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Peroxisome proliferator-activated receptor � coacti-
vator-1 (PGC-1) plays a critical role in regulating multi-
ple aspects of energy metabolism, including adaptive
thermogenesis, mitochondrial biogenesis, and fatty acid
�-oxidation. Recently, this coactivator of nuclear recep-
tors/transcription factors has been shown to control he-
patic gluconeogenesis, an important component of the
pathogenesis of both type-1 and type-2 diabetes. We de-
scribed here the cloning of a novel bona fide homologue
of PGC-1, PGC-1� (PGC-1 was renamed as PGC-1�), first
identified through searches of new data base entries.
Despite the fact that PGC-1� and -1� share similar tissue
distributions with highest levels of expression in brown
fat and heart, their mRNAs are differentially regulated
in the brown adipose tissue upon cold exposure and
during brown fat cell differentiation. Like PGC-1�,
PGC-1� mRNA levels are increased significantly in the
liver during fasting, suggesting a possible role for this
factor in the regulation of hepatic gluconeogenesis
and/or fatty acid oxidation. Consistent with this, PGC-1�
was shown to physically interact and potently coacti-
vate hepatic nuclear factor 4 and peroxisome prolifera-
tor-activated receptor �, nuclear receptors that are es-
sential for hepatic adaptation to fasting. Finally, using
sequence comparisons between PGC-1� and -1�, we
have identified a conserved amino acid motif that serves
as a docking site for host cell factor, a cellular protein
implicated in cell cycle regulation and viral infection.
HCF is shown to bind to both PGC-1� and -1� and aug-
ment their transcriptional activity.

The transcriptional function of many nuclear receptors

(NRs)1 is regulated by ligand-dependent recruitment of coacti-
vators to the C-terminal ligand binding domain (1, 2). A num-
ber of coactivators, including the p160 family, p300/CBP and
P/CAF, contain intrinsic histone acetyl transferase activity and
regulate transcription by modulating histone acetylation (1).
Other coactivators, consisting of heterogeneous proteins with
little sequence homology, modulate transcription by acting as
protein docking interfaces that recruit histone acetyl trans-
ferase-containing complexes or associate with basal transcrip-
tion factors such as RNA polymerase II holoenzyme (3). The
interaction between NRs and many coactivators requires a
conserved LXXLL motif, which is believed to form hydrophobic
contacts with the receptors (4, 5).

PGC-1 was initially identified as a PPAR�-interacting pro-
tein from a BAT library and was subsequently found to asso-
ciate with an array of NRs and transcription factors (6–9).
Importantly, PGC-1 has been shown to coordinately regulate
the program of mitochondrial biogenesis and adaptive thermo-
genesis in BAT and skeletal muscle, mainly through the coac-
tivation of PPARs and nuclear respiratory factor 1 (NRF1), a
nuclear transcription factor that regulates the expression of
many mitochondrial genes (6, 7). In transgenic mice, PGC-1
increases mitochondrial biogenesis and �-oxidation of fatty ac-
ids in the heart, likely through augmentation of PPAR� and
NRF1 transcriptional activity (10). Recently, PGC-1 expression
was found to be elevated in fasted liver and several models of
type-1 and type-2 diabetes; in addition, PGC-1 can directly
control the activation of hepatic gluconeogenesis (11, 12). De-
spite playing an important role in coordinating multiple phys-
iological processes, no close homologue for PGC-1 has been
found. We described here the identification of a novel coactiva-
tor, which is closely related to PGC-1, that we have termed
PGC-1�. Furthermore, we identified HCF, a cellular protein
that is involved in herpes simplex virus (HSV) infection and
cell cycle regulation (13, 14), as a novel binding partner that
increases the transcriptional activity of both PGC-1� and -1�.

MATERIALS AND METHODS

Plasmid Construction—Full-length PGC-1� cDNA clone was ob-
tained by ligating the 5� end of PGC-1� cDNA generated by GENER-
ACER (Invitrogen) to an expressed sequence tag cDNA clone
(AA288169) that contains the 3� end. GST-PGC-1� (N-350) was gener-
ated by inserting a PCR fragment coding for the N-terminal 350 amino
acids in frame into pGEX-5X1 vector. Fusion constructs between GAL4-
DBD and various regions of PGC-1� or HCF were generated by sub-
cloning PCR-amplified cDNA fragments in frame into pCMX-GAL4
plasmid (6). N-terminal FLAG-tagged PGC-1� (amino acid 2–1014) was
obtained by subcloning the cDNA insert into pCATCH FLAG plasmid
(15). All PCR fragments were verified by sequencing.

Transient Transfection—BOSC cells and COS cells were maintained
in Dulbecco’s modified Eagle’s medium plus 10% fetal bovine serum.
The cells were transfected using FuGENE according to the manufac-
turer (Roche Molecular Biochemicals). Reporter constructs for HNF4�
(3� gAF1 luc) and NRF1 (4� NRF1 luc) were described previously (7,
11). Luciferase assays were performed 48 h after transfection.* This work was supported in part by National Institutes of Health

Merit Award R37DK31405 (to B. M. S.). The costs of publication of this
article were defrayed in part by the payment of page charges. This
article must therefore be hereby marked “advertisement” in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.
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spiegelman@dfci.harvard.edu.

1 The abbreviations used are: NR, nuclear receptor; PPAR, peroxi-
some proliferator-activated receptor; PGC-1, PPAR� coactivator-1;
BAT, brown adipose tissue; HSV, herpes simplex virus; HCF, host cell
factor; NRF, nuclear respiratory factor; RRM, RNA recognition motif;
HBM, HCF binding motif; RAR, retinoic acid receptor; TR, thyroid
receptor; GR, glucocorticoid receptor; HNF4, hepatic nuclear receptor 4;
GST, glutathione S-transferase; DBD, DNA binding domain; PRC,
PGC-1-related coactivator.
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RNA Expression Analysis—HIB1B cells were maintained and in-
duced to differentiate as described (6). To induce UCP-1 expression,
differentiated cells were treated with 10 �M forskolin for 6 h before RNA
isolation. For cold exposure, C57/Bl6 mice were maintained at 4 °C for
6 h before sacrifice. RNA samples were analyzed by Northern hybrid-
ization using specific cDNA probes.

Protein Interaction Studies—Binding assays using GST fusion pro-
teins were performed essentially as described (6). Ligands were in-
cluded in some binding reactions as indicated. For coimmunoprecipita-
tion assays, BOSC cells were transiently transfected with various
combinations of plasmids and lysed after 36 h in a buffer containing 100
mM Tris (pH � 8.0), 250 mM NaCl, 1% Nonidet P-40, 1 mM EDTA, 1 mM

MgCl2, and protease inhibitors. The lysates were incubated with 10 �l
of anti-FLAG-Sepharose beads (Sigma) for 1 h at room temperature.
The beads were then washed four times with the lysis buffer and
resuspended in SDS-PAGE buffer. The samples were then processed for
immunoblotting analysis.

RESULTS

PGC-1 is not known to have any close homologues. Because
a great amount of sequence data has recently been entered into
the genomic and expressed sequence tag databases, we
searched these databases for transcripts with similarities to
the N terminus of PGC-1. In contrast to the C terminus, this
domain is uniquely found in rodent and human PGC-1. A
partial transcript in the Celera mouse genome database
(mCT4723) was found to encode a novel protein sharing a high
degree of sequence identity to PGC-1, which we designated
PGC-1� (AF453324). To keep nomenclature consistent, we thus
renamed PGC-1 as PGC-1�. Sequence analysis revealed that
the 3.6-kb cDNA contains an open reading frame of 1014 amino
acids that has similarity to PGC-1� across the entire molecule,
including three LXXLL motifs at the N terminus and one RNA
recognition motif (RRM) at the C terminus (Fig. 1A). Identity
between PGC-1� and -1� is especially high in the N-terminal
activation domain and the C-terminal RNA binding domain (40
and 48%, respectively; see Fig. 1B). Furthermore, sequence
comparison of all PGC-1 family members, including PGC-1-
related coactivator (PRC), revealed a novel conserved region
containing a tetrapeptide motif (DHDY; amino acid 683–686)
that has been previously identified in other proteins as a pu-
tative binding site for HCF, a protein involved in the regulation
of cell cycle progression and the assembly of a multiprotein
transcriptional complex during HSV infection (16, 17). The
function of this motif will be analyzed below. PGC-1� also
contains two glutamic/aspartic acid-rich acidic domains, but
unlike PGC-1� and PRC, it lacks most of the arginine/serine-
rich domain, a region that has been implicated in the regula-
tion of RNA processing (18). Human PGC-1� is predicted to
share over 70% amino acid sequence identity with mouse
PGC-1� and is localized to 5q33. Murine PGC-1� is localized to
chromosome 18. BLAST searches also revealed that the PGC-1
family of proteins is also well conserved in species such as
chicken, zebrafish, and Xenopus, suggesting that PGC-1 may
play important roles common to all of these species, perhaps
linked to mitochondrial function and/or the regulation of other
cellular and developmental processes.

PGC-1� mRNA is expressed in a highly tissue-selective man-
ner as shown by Northern hybridization (Fig. 1C). PGC-1�
mRNA is most abundantly present in brown adipose tissue and
heart, both notable for containing very high concentrations of
mitochondria. These results strongly suggest that like PGC-1�,
PGC-1� may play an important role in mitochondrial function,
respiration, and/or thermogenesis. Two predominant species of
PGC-1� mRNA (5 and 9 kb) were detected; this may result from
the usage of two alternative polyadenylation signals present in
the 3� end of the PGC-1� gene. Moderate levels of PGC-1�
mRNA are also observed in skeletal muscle, liver, and white
adipose tissue.

PGC-1� was initially identified as a transcription coactivator
that controls mitochondrial biogenesis and adaptive thermo-
genesis in skeletal muscle and brown fat. In contrast to the
cold-inducible expression of PGC-1�, the expression of PGC-1�
in BAT is not increased in response to cold exposure (Fig. 2A).
Given its abundant expression in the brown fat, it is possible
that PGC-1� is an important factor in the determination and/or
differentiation of brown adipocytes. To test whether the expres-
sion of PGC-1� is regulated during brown fat differentiation,
the mouse brown fat cell line HIB1B was induced to undergo
differentiation and examined for the PGC-1� expression (19).
Compared with undifferentiated cells, the expression of
PGC-1� is elevated on days 3 and 5 of differentiation, parallel
with a concomitant decrease in the PGC-1� expression (Fig.
2B). Upon treatments with forskolin, an activator of adenylyl
cyclase, PGC-1� level is rapidly induced along with the key
uncoupling protein of brown fat, UCP-1. In contrast, PGC-1�
expression is slightly decreased. These results indicate that
PGC-1� and -1� are likely to perform distinct roles in brown fat
differentiation and the regulation of other brown fat functions
such as adaptive thermogenesis.

PGC-1� expression is highly induced in the liver during
fasting and has been shown to play a direct role in the activa-
tion of hepatic gluconeogenesis in primary hepatocyte culture

FIG. 1. Amino acid sequence, gene structure, and tissue distri-
bution of PGC-1� mRNA. A, amino acid sequence of PGC-1�. Three
LXXLL motifs are underlined. RRM is shown in bold, and the HBM is
boxed. B, protein sequence alignment of PGC-1�, PGC-1�, and PRC,
with the degree of sequence identity to PGC-1� shown. Conserved
domains/motifs are indicated above and below the diagram, including
activation domain (AD), LXXLL and HBM motifs, the arginine/serine-
rich domain, and RRM. C, Northern blot analysis of RNA from various
tissues using PGC-1� cDNA as a probe. 1, adrenal gland; 2, brain; 3,
kidney; 4, liver; 5, heart; 6, muscle; 7, lung; 8, BAT; 9, spleen; 10, white
adipose tissue. Hybridization to 36B4 is shown as a control for RNA
loading.
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and rats (11, 12). Elevated expression of PGC-1� has also been
shown in models of both type-1 and type-2 diabetes (11). As
shown in Fig. 2C, the expression of PGC-1� is significantly
increased in the liver during fasting, a pattern that is strik-
ingly similar to the regulation of PGC-1� expression. These
results suggest that PGC-1� might be part of the regulatory
pathways that activate the hepatic adaptation during fasting,
such as the elevation of gluconeogenesis, �-oxidation of fatty
acids, and ketogenesis.

PPAR� and HNF4� are important transcription regulators
implicated in hepatic fatty acid oxidation and gluconeogenesis
during periods of food deprivation (20). We therefore asked
whether PGC-1� would physically interact with and coactivate
these transcription factors. The N terminus of PGC-1� (1–350),
which contains three putative nuclear receptor binding motifs
(LXXLL), is able to “pull down” in vitro-translated HNF4� with
similar efficiency as PGC-1� (Fig. 3A). Furthermore, the full-
length PGC-1� is readily coimmunoprecipitated with HNF4�
when coexpressed in BOSC cells, indicating in vivo association
of these two proteins (Fig. 3B). In contrast to PPAR� and -�, the
recruitment of PGC-1� by RAR� and TR� is highly dependent
on their respective ligands (Fig. 3A and data not shown). Con-
sistent with a potential role in regulating hepatic gluconeogen-
esis, PGC-1� potently enhances the transcriptional activity of
GR and HNF4� on reporter constructs containing multimer-
ized cognate binding sites (Fig. 3C). Coactivation of GR by
PGC-1� is strictly dependent on the presence of glucocorticoid,
indicating ligand-dependent recruitment of the coactivator to
the receptor; the latter is also observed for TR� and RAR�
(data not shown). Although PGC-1� alone has minimal effect
on the reporter plasmids for GR and RAR�, it significantly
coactivates HNF4� reporter construct; this is probably because
of the presence of endogenous nuclear receptors that may bind
to the responsive elements. In addition to coactivating NRs,
PGC-1� is also a potent regulator of the transcriptional activity
of NRF1, a central transcription factor in the control of mito-

chondrial biogenesis (Fig. 3C). Ligand-dependent binding and
coactivation of several receptors by PGC-1� demonstrate that
PGC-1� regulates the transcriptional activity of multiple NRs,
likely through direct physical association with these fac-
tors. Significantly, these include factors known to be impor-
tant in mitochondrial biogenesis, fatty acid oxidation, and
gluconeogenesis.

Sequence alignment of all PGC-1 family members revealed
several conserved patches of amino acids that may be impor-
tant for their function. One such region contains a tetrapeptide
motif, DHDY, that is a putative HCF binding motif (HBM;
(D/E)HXY). Proteins containing this motif have been shown to
associate with HCF, including HSV viral protein VP16 and a
basic leucine-zipper protein, LZIP (16). HCF does not bind
DNA by itself; however, it can be recruited by DNA-binding
transcription factors such as Oct-1 and functions as a scaffold
for the assembly of transactivation complexes (21). Although
HCF has been found in complex with Oct-1 and VP16, the
cellular targets for this factor remain unclear. It is therefore
possible that PGC-1� and -1� may mediate the recruitment of
HCF-containing protein complexes to the NR binding sites,
thereby modulating NR-regulated transcription. To test
whether PGC-1� and -1� are physically associated with HCF in
vivo, FLAG-tagged HCF was cotransfected with GAL-PGC-1�
or -1� and analyzed by immunoprecipitation followed by West-
ern blot. As shown in Fig. 4A, HCF strongly interacts with both
PGC-1� and PGC-1�, thus identifying a novel interaction part-
ner for PGC-1-related coactivators. Recruitment of HCF to
PGC-1� increases the transcriptional activity of PGC-1� 3-fold
in a cotransfection assay (Fig. 4B). On the other hand, PGC-1�
can be recruited by the N-terminal 380 amino acids of HCF, a
domain that has been shown to interact with HBM-containing

FIG. 2. Highly regulated expression of PGC-1�. A, Northern blot
analysis of BAT RNA from mice exposed to 25 °C (normal) or 4 °C (cold)
for 6 h. B, Northern blot analysis of brown fat cell RNA during differ-
entiation (diff.) and forskolin treatment. HIB1B cells were induced to
undergo differentiation for various periods of time. Cells differentiated
for 5 days were treated with 10 �M forskolin (FSK) for 6 h. C, Northern
blot analysis of liver RNA isolated from fasted/refed mice. Note signif-
icant induction of PGC-1� mRNA expression during fasting along with
the gluconeogenic enzyme glucose-6-phosphatase (G6Pase).

FIG. 3. Physical interaction between PGC-1� and nuclear re-
ceptors. A, a purified fusion protein between the N-terminal 350 amino
acids of PGC-1� and GST was incubated with in vitro-translated
HNF4�, TR�, or PPAR� and examined for interaction as described. B,
BOSC cells were transfected with expression constructs as indicated.
Total cell lysate or immunoprecipitated (IP) complex was examined by
immunoblotting analysis. C, coactivation of nuclear receptors by PGC-
1�. COS cells were cotransfected with vectors expressing HNF4� or
NRF1 along with reporter plasmids (3� gAF1 luc for HNF4� and 4�
NRF1 luc for NRF1), alone or in the presence of PGC-1�. Error bars
indicate S.E. of three independent experiments made in duplicate.
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proteins, and potently increases the transcriptional activity of
HCF fused to the GAL4 DBD (Fig. 4C). Coactivation of HCF
was also observed for PGC-1� (data not shown). These results
demonstrate that HCF can function in complex with PGC-
1�/1� to activate transcription from target genes.

DISCUSSION

We described here the identification of a transcription coac-
tivator that is closely related to PGC-1�. PGC-1� has sequence
homology to PGC-1� across the molecule, but it is clearly the
product of a distinct gene. PGC-1� physically interacts with a
number of NRs both in vitro and in vivo and potently augments
their transcriptional activity. Expression of PGC-1� is elevated
in the liver during fasting, suggesting PGC-1�, like PGC-1�,
may play an important role in the activation of metabolic
programs underlying hepatic adaptation during fasting. Con-
sistent with this, PGC-1� was found to coactivate HNF4�, GR,
and PPAR�, transcription factors that coordinate the activa-
tion of gluconeogenesis and fatty acid oxidation in the liver.
PGC-1� mRNA is abundant in both BAT and heart, tissues
that contain dense mitochondria and high levels of substrate
oxidation. Given that PGC-1� is a potent coactivator for NRF1,
it is highly likely that PGC-1� regulates mitochondrial function
and respiration. In contrast to the cold-inducible expression of
PGC-1�, the expression of PGC-1� mRNA is not altered by
exposure of animals to cold temperature or treatment of brown
adipocyte culture with forskolin. On the other hand, PGC-1�
mRNA is elevated during brown fat differentiation, suggesting

that PGC-1� and -1� perform distinct functions during brown
fat determination/differentiation and adaptive thermogenesis.

The availability of this new sequence information allows us
to identify conserved motifs among PGC-1 family members
that may be important for their function. We reported here that
all known coactivators in the PGC-1 family, including PGC-1�,
-1�, and PRC, contain a functional docking site for HCF. The
association between HCF and PGC-1� enhances the transcrip-
tional activity of PGC-1�, suggesting that the assembly of
PGC-1�HCF complexes may be important in the coactivation of
NRs by PGC-1. HCF is a critical component of a transactivation
complex formed along with HSV VP16 and octamer-binding
protein Oct-1; this complex is important for immediate early
gene expression during viral infection (14, 22). The activity of
HCF is also required for cell cycle progression (14). It is there-
fore possible that PGC-1, in complex with HCF and DNA-
binding transcription factors such as NRs, plays an as yet
unidentified role in gene expression during viral infection and
cell proliferation, perhaps related to mitochondrial-linked en-
ergy metabolism. This must be addressed in future studies.
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