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Sirt3 (silent mating type information regulation 2, homolog
3), a member of the sirtuin family of protein deacetylases with
multiple actions on metabolism and gene expression is ex-
pressed in association with brown adipocyte differentiation.
Using Sirt3-null brown adipocytes, we determined that Sirt3 is
required for an appropriate responsiveness of cells to noradren-
ergic, cAMP-mediated activation of the expression of brown
adipose tissue thermogenic genes. The transcriptional coacti-
vator Pgc-1� (peroxisome proliferator-activated receptor-�
coactivator-1�) induced Sirt3 gene expression in white adi-
pocytes and embryonic fibroblasts as part of its overall induc-
tion of a brown adipose tissue-specific pattern of gene expres-
sion. In cells lacking Sirt3, Pgc-1� failed to fully induce the
expression of brown fat-specific thermogenic genes. Pgc-1�
activates Sirt3 gene transcription through coactivation of the
orphan nuclear receptor Err (estrogen-related receptor)-�,
which bound the proximal Sirt3 gene promoter region. Err�
knockdown assays indicated that Err� is required for full induc-
tion of Sirt3 gene expression in response to Pgc-1�. The present
results indicate that Pgc-1� controls Sirt3 gene expression and
this action is an essential component of the overall mechanisms
by which Pgc-1� induces the full acquisition of a brown adi-
pocyte differentiated phenotype.

Brown adipose tissue plays a major role in the control of
energy expenditure in mammals. The specific mitochondrial
uncoupling that is characteristic of brown adipocytes creates a
specialized cell type adapted to promoting energy expenditure
in response to cold or overfeeding. In contrast, white adipocytes
are specialized in the accumulation of metabolic energy in the
form of lipids. Brown adipocytes respond to noradrenergic
stimulation through �-adrenoreceptors in the cell surface,
which bind norepinephrine and signal through adenylate
cyclase to increase cAMP and activate protein kinase A. Ulti-
mately, this signaling cascade lead to activation of hormone-
sensitive lipase, induction of the expression of the gene for

uncoupling protein-1 (Ucp1)2 and other genes involved in ther-
mogenesis, and activation of the Ucp1-dependent uncoupling
of mitochondria (1). Acquisition of the cellular machinery typ-
ical of brown adipocyte thermogenic function is a highly plastic
process. In fact, pre-adipocytes or even white adipocytes may
acquire brown adipocyte properties in response to develop-
mental or environment regulators. Several molecular agents
have been reported to promote brown adipocyte differentia-
tion, central among them is Pgc-1�.

Pgc-1� is a transcriptional coactivator that plays amajor role
in the acquisition of the specific brown adipocyte phenotype.
Pgc-1� coactivates nuclear receptors and transcription factors
and thereby activates genes involved in thermogenesis (e.g.
Ucp1), lipid oxidation, and mitochondrial oxidation, which are
associatedwith the specific thermogenic function of brown adi-
pose tissue (2). For instance, when white adipocytes are forced
to express high levels of Pgc-1�, they acquire the features of
brown adipocytes, including expression of the brown fat-spe-
cificUcp1 gene (3). Cells lacking Pgc-1� acquire a partial brown
adipocyte phenotype but remain insensitive to noradrenergic
activation of thermogenesis (4). Thus, the control of Pgc-1�
gene expression can ultimately determine the acquisition of a
brown adipocyte phenotype in an adipose cell. The identifica-
tion of factors that control Pgc-1� expression and activity is an
important prerequisite for developing tools tomodulate brown
adipocyte activity in the organisms.
Sirtuins are protein deacetylases that act on histones, transcrip-

tion factors, and transcriptional co-regulators, modulating their
activities by regulating their degree of acetylation (5). Among
them, Sirt3 is present in mitochondria and possibly in nuclei as
well (6, 7). In mitochondria, Sirt3 controls fatty acid oxidation by
deacetylating enzymes involved in fatty acid oxidation, such as
long-chain acyl-CoA dehydrogenase (8) and acetyl-CoA synthase
(9, 10). Other roles reported for Sirt3 include protection against
cardiac hypertrophy (11, 12) and tumor suppression (13). Several
reports have indicated that SIRT3 gene polymorphisms are asso-
ciated with human aging (14, 15).
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Sirt3 is highly expressed in brown adipose tissue, in contrast
with its low expression in white fat. Sirt3 gene expression is
impaired in brown fat of rodents under conditions of dimin-
ished thermogenic activity such as obesity, and it has been pro-
posed that Sirt3 is involved in the control of cAMP-mediated
gene expression in brown fat (16).
In the present study, we report that PGC-1� is a major con-

troller of the transcription of the Sirt3 gene. By this means, it
contributes to the acquisition of the thermogenic capacity of
the brown adipose cell.

EXPERIMENTAL PROCEDURES

Cell Culture—Primary brown adipocytes were differentiated
in culture as described previously (17). Preadipocytes were iso-
lated from interscapular, cervical, and axillary brown adipose
tissue depots from 21-day-old Swiss mice, or from litter-
matched wild-type and Sirt3-null mice. Sirt3-null mice (strain
name: B6; 129S5-SIRT3Gt(neo)218Lex) were obtained from
MMRRC (Mutant Mouse Regional Resource Center) and had
been backcrossed into the C57BL/6JOla Hsd line (Harlan) for
six generations. Where indicated, differentiated brown adi-
pocytes were treated for 6 h with 0.5 �M norepinephrine or for
24 h with 1 mM dibutyryl-cAMP. The HIB-1B brown adipocyte
cell line was cultured as reported elsewhere (18). SGBS human
adipocyte cells were cultured and differentiated as already
reported (19), and experiments were performed on day 12 after
induction of differentiation, a time at which more than 70% of
cells were differentiated.
Mouse embryonic fibroblasts (MEFs) were obtained from

13-day-old embryos and were cultured and differentiated as
described elsewhere (20) with some modifications. MEFs from
wild-type and Sirt3-null mice were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine
serum (FBS) at 37 °C in a humidified 5% CO2 atmosphere. Two
days after reaching confluence, MEFs were differentiated into
adipocytes in a DMEMcontaining 10% FBS, 0.5mM 3-isobutyl-
1-methylxanthine, 1.7�M insulin, 1�Mdexamethasone, and 10
�M rosiglitazone. Beginning on day 10, MEFs were cultured in
DMEM containing 1.7 �M insulin and 1 �M dexamethasone
until lipid accumulation was observed. Experiments were per-
formed when 80–90% of the cells were differentiated, deter-
mined based on the acquisition of adipocyte morphology.
Where indicated, cells were exposed to the Err� antagonist/
inverse agonist XCT-790 (Sigma) at a final concentration 5 �M

for 48 h.
Western Blot Analysis—Cell extracts were prepared by

homogenization in a buffer containing 20mMNaHepes, pH8.5,
25 mM MgCl2, 1% Igepal CA-630 (Sigma), 1 mM EDTA, a mix-
ture of protease inhibitors (Complete-Mini, Roche Diagnos-
tics) and 0.1% phenylmethylsulfonyl fluoride. Proteins (30
�g/lane) were separated by 12 or 8% SDS-PAGE and trans-
ferred to Immobilon-Pmembranes (Millipore). Immunological
detection was performed with specific antibodies against
mouse Sirt3 (ab56214, Abcam, UK) and Pgc-1� (H300, Santa
Cruz Biotechnology, Inc., Santa Cruz, CA). For detection, an
enhanced chemiluminescence system (ECL, AmershamBiosci-
ences) was employed. The intensity of the signals was quanti-
fied by densitometry (Phoretics 1D Software, Phoretic Interna-

tional, UK). Coomassie Blue staining of the gels was performed
to assess equal total protein loading.
Cloning of the Sirt3 Promoter and Sirt3 Promoter-Reporter

Constructs—The Sirt3 promoter construct was created by
amplifying a 978-base pair (bp) fragment of the mouse Sirt3
gene corresponding to the �956 to �22 bp upstream region by
PCR using primers 5�-CTC AAG GGC AGG GCC AGA AAC
C-3� (forward) and 5�-CTG GAA TTC CAA TGC CAC AAC
C-3� (reverse). The fragment obtained was cloned into the
PGEM-T Easy Vector (Promega, Madison, WI) and subse-
quently cloned into the PGL3-Basic Vector (Promega) using
SmaI andMluI restriction enzymes (-956SIRT3-Luc). A shorter
version (110 bp) of this construct was prepared by cutting with
the KspI restriction enzyme to yield -85SIRT3-Luc. The
-956SIRT3-Luc variants -956SIRT3-ERR1Mut, -956SIRT3-
ERR2Mut, and -9565SIRT3-ERR1�2Mut containing point
mutations were generated using a QuikChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA). Complementary oli-
gonucleotides containing the desired mutation flanked by
unmodified nucleotide sequence (5�-CGG GTT GCG GTC
GTCAACTTAACCGCGTTCTTGACTTCCGC-3� for the
ERR1mutation, and 5�-GGGCATGCTGGGAGCGTCAGC
CTA GCA GCA CGG GTT GCG GTC G-3� for the ERR2
mutation) were used. The fidelity of cloning and mutagenesis
procedures were made by direct DNA sequencing.
Cell Transfection—For reporter assays, HIB-1B cells in

24-well plates were transfected with 0.3 �g of SIRT3-Luc
reporter plasmid, 0.5 ng of the expression vector pRL-CMV
(Promega), and where indicated, 0.06 �g of the expression vec-
tors for PGC-1�, nuclear respiratory factor 2-� and -� (NRF2�
andNRF2�), peroxisome proliferator-activated receptor-� and
-�, thyroid receptor-� and -�, alone or in combination with
Pgc-1�. Cells were transfected using FuGENE6 (Roche Diag-
nostics) and incubated for 48 h prior to assaying for luciferase
activity. Firefly and Renilla luciferase activities were measured
in a Turner Designs Luminometer using the Dual Luciferase
Reporter assay system (Promega). Firefly luciferase activity was
expressed relative to Renilla luciferase activity to normalize for
transfection efficiency. Each point was assayed in triplicate.
Adenoviral-mediated Gene Transfer—Adenoviral vectors

expressing green fluorescent protein (GFP), Err�, Pgc-1�, and
interfering small hairpin RNA (shRNA) for mouse Err� have
been described (21, 22). For adenoviral-mediated gene transfer,
differentiated SGBS adipocytes, MEF-derived adipocytes, or
HIB-1 brown adipocytes were infected with adenoviral vectors
driving Pgc-1� (AdCMV-PGC-1�, provided by Dr. B. Spiegel-
man), Err�, shRNA-ERR�, or GFP (AdCMV-GFP, control) at a
multiplicity of infection of 100 for 4 h. Experiments were per-
formed after further incubation in differentiation medium for
48 h. Transduction efficiency based on GFP fluorescence was
�80%.
Quantification of Transcript Levels—Total RNA was ex-

tracted using NucleoSpin (Macherey Nagel, Düren, Germany).
Reverse transcription was performed in a total volume of 20 �l
using randomhexamer primers (Applied Biosystems, Foster City,
CA) and 0.5 �g of total RNA. Real time quantitative PCR was
conducted in 20-�l reactionmixtures containing1�l of cDNA, 10
�l of TaqMan Universal PCR Master Mix (Applied Biosystems),
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and probes fromAssays-on-DemandGene ExpressionAssayMix
(Applied Biosystems). TaqMan Gene Expression Assays primers
for the transcripts of murine genes Sirt3 (Mm00452129), Ucp1
(Mm004940969), Dio2 (Mm00515664), Fabp4 (Mm00445880),
Pgc-1� (Mm00447183), and Err� (Mm00433143) and the
human genes SIRT3 (Hs00202030),UCP1 (Hs00222453),DIO2
(Hs00255341), and FABP4 (Hs00609791) were used. Each assay
was performed in duplicate, and the mean value was used to
calculate mRNA expression for the gene of interest and the
housekeeping reference gene (18S rRNA; Hs99999901). The
amount of the gene of interest in each sample was normalized
to that of the reference control using the comparative (2��CT)
method following the manufacturer’s instructions.
Chromatin Immunoprecipitation—Chromatin immunopre-

cipitation experiments (ChIP) were performed as described
elsewhere (22). Differentiated brown adipocytes in primary
culture and HIB-1B cells were used. When indicated, HIB-1B
cells were transfected with luciferase reporter plasmids, as
described above. Immunoprecipitation was carried out using
anti-Pgc-1� (H300) antibody (Santa Cruz Biotechnology, Inc.),
anti-HA antibody (ab9110, Abcam, Cambridge, UK), or an
equal amount of an unrelated immunoglobulin (Sigma). Puri-
fiedDNAwas amplified using primers 5�-CACGGAAGTGCT
CGC TCA-3� (forward) and 5�-GGG GAA GTT TAG CGG
AAG TC-3� (reverse) encompassing the proximal promoter
region (from �107 to �18) of the Sirt3 gene, to generate a
125-bp fragment (proximal promoter region) or using primers
5�-AAG TGG CAG GCT CTT TGT GT-3� (forward) and
5�-CAA AAG GCT CCA CCT GAA AG-3� (reverse) to gener-
ate a 122-bp fragment encompassing an unrelated region, dis-
tant from the promoter (�17033/�17155) in the Sirt3 gene,
used as control. Input DNA and immunoprecipitated DNA
were analyzed by quantitative PCR using SYBR Green fluores-
cent dye. The protein-bound DNA was calculated as a ratio to
input DNA. When indicated, bound fragments were amplified
by PCR (30 cycles of 30 s at 95 °C, 30 s at 60 °C, and 30 s at 72 °C)
and visualized electrophoresing on a 1.5% agarose gel with
ethidium bromide staining.

RESULTS

Sirt3 Is Expressed in Association with Brown Adipocyte Dif-
ferentiation and Is Required for the Induction of Thermogenesis-
related Gene Expression—Fig. 1 shows the Sirt3 gene expres-
sion is dramatically induced during the brown adipocyte
differentiation process, in parallel with up-regulation of the
thermogenesismarker genes such asUcp1. The expression pro-
file showed that induction of Sirt3 mRNA was delayed with
respect to the induction of Pgc-1� mRNA and Err� mRNA. In
fact, on day 5 of differentiation Pgc-1� and Err� mRNA levels
had reached more than one-half their maximum levels in dif-
ferentiated brown adipocytes (day 9), whereas SIRT3 mRNA
levels were still much lower. Induction of Sirt3mRNA in asso-
ciation with differentiation was also observed for the Sirt3 pro-
tein, which was much more abundant in differentiated brown
adipocytes than in preadipocytes (Fig. 1B), as well as for Pgc-1�
protein. Thus, Sirt3 gene expression appeared as a component
of the pattern of gene expression associated with brown adi-
pocyte differentiation. However, in contrast with Ucp1 and

FIGURE 1. A, expression of Sirt3 and thermogenic gene transcripts in brown
adipocytes differentiating in culture. Points are the means of two to three
independent experiments at each time of culture and are expressed as per-
centages relative to the mean value at the time of maximum levels of expres-
sion (defined as 100%). B, representative immunoblot (of three independent
cell culture experiments) of Sirt3 and Pgc-1� protein levels in brown preadi-
pocytes (day 4) and differentiated brown adipocytes (day 9). CB, Coomassie
Blue staining of the gel showing equal loading.
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other genes directly related to thermogenesis, Sirt3 gene ex-
pression was not induced by norepinephrine (data not shown).
To ascertain the role of Sirt3, brown adipocytes were differen-
tiated in primary culture from preadipocytes obtained from
Sirt3-null mice and compared with parallel cultures from wild-
type littermates. Acquisition of brown adipocyte morphology
and accumulation of lipid were essentially unaltered when
preadipocytes were isolated from mice lacking Sirt3 (Fig. 2A).
Accordingly, there were no differences between wild-type and
Sirt3-null differentiated adipocytes in the basal expression of
genes related to thermogenesis (Ucp1 and Dio2) and overall
adipogenesis (fatty acid binding protein-4, Fabp4) (Fig. 2A),
genes related to mitochondriogenesis (cytochrome c oxidase
subunit IV) and the �3-adrenoreceptor gene (data not shown).
In contrast, the responsiveness of the Ucp1 and Dio2 genes to
norepinephrine exposure was significantly reduced in differen-
tiated brown adipocytes from Sirt3-null mice compared with
that in wild-type brown adipocytes (Fig. 2A). The transcript for
Fabp4, a gene associated with white or brown adipocyte differ-
entiation and not specifically related to thermogenesis, was not
up-regulated by norepinephrine and was unaffected by the
absence of Sirt3. Parallel experiments in which brown adi-
pocytes were exposed to dibutyryl-cAMP led to similar obser-
vations. As a second model of study, we performed similar

experiments in adipocytes differentiated from MEFs obtained
from Sirt3-null embryos. Adipocytes derived from MEFs ex-
hibit an intermediate brown to white phenotype and a high
propensity toward the acquisition of brown adipocyte features
and expression of thermogenic genes (23).3 As for primary
brown adipocytes, the lack of Sirt3 did not alter the acquisition
of adipocyte morphology or basal levels of expression of the
genes studied (Fig. 2B). However, again, the responsiveness of
thermogenic genes (Ucp1 and Dio2) to induction by norepi-
nephrine or cAMP, was significantly decreased in Sirt3-null
adipocytes, and there was no effect on the non-brown fat-spe-
cific gene Fabp4. Collectively, these results indicate that Sirt3
is required for the full thermogenic competence of brown
adipocytes.
Pgc-1� Induces Sirt3 Gene Expression in Adipocytes—Given

that Sirt3 appears as an essential component of the acquisition
of full thermogenic activity in brown adipocytes, we analyzed
the action of Pgc-1�, a master regulator of acquisition of ther-
mogenic brown adipocyte phenotype and of its sensitivity to
noradrenergic activation (4). For this purpose we transduced
HIB-1B brown preadipocytes with an adenoviral vector driving

3 A. Giralt and J. Diaz-Delfin, unpublished observations.

FIGURE 2. Expression of Ucp1, Dio2, and Fabp4 in wild-type and Sirt3-null brown adipocytes and Sirt3-null MEF-derived adipocytes. The tops of panels
A and B show micrographs representative of differentiated primary cultured brown adipocytes and MEF-derived adipocytes, respectively, from wild-type and
Sirt3-null mice. Bars are mean � S.E. of four to five independent cultures (*, p � 0.05, NE or cAMP versus controls; #, p � 0.05, wild-type versus Sirt3-null cells).
NE, 0.5 �M norepinephrine for 6 h; cAMP, 1 mM dibutyryl-cAMP for 24 h. c, control.
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Pgc-1�. This procedure led to a 2.7 � 0.3-fold increase in the
levels of the Pgc-1� protein in these cells. Pgc-1� overexpres-
sion caused a significant induction of Sirt3mRNAexpression in
parallel with the induction of Ucp1mRNA, the marker gene of
the thermogenically differentiated status of HIB-1B brown adi-
pocytes (Fig. 3A). Considering that Pgc-1� is known to be capa-
ble of driving white adipocytes into a brown adipocyte pheno-
type (3), we analyzed the effects of Pgc-1� overexpression on
human SGBSwhite adipocytes. In this cell system, an induction
of 3.5 � 0.5-fold in the levels of the Pgc-1� protein was
achieved. Pgc-1� effectively caused a coordinated induction of
marker genes of brown versus white adipocyte phenotype
(UCP1 and DIO2) accompanied by a marked induction of
SIRT3 gene expression (Fig. 3B). No changes were observed in
the expression of the FABP4 gene, which is known to be com-
monly expressed in brown and white adipocytes. MEF-derived
adipocytes, another cellular model, was used. Adenoviral
driven overexpression of Pgc-1� in these cells (3.1 � 0.4-fold
increase in Pgc-1� protein) again dramatically induced the
expression of Sirt3 in parallel with the induction of the Ucp1
andDio2 genes, without affecting expression of the Fabp4 gene
(Fig. 3C). These findings indicate that the Sirt3 gene belongs
to the cluster of genes under control of the Pgc-1� that
determines the thermogenesis-related brown versus white
differential phenotype.
Sirt3 Expression Is Required for Induction of the Brown Fat

Phenotype in Response to Pgc-1� in Adipocytes—To establish
the role of Sirt3 in the Pgc-1�-mediated induction of the brown
fat pattern of gene expression, we compared the effects of
Pgc-1� overexpression in Sirt3-nullMEF-derived adipocytes to
those in wild-type MEF-derived adipocytes. In this experimen-
tal setting, similar levels of increased Pgc-1� expression were
attained in both types of cells using adenoviralmediated Pgc-1�
overexpression (2.9 � 0.3-fold induction in wild-type MEFs
and 3.2 � 0.4-fold induction in Sirt3-null MEFs; see also Fig. 3,
bottom). The induction ofUcp1 andDio2mRNA expression by
Pgc-1� was dramatically impaired in the Sirt3-null cells with

respect to wild-type cells, whereas Fabp4 gene expression was
insensitive to the absence of Sirt3 (Fig. 4). These results indicate
that the induction of Sirt3 by Pgc-1� is required for a full acqui-
sition of the gene expression pattern characteristic of thermo-
genically competent brown adipocytes.
Transcriptional Activation of the Sirt3 Gene by Pgc-1�—To

establish whether Pgc-1� acts as a direct transcriptional coacti-
vator of the Sirt3 gene, we first created a Sirt3 promoter-re-
porter construct by amplifying the 5� promoter region of the
Sirt3 gene frommouse genomic DNA by PCR, and then cloned
it into a promoterless luciferase expression vector (see “Exper-
imental Procedures”). The putative structure of the 5� tran-
scriptional regulatory region of the Sirt3 gene is depicted in Fig.
5A. The Sirt3 gene is closely apposed and in inverse orientation
to the gene for Psmd13, a poorly characterized component of
the proteasome system (24). The upstream translation initia-
tion site of the Sirt3 gene (as defined in NM_001177804.1 and
upstream to the most 5� defined exonic region) is only 85 bp
distant from the putative transcriptional initiation site of the
Psmd13 gene. This structure is similar to that of the human
SIRT3 gene (24), with the exception that the distance between
the transcription initiation sites of the two genes is shorter in
mice. A region encompassing 978 bp of the upstream region of
themouse Sirt3 gene (�956/22), including part of the first non-
translated exon of the Psmd13 gene but excluding the Psmd13
gene translation initiation site) was cloned into the luciferase
reporter plasmid pGL3. This construct exhibited strong pro-
moter activity when transfected into the brown adipocyte cell
line HIB-1B, within the range of the activity of gene promoters
typically expressed in brown adipocytes (2.6-fold compared
with the 4.5-kb UCP1-Luc promoter activity, 3.0-fold com-
pared with the 2-kb PGC-1�-Luc promoter activity, data not
shown). The 956SIRT3-Luc construct was co-transfected with
a Pgc-1� expression vector alone or in combination with an
expression vector for Nrf1, Nrf2�, Nrf2�, peroxisome prolif-
erator-activated receptor-�, peroxisome proliferator-activated
receptor-�, Err�, thyroid receptor-� or -�, transcription fac-

FIGURE 3. Effects of Pgc-1� overexpression on the expression of Sirt3 and thermogenic genes. HIB-1B brown preadipocytes (A), SGBS adipocytes (B), and
MEF-derived adipocytes (C) were transduced with an adenoviral vector driving the expression of Pgc-1� or GFP (control) (see “Experimental Procedures”).
Results are presented as mean � S.E. of four to five independent experiments (*, p � 0.05).
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tors, and nuclear receptors known to be potentially coactivated
by Pgc-1�. Pgc-1� transfection alone caused a mild but signif-
icant induction of Sirt3 promoter activity (Fig. 5B). The co-
transfection of the indicated transcription factors and nuclear
receptors failed to modify the Sirt3 promoter activity in
response to Pgc-1� (data not shown), with the exception of
Err�. Co-transfection with the expression vector for Err�
markedly increased the transcriptional activity of the Sirt3 pro-

moter, as well as it enhanced the activation by Pgc-1� (Fig. 5B).
A Sirt3 promoter-reporter construct containing only the �85/
�22 bp proximal reporter region (-85SIRT3-Luc) was activated
to essentially the same extent by Pgc-1� and Err� as the con-
struct containing the longer promoter region. Computer-as-
sisted analysis of the proximal promoter region revealed the
presence of two sites, one at �45/�36 (ERR1) and one at �22/
�14 (ERR2), with sequences potentially capable of binding

FIGURE 4. Effects of PGC-1� on the expression of thermogenic genes in wild-type or Sirt3-null adipocytes. Wild-type and Sirt3-null MEF-derived adi-
pocytes were transduced with an adenoviral vector driving the expression of Pgc-1� or GFP (control) (see “Experimental Procedures”). Results are expressed as
mean � S.E. of four to five independent experiments (*, p � 0.05, differences due to Pgc-1� for each type of cell; #, p � 0.05, wild-type versus Sirt3-null cells) (top).
A representative example of a similar overexpression of PGC-1� protein achieved by adenoviral mediated transfer of wild-type and Sirt3-null cells (bottom).

FIGURE 5. Effects of Pgc-1� and Err� on Sirt3 promoter activity. A, schematic representation of the mouse Sirt3 promoter region (top) and luciferase
promoter constructs (bottom). Mutations in the ERR1 and ERR2 sites are shown in italics under the wild-type sequence. B, effects of co-transfection of expression
vectors for Pgc-1� and/or Err� on the relative luciferase activity of the indicated Sirt3 promoter constructs. Bars are mean � S.E. of five to seven independent
experiments. Statistically significant differences (p � 0.05) due to Err� co-transfection are shown as *, and those due to Pgc-1� are shown by #.
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members of the nuclear hormone receptor superfamily, includ-
ing Err�. Individually mutating ERR1 or ERR2 sites to blunt
receptor binding partially reduced Pgc-1�/Err�-induced Sirt3
gene promoter activity, whereasmutating both sites completely
abolished the action of co-transfected Pgc-1�/Err� (Fig. 5B).
Collectively, these results suggest that Pgc-1� acts in concert
with Err� to promote Sirt3 gene transcription and identify two
cis-acting sites in the Sirt3 promoter that mediate Pgc-1�
action.
To determine whether Pgc-1� binds specifically to the Sirt3

promoter, we performed ChIP assays in primary cultured
brown adipocytes. Using a specific antibody to immunoprecipi-
tate Pgc-1� and primers that spanned the proximal region of
the Sirt3 promoter, we found a significant enrichment in the
expected PCR product (Fig. 6), whereas no such enrichment
was found following amplification of an Sirt3 gene region far
from the promoter (negative control). This indicated that
Pgc-1� does indeed bind the endogenous Sirt3 promoter.
Moreover, ChIPwas also performed inHIB-1B cells transfected
with the 956SIRT3-Luc and 956SIRT3-ERR1�2Mut-Luc con-
structs, after co-transfection with the Pgc-1� expression vec-
tor. Enrichment was evident when cells were transfected with
the wild-type version of the Sirt3 promoter construct but was
strongly impaired when cells had been transfected with the
construct in which the Err� binding sites had been mutated
(Fig. 6B). In addition, we analyzed the binding of Err� to the
Sirt3 proximal promoter region. For this purpose, we trans-
fectedHIB-1B cells with an expression vector drivingHA-Err�.
ChIP assays indicated a substantial enrichment in Err� binding

to the proximal promoter region of the endogenous Sirt3 gene
(Fig. 6C).
ERR� Is Required for Sirt3 Gene Expression in Response to

Pgc-1�—To ascertain whether the endogenous Sirt3 gene, like
the transfected Sirt3 promoter, is also induced by Pgc-1�/Err�,
we transducedMEFs with adenoviral vectors for Err�, alone or
in combination with that for Pgc-1�. Err� caused a mild but
significant induction of Sirt3 gene expression, whereas the
combination of ERR� plus PGC-1� yielded maximal induction
(Fig. 7A). To confirm the role of Err� in the induction of the
Sirt3 gene by Pgc-1�, we transducedMEFswith a vector driving
the expression ofErr� siRNA. This procedure reduced the Err�
expression to�30% of original levels, and significantly reduced
the capacity of Pgc-1� to induce Sirt3 gene expression (Fig. 7B).
As a complementary approach, we used XCT-790, an inhibitor
of Err� transcriptional activity (25). Treatment of cells with
XCT-790 caused a significant reduction in the capacity of
Pgc-1� to induce Sirt3 gene expression, thus confirming the
involvement of Err� in Pgc-1�-mediated regulation of the Sirt3
gene (Fig. 7C).

DISCUSSION

Complex regulation of gene expression is required to pro-
gram cells to acquire the phenotype of differentiated, thermo-
genically competent brown adipocytes. This differentiation
process allows brown adipocytes to perform the specialized
thermogenic function of the cell in response to noradrenergic
activation. Pgc-1� is a transcriptional coactivator known to
play a master role in eliciting the coordinate induction of gene

FIGURE 6. Chromatin immunoprecipitation of Pgc-1� and Err� binding to the proximal Sirt3 gene promoter region. A, representative PCR after ChIP of
Pgc-1� binding to the proximal promoter region of the endogenous Sirt3 gene in brown adipocytes. The arrow indicates the �125-bp PCR product from the
mouse Sirt3 gene promoter. Input was 1/10 diluted for amplification. B, quantitative analysis of ChIP amplification of the Pgc-1� binding to the proximal
promoter region of the endogenous Sirt3 gene (�107/�18) in comparison with a control, non-promoter, region of the Sirt3 gene (�17033/�17155) in brown
adipocytes. The enrichment due to protein-bound DNA was calculated as a ratio to input DNA. C, quantitative analysis of ChIP amplification of the Pgc-1�
binding to the proximal promoter region of the transfected wild-type -956SIRT3 promoter region and the mutated version in the ERR1 and ERR2 sites in HIB-1B
cells co-transfected with the Pgc-1� expression vector. D, quantitative analysis of ChIP amplification of the binding of Err� to the Sirt3 gene promoter region
in comparison with the non-promoter region (see above). Expression vector for the HA-tagged version of Err� was transfected to HIB-1B cells before the assay.
Bars are mean � S.E. of three to four independent assays (*, p � 0.05, differences due to specific enrichment due to binding of Pgc-1� or Err� in B and D, and
for the comparison of Pgc-1� binding between wild-type and ERR1�2-mutated Sirt3 promoter construct, in C).
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expression that leads to brown adipocyte differentiation.
Increasing Pgc-1� levels can drive white adipocytes to acquire a
brown fat phenotype (3). Moreover, Pgc-1� is required for
brown adipocytes to acquire the sensitivity to noradrenergic-
stimulated thermogenic activation (4). Our present findings,
which constitute the first analysis of Sirt3 gene regulation in
brown adipocytes, indicate that Pgc-1� induces Sirt3 gene
expression and this effect is essential for brown adipocyte full
differentiation. The observations indicating that Pgc-1� is
unable to activate the full programof thermogenic gene expres-

sion in cells that lack Sirt3 indicates that the induction of Sirt3
may be amechanism that contributes to the ability of Pgc-1� to
promote the widespread cellular effects that lead to the differ-
entiation of fully thermogenic competent brown adipocytes.
The specific requirement for Sirt3 in the acquisition of sensi-
tivity to thermogenic activation by brown adipocytes is in com-
plete agreement with the observation of impaired responses to
noradrenergic activation in cells with impaired Pgc-1� expres-
sion (4).
Sirt3 is a protein deacetylase of the sirtuin family, and is con-

sidered to control intracellular biological processes by
de-acetylating target proteins involved inmetabolism and gene
expression. It is localized to the mitochondria and, it is contro-
versial whether under specific circumstances, to the nucleus as
well (6). The capacity of Sirt3 to influence nuclear gene expres-
sion has been reported in several cell models, including brown
adipocytes (16, 26). It is unknown whether this is due to signal-
ing from mitochondrial to nuclei (the so-called mitochondrial
reverse signaling) or it should be considered a direct conse-
quence of the potential presence of Sirt3 in nuclei, as proposed
by some authors (7, 12). Shi et al. (16) reported that Sirt3 acts by
increasing cAMP-response element-binding protein phosphor-
ylation, but the specific targets of SIRT3 deacetylation among
the actors involved in the cascade of noradrenergic induction of
gene expression have not been identified to date. In any case,
our present findings indicate that Sirt3 expression is an essen-
tial component of the specific brown adipocyte phenotype, and
is functionally required for brown adipocytes to respond to
Pgc-1�-mediated thermogenic activation.
Although few studies have been conducted on the thermo-

regulation of Sirt3-null mice in vivo, Lombard et al. (27)
reported that the response to short-term cold exposure was
unaltered in thesemice.However, we observed that the thermal
stress-induced postnatal expression of the Ucp1 gene is signif-
icantly reduced in brown fat from Sirt3-KO mice (28). Further
studies will be needed to determine whether inactivation of the
Sirt3 gene in vivo influences the overall capacity of adaptive
thermogenesis in mice under distinct physiological conditions.
Moreover, the possibility that other sirtuins (e.g. Sirt1) might
compensate for the lack of Sirt3 cannot be excluded. Although
it is not known whether Sirt1 affects BAT differentiation or
cAMP responsiveness, chronic activation of Sirt1 in rodents
has been reported to promote brown adipose tissue thermo-
genic activity (29).
Although Pgc-1� can potentially coactivate multiple nuclear

receptors and transcription factors, its action at the Sirt3 pro-
moter appears to involve mainly the orphan nuclear receptor
Err�. The identification of Err� as the transcription factor
being coactivated by Pgc-1�, and involved in driving the induc-
tion of the Sirt3 gene is consistent with the known role of Err�
in brown adipocyte function as well as on the transcriptional
control of protein preferentially expressed in themitochondria.
Err� appears to be essential for adaptation to cold environ-
ment, as evidenced by the failure of mice lacking Err� to main-
tain body temperature when exposed to cold (30). Err� is
needed for the high levels of oxidative capacity characteristic of
brown adipose tissue, and thus for providing the energy neces-
sary for thermogenesis. Err� fulfills this role by acting directly

FIGURE 7. Involvement of Err� in the responsiveness of Sirt3 gene expres-
sion to Pgc-1�. A, effects of adenoviral mediated overexpression of Pgc-1�
and/or Err� on Sirt3 gene expression in MEF-derived adipocytes. B, effects of
impairment of endogenous Err� expression via adenoviral mediated expres-
sion of Err� siRNA on the capacity of Pgc-1� to induce Sirt3 gene expression.
C, effects of the Err� inhibitor 5 �M XCT-790 on the action of Pgc-1� on Sirt3
gene expression. Bars are mean � S.E. of five to seven independent experi-
ments. Statistically significant differences (p � 0.05) due to Pgc-1� are shown
as *, and those due to Err� overexpression (A), Err� siRNA (B), or XCT-790 (C)
are shown by #.
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at genes important for brown fat thermogenesis: for instance, it
is one of the transcription factors that interact with Pgc-1� to
mediate Pgc-1� action on theUcp1 gene (31). The present find-
ings demonstrate that Err� is essential for the promotion of
Sirt3 gene expression by Pgc-1�. During the preparation of this
article, Kong et al. (32) reported that Pgc-1� controls Sirt3 gene
expression in the context ofmuscle cells. This confirms that the
Pgc-1�-Sirt3 regulatory axis may be important not only in
brown adipocytes but also in other cell types in which mito-
chondrial functions are regulated for physiological purposes
other than thermogenesis. In summary, we conclude that
Pgc-1� controls the expression of Sirt3 in brown adipocytes,
and this process may be a relevant intracellular mechanisms by
which Pgc-1� conducts its master role in the induction of
brown adipocyte phenotype.
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