Transfection of 3T3-L1 cells with CHOP10
siRNA resulted in a highly significant decrease (p � 0.01) in
Chop10 expression levels, as judged by Western blotting (Fig.
9A). CHOP10 siRNA decreased (p � 0.01) Chop10 mRNA
expression by 88 and 85%, in basal and forskolin-treated
3T3-L1 cells, respectively (Fig. 9B). Importantly, CHOP10
siRNA induced forskolin stimulated expression from the
Pgc-1� proximal promoter in 3T3-L1 cells, similar to that
observed by C/EBP� overexpression, and acted additively to
stimulate C/EBP� up-regulation of Pgc-1� transcriptional
activity (Fig. 9C). C/EBP� siRNA resulted in a decrease of
C/EBP� protein and mRNA expression levels ranging from 75
to 85% (p � 0.01) and down-regulated forskolin-induced
Pgc-1� and Ucp1 expression (p � 0.01) (Fig. 10).

DISCUSSION

The present study differs from previous studies (11, 45),
which demonstrated increased expression of Pgc-1� and Ucp1
mRNA in rodent interscapular adipose tissue in response to

exposure to a cold environment, in two ways. First, we carefully
dissected adipose tissue from the interscapular depot intowhite
and brown tissue so that we could comparewhite adipose tissue
from a well characterized “brown adipose tissue depot” with
white adipose tissue in the gonadal depot. Although this
approach is confounded by contamination of WAT with BAT
in the interscapular tissue, the results clearly demonstrate that
the changes in gene expression in iWAT are more similar to
iBAT than gonadal WAT, lending support for the proposition
that adipocytes from different depots differ in their intrinsic
capacity to convert fromWAT to BAT. Recently, lineage trac-
ing approaches have surprisingly demonstrated that brown adi-
pocytes in BATdepots share a commonprogenitorwithmuscle
but not brown adipocytes in WAT depots (46). The second
important difference from other studies is that we examined
the response to reacclimatization back to a warm environment,
24 h after the adaptation to the cold environment. In previous
studies in rodents (47), UCP1 expression was increased within
24 h of exposure to a cold environment. In our study, a similar
increase in response to a cold environment was observed, but
impressively, this increase in Ucp1 mRNA in adipose tissue
from all depots could be reversed within 24 h of reacclimatiza-
tion to the warm environment.
Previous studies have demonstrated that stimulation by a

�3-adrenergic receptor agonist does not alter the total number
of adipocytes in an adipose depot of rats but increases the pro-

FIGURE 8. Stimulation with forskolin increases C/EBP�, CREB, and ATF-2 binding to PGC-1� promoter chromatin in HIB-1B cells, independent of the
presence of C/EBP� overexpression. In 3T3-L1 cells, C/EBP� overexpression and forskolin stimulation result in strong C/EBP� and CREB binding while
diminishing ATF-2 and CHOP10 binding to the PGC-1�-CRE. Shown is a ChIP analysis of bZIP proteins binding to the proximal PGC-1� promoter in confluent
HIB-1B or 3T3-L1 cells transfected with control pcDNA3 or pC/EBP� expression plasmids and treated with forskolin (10 �M) or DMSO for 1 h. The chromatin-
associated DNA was incubated with rabbit preimmune serum (PI) or with antibodies against C/EBP�, CREB, ATF-2, and CHOP10. An aliquot (0.5%) of the total
chromatin DNA was used for input. The immunoblots were quantified by densitometric scanning of the films. Levels are presented as enrichment relative to
input, corrected for preimmune serum control levels. The results are averages of at least three independent experiments with error bars indicating S.E. values.
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portion of brown adipocytes at the expense of white adipocytes
(48). We observed significant increases inUcp1mRNA in both
white and brown interscapular and gonadal adipose tissues
during exposure to the cold environment, supporting the find-
ings of Himms-Hagen and co-workers (48) that there is an
increase in BAT recruitment even in an apparently white adi-
pose tissue depot.
We have previously demonstrated that C/EBP� overexpres-

sion was able to increase Pgc-1� and Ucp1 expression in
response to cAMP stimulation in the white preadipocyte
3T3-L1 cell line, suggesting that C/EBP� is implicated in sym-
pathetic neural stimulation of brown adipocyte recruitment in
white adipose tissue depots. In addition, there is physiological

evidence to support a role for
C/EBP� in BAT differentiation.
Like PGC-1� and UCP1, C/EBP�
(but not C/EBP� or -�) expression
in BAT is cold-inducible during
cold exposure, adrenergic stimula-
tion, and early development in
rodents (37, 38, 47). Our study on
cold-exposed mice clearly demon-
strated that the increased expres-
sion of Pgc-1� and Ucp1 mRNA in
iBAT compared with mice main-
tained at 28 °C was accompanied by
an increase in C/ebp� but not
C/ebp� or C/ebp� mRNA. This
change occurred in both of the
interscapular depot sites but not in
gonadal WAT or liver. Conversely,
expression of the C/EBP dominant
negative Chop10 was increased in
WAT but not BAT during cold
exposure. Reacclimatization of 24-h
cold-exposed mice to 28 °C for 24 h
completely reversed these changes
in gene expression. Observation of
gene expression patterns during dif-
ferentiation of HIB-1B cells recapit-
ulated the changes in gene expres-
sion measured in iBAT during cold
exposure. Forskolin addition, which
mimics the in vivo stimulation of
intracellular cAMP levels by the
sympathetic nervous system due to
cold activation, increased the
expression of Pgc-1�, Ucp1, and
C/ebp� and, to a lesser extent, of
C/ebp� or C/ebp� and inhibited
expression ofChop10. These results
suggest a negative association of
C/ebp� and Pgc-1� with Chop10 in
response to adrenergic stimulation
in WAT versus BAT. These studies
contrast with the well described
studies in the white preadipocyte
3T3-L1 cell line, where hormonal

induction of differentiation results in an early but transient
increase in C/ebp� and a decrease in Chop10 (31).

We have previously demonstrated that C/EBP� but not
C/EBP� or C/EBP� binds to the CRE on the proximal Pgc-1�
promoter. This finding has been confirmed by a subsequent
study on the Pgc-1� promoter in liver, which also identified an
additional C/EBP� binding site upstream of the proximal pro-
moter (49). We next sought to establish whether the PGC-1�-
CRE is regulated by the binding of different combinations of
bZIP transcription factors, such as CREB, ATF-2, C/EBP�, and
CHOP10. CHOP10 is a likely candidate for influencing differ-
ential patterns of gene expression in the two cell types, since
Western blot analysis demonstrated that CHOP10 was present

FIGURE 9. CHOP10 siRNA in 3T3-L1 cells induces PGC-1� transcription in response to forskolin and
C/EBP� overexpression. A, Western blot analysis showing knockdown of CHOP10 in 3T3-L1 cells. CHOP10
amounts were quantified by densitometric scanning of the films. *, nonspecific binding (loading control).
B, 3T3-L1 cells were transfected with control (non-targeting) siRNA and siRNA targeting Chop10, and 48 h later
(at confluence), cells were treated with forskolin (10 �M), where indicated, for 3 h in serum-free conditions.
Values were analyzed by qRT-PCR and normalized against 18 S rRNA expression. Error bars, S.E. of triplicate
observations of one of three experiments. C, 3T3-L1 cells were transfected with control and CHOP10 siRNA and
12 h later were co-transfected with a reporter plasmid containing 264 bp of the proximal Pgc-1� promoter along
with pcDNA3 or C/EBP� expression plasmids. Thirty-six hours later, cells were incubated with forskolin (10 �M) for
12 h prior to harvesting. Error bar, S.E. of triplicate observations of one of two independent experiments.

PGC-1�-CRE in 3T3-L1 and HIB-1B Preadipocytes

20748 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 31 • JULY 31, 2009



in 3T3-L1 but not HIB-1B cells. ChIP assays clearly demon-
strated that all of these bZIP factors bind to thePgc-1�proximal
promoter in HIB-1B and 3T3-L1 nuclear extracts but that for-
skolin treatment elicited different responses in the two cell con-
texts; in HIB-1B cells, C/EBP�, CREB, and ATF-2 binding was
increased by forskolin, but there was no CHOP10 binding. In
3T3-L1 cells, C/EBP�, CREB,ATF-2, andCHOP10were bound
to the PGC-1�-CRE in the presence of forskolin. In both cell
types, overexpression of C/EBP� in the presence of forskolin
strongly increased C/EBP� binding and in 3T3-L1 cells decreased
both ATF-2 and CHOP10 binding. It is likely that CREB binding
observed in control cells was due to non-phosphorylated tran-
scriptionally inactiveCREB (50), since immunofluorescent studies
demonstrated that exposure to forskolin stimulated phospho-
CREB nuclear transfer. Furthermore, the dimers observed in for-
skolin-treated 3T3-L1 cells are likely to be due to heterodimeric
formation of C/EBPs with CREB or ATF-2, since dimerization of
C/EBPs is a prerequisite for DNA binding (51), and CHOP10 has
an inactive DNA-binding region (40).

Interestingly, C/EBP� overex-
pression in 3T3-L1 cells resulted in
increased ATF-2 and CHOP10
binding to the PGC-1� promoter,
whereas C/EBP� was present at
lower levels. When C/EBP� overex-
pression and forskolin were com-
bined, C/EBP� and CREB binding
was increased, but ATF-2 and
CHOP10 binding to the PGC-1�
proximal CRE decreased. These
results suggest a model in which
increased C/EBP� cellular concen-
trations facilitate the formation of
C/EBP�/CREB dimers in response
to cAMP stimuli by displacing ATF-
2/CHOP10 dimers that are poten-
tial inhibitors of the cAMP-stimu-
lated PGC-1� promoter in 3T3-L1
cells. When C/EBP� is overex-
pressed and the cAMP pathway is
stimulated, increased binding of
CREB and C/EBP� but not ATF-2
and CHOP10 occurs, accompanied
by high Pgc-1� promoter activity
and gene expression levels. Immuno-
fluorescent staining with antibody
against C/EBP� in both HIB-1B and
3T3-L1 cells supported the data
obtained fromChIP assay in that the
diffused cytoplasmic C/EBP� stain-
ing became a nuclear punctate
staining in response to forskolin
stimulation, similar to the centro-
meric localization and DNA bind-
ing ofC/EBP� reported byTang and
Lane (44). Hence, forskolin stimula-
tion increases C/EBP� binding to
DNA in both HIB-1B and 3T3-L1

cells. The reason why CHOP10 and ATF-2 binding to the
PGC-1� proximal promoter in 3T3-L1 nuclear extracts
increased in the presence of extra C/EBP� and disappeared
when forskolin was added is not known. The fact that they both
follow the same pattern can partially be explained by the
CHOP10 and ATF family sharing many similarities. First, the
promoter of CHOP10 contains a C/EBP/ATF element that can
be activated by ATF-2 (52) and ATF-4 (53). Second, both
ATF-2 and CHOP10 are phosphorylated by p38 MAPK (54,
55). Third, they are both activated by cellular stressors (e.g. oxi-
dative stress, several genotoxic reagents, UV irradiation, and
inflammatory cytokines) (56–58).
Our proposed model was further supported by cotransfec-

tion studies, which demonstrated a dose-dependent inhibitory
role for CHOP10 and ATF-2 overexpression in the ability of
overexpressed-C/EBP� to promote cAMP-induced Pgc-1�
transcription. Co-expression of a mutated CHOP10 that car-
ried a deletion in the leucine zipper domain with C/EBP� did
not alter the stimulatory effect of C/EBP� overexpression on

FIGURE 10. C/EBP� siRNA in HIB-1B cells decreases PGC-1� and UCP1 expression in response to forskolin
stimulation. HIB-1B cells were transfected with control (non-targeting) siRNA and siRNA targeting C/ebp�, and
48 h later, confluent cells were treated with forskolin (10 �M), where indicated, for 3 h in serum-free conditions.
Values were analyzed by Western blot analysis (A) with specific antibodies against C/EBP� and actin and
quantified by densitometric scanning of the films. B–D, quantitative RT-PCR values of C/ebp�, Pgc-1�, and Ucp1
normalized against 18 S rRNA expression. Error bars, S.E. of triplicate observations of one of three experiments.
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Pgc-1� transactivation, suggesting that the formation of a het-
erodimer with CHOP10 was necessary for its inhibitory action.
Conversely, CREB had overall a positive effect on Pgc-1� tran-
scription, and co-transfection with C/EBP� failed to further
increase Pgc-1� promoter activity in response to cAMP. Use of
a multiple CRE reporter construct as a positive control in lucif-
erase experiments also proved that overexpression of the bZIP
transcriptional factors did not alter the general cell response of
CRE to cAMP, emphasizing the importance of the differential
combinations of bZIP familymembers in conferring tissue-spe-
cific cAMP-induced Pgc-1� gene expression in HIB-1B and
3T3-L1 cells. Finally, we used siRNA to demonstrate that
knockdown of C/EBP� in HIB-1B cells decreased forskolin-
stimulated Pgc-1� andUcp1 expression and that knockdown of
CHOP10 increased Pgc-1� transcription in 3T3-L1 cells.
Previous studies have demonstrated synergistic cooperation

between CREB and C/EBP isoforms at the promoters of several
genes in response to cAMP, either by binding to separate sites,
as in the Pepck gene (59), or by heterodimer formation and
binding to the same response element, as exemplified by the
human immunodeficiency virus type 1 long terminal repeat
(60) or the human preinterleukin-1� promoter (61). Chen et al.
(62) showed that C/EBP� associates directly through its C-ter-
minal region with the Q1 domain of CREB to increase CREB-
mediated transcription in COS7 cells in vitro. C/EBP� has also
been reported to interact with CBP/p300 at a site distinct from
that of CREB (63, 64), suggesting that C/EBP� binding to CREB
may recruit CBP to CREB and thus create an active CREB�C/
EBP��CBP transcriptional complex.
A role for C/EBP� in conferring the BAT phenotype in

white adipose tissue is supported by studies in transgenic
mice in which C/ebp� was inserted in place of C/ebp� in the
C/ebp� locus, resulting in maintained C/ebp� expression
during differentiation (�/� mice). �/� mice had higher
energy expenditure than the control mice and failed to accu-
mulate lipids in WAT, which was enriched in mitochondria
and had increased Ucp1 mRNA and cAMP levels (65). In
addition, �/� mice were protected from diet-induced weight
gain, whereas no changes in the metabolic state of BAT and
muscle were observed. In C/ebp��/� mouse fetuses, there is
a decrease in Ucp1 expression and lipid accumulation in
BAT compared with that from wild type, and when both
C/ebp� and C/ebp� were deleted, Ucp1 expression was
hardly detectable, and fat droplets could not accumulate in
BAT, signifying the importance of C/EBP� and C/EBP� in
Ucp1 gene regulation (33). Positive relationships between
the expression of C/ebp�, Pgc-1�, andUcp1mRNA have also
been observed in studies during postnatal development in
mice (47) and in the adipose tissue depot-specific response
of differing mouse strains to cold stress (66).
In rodents, the interscapular BAT depot in non-adrenergi-

cally stimulated animals has a predominantly WAT tissue
appearance, which upon cold exposure transforms into BAT,
due to the increased proliferation of brown adipocytes (2, 48,
67, 68). Until very recently, it was assumed thatWAT and BAT
shared a common progenitor cell lineage, but recently Seale et
al. (46) have demonstrated a complex interplay between myo-
genic, brown adipogenic, and white adipogenic differentiation,

orchestrated by both PGC-1� and the PR domain-containing
protein, PRDM16. In light of the results of the present paper, it
would be interesting to examine the relationship between
PRDM16 and C/EBP�. In support of our findings, Tseng et al.
(69) have observed a sustained increase in C/EBP� expression
during commitment of C3H101/2 mesenchymal progenitor
cells to the brown adipocyte lineage induced by bone morpho-
genetic protein 7.
The key role of �-adrenergic signaling in the recruitment of

brown adipocytes suggests that the combinatorial transcrip-
tional factor mechanisms proposed by the present study in the
regulation of Pgc-1� expression may be important in inducing
Ucp1 expression, mitochondrial biogenesis, and the relative
proportions of white and brown adipocytes in a depot (15, 16,
70). We have previously demonstrated that replacement of
BATwithWAT in newborn lambs is due to down-regulation of
adrenergic induced Ucp1 activation and repression of Pgc-1�
expression (7). The question as to whether mature adipocytes
can “interconvert” or whether separate pools of white and
brown progenitor cells mediate “transdifferentiation” of these
tissues has not been resolved. We propose that C/ebp� plays a
key role in reprogrammingwhite adipocytes toward brown adi-

FIGURE 11. Model for cAMP stimulation of the proximal PGC-1� promoter
in 3T3-L1 cells. A hypothetical model for higher (A) and lower (B) Pgc-1�
promoter activity through which the cAMP stimulation of the protein kinase
A pathway can give different levels of promoter activity, depending on
C/EBP� cellular concentrations.
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pocyte differentiation. The data described suggest amodel (Fig.
11) bywhich sustainedC/ebp� expression and increased cAMP
sensitivity would result in increased Pgc-1� and Ucp1 expres-
sion, whereas transient expression of C/EBP� during early
stages of adipogenic conversion would lead to a WAT
phenotype.
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36. Brenner, S., Prösch, S., Schenke-Layland, K., Riese, U., Gausmann, U., and

Platzer, C. (2003) J. Biol. Chem. 278, 5597–5604
37. Rehnmark, S., Antonson, P., Xanthopoulos, K. G., and Jacobsson, A.

(1993) FEBS Lett. 318, 235–241
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