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Investigations of biological programs that are controlled by
gene transcription have mainly studied the regulation of tran-
scription factors. However, there are examples in which the
primary focus of biological regulation is at the level of a tran-
scriptional coactivator. We have reviewed here the molecular
mechanisms and biological programs controlled by the tran-
scriptional coactivator peroxisome proliferator-activated re-
ceptor-y coactivator 1la (PGC-1a). Key cellular signals that
control energy and nutrient homeostasis, such as cAMP and
cytokine pathways, strongly activate PGC-1a. Once PGC-1la is
activated, it powerfully induces and coordinates gene expres-
sion that stimulates mitochondrial oxidative metabolism in

brown fat, fiber-type switching in skeletal muscle, and mul-
tiple aspects of the fasted response in liver. The regulation
of these metabolic and cell fate decisions by PGC-la is
achieved through specific interaction with a variety of tran-
scription factors such as nuclear hormone receptors, nuclear
respiratory factors, and muscle-specific transcription factors.
PGC-1a therefore constitutes one of the first and clearest ex-
amples in which biological programs are chiefly regulated by
a transcriptional coactivator in response to environmental
stimuli. Finally, PGC-1«’s control of energy homeostasis sug-
gests that it could be a target for antiobesity or diabetes drugs.
(Endocrine Reviews 24: 78-90, 2003)
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I. Introduction

( :ENE TRANSCRIPTION IS now understood to involve
several distinct protein complexes that are necessary
to get proper regulation in space and time. The transcrip-

Abbreviations: AF, Activation function; BAT, brown adipose tissue;
CBP, CREB binding protein; CREB, cAMP response element binding
protein; ER, estrogen receptor; Glut-4, insulin-sensitive glucose trans-
porter; GR, glucocorticoid receptor; HAT, histone acetyl transferase;
HNF-4a, hepatocyte nuclear factor-4a; MEF2, myocyte enhancer fac-
tor-2; mtTFA, mitochondrial transcription factor A; NRF, nuclear respi-
ratory factor; PEPCK, phosphoenolpyruvate carboxykinase; PGC,
PPAR-vy coactivator 1; PKA, protein kinase A; PPAR, peroxisome pro-
liferator-activated receptor; RAR, retinoic acid receptor; RMM, RNA-
binding motif; RS, serine-arginine-rich; SRC-1, steroid receptor coacti-
vator-1; TR, thyroid receptor; TRAP, TR-associated protein; UCP,
uncoupling protein; WAT, white adipose tissue.
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tional machinery must function at the correct time and chro-
mosomal location to unwind compacted chromatin, recruit
RNA polymerase and related factors, and initiate RNA syn-
thesis. The key components can be organized into several
categories. First, transcription factors generally refer to pro-
teins that bind to DNA in a sequence-specific manner, typ-
ically as hetero- or homodimers. Most commonly, this occurs
in the region 5’ to the transcription start site. It was previ-
ously thought that transcription factors themselves were di-
rectly involved in recruiting RNA polymerase II or unwind-
ing DNA, but it is now understood that this function is
largely carried out by other proteins. Second, the region
around the start of transcription binds the general transcrip-
tion apparatus, a complex that functions to correctly orient
RNA polymerase II at the specific site for initiation of tran-
scription. This complex, involving many proteins, usually
contains TATA binding protein, although proper initiation
can also occur without this factor. Finally, mediating the
functional connection between transcription factors and the
general transcription apparatus are the coactivators. Coac-
tivator refers to a protein or protein complex that increases
the rate of transcription by interacting with transcription
factors but does not itself bind to DNA in a sequence-specific
manner. The binding of coactivators to transcription factors
can also be regulated, for example, by the binding of ligands
to nuclear hormone receptors.

Coactivators usually exist and function as multiprotein
complexes. These complexes contain individual proteins that
mediate docking on transcription factors and others that
mediate functions necessary for transcription itself. These
include modifications of histones by acetyltransferase activ-
ity, modification of histones by phosphorylation or methyl-
ation, and the unwinding and remodeling of chromatin in an

ATP-dependent fashion. It is also highly likely that addi-
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tional enzymatic activities associated with coactivator com-
plexes will be discovered.

The last 20 yr have seen tremendous progress in our un-
derstanding of the role of transcriptional control in almost
every area of biology—development, physiology, and dis-
ease. In the vast majority of cases described to date, a key
regulatory step is an alteration in the amount or activity of
the transcription factor. However, recent work has shown
that biological regulation can also be achieved through mod-
ulation of other components of the transcriptional apparatus.
The first example of biological regulation at the coactivator
level was the demonstration of the key function of a B cell-
selective coactivator of the Oct family of transcription factors,
Oca-B. Our studies of the regulation of the adipose cell lin-
eage, especially in the divergence of the white vs. brown fat
pathways, led us to discover a coactivator with an amazing
degree of regulation in different tissues and physiological
states. Peroxisome proliferator-activated receptor (PPAR)-y
coactivator la (PGC-la), the subject of this review, is in-
volved in multiple biological responses related to energy
homeostasis, thermal regulation, and glucose metabolism.

II. PGC-1a Regulates Biological Programs Linked to
Energy Homeostasis

A. PGC-1a and adaptive thermogenesis

1. Concepts and tissues involved in adaptive thermogenesis. En-
ergy balance is defined by two components: energy intake
and energy expenditure. Chronic perturbations in these two
components can lead to an increase or decrease in body
weight. In homeotherms, energy expenditure is the result of
basal metabolism, physical activity, and adaptive thermo-
genesis (also known as facultative thermogenesis; see Ref. 1).
Adaptive thermogenesis refers to changes in heat dissipation
in response to environmental temperatures, nutritional sta-
tus, or infection. In each of these challenges, physiological
mechanisms are activated to increase heat production in
different tissues, particularly brown fat and muscle (2, 3).

Most adaptive thermogenesis in small mammals takes
place in brown adipose tissue (BAT). BAT is morphologically
and metabolically different from white adipose tissue (WAT)
and plays an opposite physiological function: dissipation vs.
storage of energy. Brown adipocytes contain multiple small
droplets of triglycerides and a high number of mitochondria.
In addition, their mitochondria contain a specific uncoupling
protein-1 (UCP-1), which is expressed only in brown adipo-
cytes. Genetic studies from mice lacking UCP-1 indicate that
it is an essential component for cold-induced thermogenesis;
however, it seems to play a smaller role for diet-induced
thermogenesis (4). Adaptive thermogenesis in BAT is
achieved through two main inputs: adrenergic stimulation
(5, 6) and thyroid hormone action (7, 8).

Another tissue involved in adaptive thermogenesis is skeletal
muscle, particularly in large adult mammals in which there is
relatively little brown fat (9, 10). Skeletal muscle represents
about 40% of the total body mass and has high oxidative me-
tabolism linked to a high mitochondrial number (11).

Once it was appreciated that the molecular mechanism for
brown fat thermogenesis is through uncoupling respiration
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depending on UCP-1, it was reasonable to speculate that
other tissues, such as muscle or liver, might use similar
systems to generate heat. By searching for genes similar to
UCP-1in tissues other than brown fat, several groups cloned
UCP-2 (12, 13) and UCP-3 (14-16). Genetic loss-of-function
mice have been created that lack UCP-2 or UCP-3 (17). These
data support the idea that these proteins participate in un-
coupling respiration in mitochondria. However, these mice
did not have any alteration in thermogenic function or sys-
temic energy balance. Rather, UCP-2 has been shown to be
important in free radical production, defense against infec-
tion (18), and insulin secretion in the pancreas (19).

2. PGC-1a regulates components of adaptive thermogenesis and
mitochondrial biogenesis.

a. Identification of PGC-1a. Although some of the effectors
for adaptive thermogenesis, such as UCP-1, have been ex-
tensively studied, relatively little is known about the tran-
scriptional regulation of this process. One useful approach to
this problem has been the analysis of the specific brown
fat-specific enhancer of UCP-1. UCP-1 gene expression is
highly cold inducible through the activation of the sympa-
thetic nervous system and is mediated by B-adrenoreceptors
and cAMP (20, 21). In addition, several activated nuclear
hormone receptors play an important role in the differenti-
ation of brown fat cells and in UCP-1 gene expression, in-
cluding thyroid hormone receptor (TR), retinoic acid recep-
tor (RAR; Ref. 22), and PPARs (PPAR«, PPARY; Refs. 23 and
24). The potential involvement of PPARYy in this regulation
is particularly interesting because of its key role in white
fat-specific gene expression and differentiation. Activation of
PPARYby synthetic ligands, the antidiabetic thiazolidinedio-
nes, has been shown to promote the differentiation of brown
fat precursor cells and to cause a hypertrophy of BAT when
given to rats (25, 26). Furthermore, PPARy knockout animals
lack brown adipose tissue, indicating that it is required for
the formation of this tissue, as well as white fat (27, 28).
Although these data strongly support the importance of
PPARY in brown fat differentiation, it is clear that the same
factor alone cannot determine whether adipocyte cells are
white (energy storage) or brown (energy dissipation). These
data suggested to us the possibility that a specific cofactor
might augment and alter PPARy function in brown fat cells,
resulting in activation of the thermogenic genes that char-
acterize this cell type. Based on this hypothesis, we cloned a
PPARy-interacting protein that is expressed preferentially in
brown fat compared with white fat, in which endogenous
levels are very low. We called this factor PGC-1a (29).

b. Adrenergic regulation of PGC-1a in brown fat and muscle.
The function of the B-adrenergic receptors in brown fat and
muscle is critical for the response of these tissues to cold and
alterations in diet. Physiologically, this stimulation is medi-
ated through the sympathetic nervous system that innervates
the brown adipocytes. PGC-1a is strongly induced at the
transcriptional level in brown fat and skeletal muscle when
mice are exposed to the cold. Consistent with these in vivo
data, PGC-1 mRNA is induced in a brown fat cell line treated
with a B-adrenergic receptor agonist, isoproterenol (29). The
effectis mediated through the 83-adrenergic pathway, in that
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knockout animals for this receptor lack the cold induction of
PGC-1a in brown fat (30). In addition, injection of specific
B3-agonists can specifically induce PGC-1a in brown fat (31).
Although much less is known about PGC-18, a close ho-
molog of PGC-1g, it is expressed in brown fat but is not
induced upon cold exposure (32).

Interestingly, the adrenergic induction of UCP-1 has been
studied in detail, but the transcription factors involved re-
mained unknown. As stated above, PGC-1a strongly coac-
tivates several nuclear receptors that bind to the UCP-1 en-
hancer. Thus, a likely model is that a major portion of the
cAMP effect is mediated via the induction of PGC-la and
subsequent interaction of this factor with nuclear hormone
receptors PPARy, PPAR«, RAR, and TR. In interesting ge-
netic studies, Kozak (33) has found quantitative trait loci in
mice linked to specific chromosomes that regulate both
PGC-1a and UCP-1 expression and could account for the
appearance of brown fat in white fat depots.

¢. PGC- 1a and the adipocyte cell fate decision. A key question
is whether PGC-1a is the major switch in the decision to

PPARY/RXRo.
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become either white or brown fat cells. Although it has been
proven that PPARy is necessary and sufficient to induce
white fat differentiation, it is necessary but not sufficient to
induce brown fat differentiation (27, 28). Several pieces of
data suggested that PGC-1a is likely to be involved in this
decision (29). First, PGC-1a is the only protein thus far de-
scribed that can powerfully activate the UCP-1 enhancer in
non-BAT cell lines. Second, when introduced into white fat
cells, PGC-1a induces endogenous UCP-1 gene expression
and mitochondrial biogenesis, two decisive features of
brown fat. Finally, PGC-1a is a downstream target of the
adrenergic signaling, which is the key signaling mediator of
brown fat differentiation in cell cultures and after cold ex-
posure. Although these correlations are consistent with
PGC-1a playing a key role in the adipocyte cell fate decision
(Fig. 1), experiments to date in culture have not expressed
PGC-1a levels comparable to those in vivo, and the resulting
UCP-1 gene expression is also far below the in vivo levels.
Hence, a more definitive proof of the requirement and suf-
ficiency of PGC-1a as the key switch for the decision between

MESENCHYMAL
STEM CELL

PRE-ADIPOCYTES

PPARy/RXRo.

Others?

ADIPOCYTE

\\ Others?

BROWN
ADIPOCYTE

Fic. 1. Transcriptional control of adipocyte cell fate. The activation of PPARy/RXRa is a key function in the differentiation of preadipocytes.
Preadipocytes can potentially differentiate into two different types of adipocytes: white and brown. Activation of PPARy/RXRa is required for
the differentiation of both types of adipocytes. A key switch in this bifurcation is the presence of particular PPARy coactivators. For instance,
it is known that the coactivator TRAP220/PPARy binding protein (PBP), part of the TRAP/vitamin-D receptor interacting proteins complex,
is required for white adipocyte differentiation (76). On the other hand, the utilization of PGC-1a coactivator by PPARYy can activate specific
gene expression associated with the conversion of preadipocytes to brown adipocytes. Whether there is a conversion between brown adipocytes

and white adipocytes is unknown.
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brown and white fat cell lineages will require the manipu-
lation of PGC-1« levels in mouse models.

d. PGC-1a regulates respiration, mitochondrial biogenesis, and
gene expression. Enhanced mitochondrial biogenesis is an im-
portant component of adaptive thermogenesis, especially in
brown fat and skeletal muscle, in which PGC-1a is highly
expressed and inducible by cold or adrenergic stimuli. Ex-
posure to cold temperatures induces mitochondrial prolif-
eration and increased uncoupling of respiration. The role of
thyroid hormone in stimulating mitochondrial biogenesis
and in the induction of mitochondrial genes encoded in the
nucleus is well established (34). Scarpulla and collaborators
(35, 36) identified and cloned two novel transcription factors,
nuclear respiratory factor (NRF)-1 and -2, that bind to the
promoter region of a broad range of mitochondrial genes
encoded in the cell nucleus, including B-ATP synthase, cy-
tochrome-c, cytochrome-c-oxidase subunit IV, and mito-
chondrial transcription factor A (mtTFA). It is of particular
interest that the NRFs turn on mtTFA, a key transcriptional

ENVIRONMENTAL STIMULI

(Cold, Diet, etc.)

Adrenergic
Receptor

cAMP

PKA

mt TFA

Gene Expression
& Replication

MITOCHONDRION
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activator that translocates to the mitochondria and activates
mitochondrial DNA replication and transcription.

PGC-1a has a major impact on the NRF system (Fig. 2).
When introduced into muscle cells, PGC-la dramatically
induces gene expression for NRF-1, NRF-2, and mtTFA. Fur-
thermore, PGC-1a physically interacts with NRF-1 and co-
activates its transcriptional activity (37). A dominant nega-
tive allele of NRF-1 completely blocks PGC-1a’s ability to
induce mitochondrial proliferation, indicating the central
role of this transcriptional factor/coactivator pair. Thus,
PGC-1a and its functions provide a plausible molecular basis
for the connection between environmental/hormonal stim-
uli and mitochondrial biogenesis and respiration when the
organism has altered energy or thermogenic requirements.

As mentioned above, uncoupling of mitochondrial respi-
ration is an important component of energy expenditure in
vivo. When introduced into fat cells, PGC-1a induces UCP-1
but not UCP-2 or -3 (29). In muscle cells (in which UCP-1 is
not expressed), we have shown that expression of PGC-1a
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F1c. 2. Mitochondrial biogenesis and gene expression through PGC-1a. B-Adrenergic and cytokine cell surface receptors trigger signaling

cascades involving the PKA and p38 MAPK pathways. PKA phosphorylates CREB transcription factor, which is involved in the induction of

PGC-1a gene expression. Stimulation of p38 MAPK directly phosphorylates the PGC-1a protein, resulting in its activation and stabilization.
PGC-1a activates the expression of the subunits of respiratory chain and mtTFA through the induction of the expression of NRFs and the
coactivation of NRF-1-mediated transcription. mtTFA subsequently translocates into the mitochondrion and directly increases the transcription

and replication of mtDNA.
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also induces uncoupled respiration, but this correlated with
increased expression of UCP-2 but not UCP-1 or UCP-3 (37).
The transcription factor mediating this cell-specific regula-
tion of UCP-2 in muscle cells is currently unknown. Fur-
thermore, it is not known whether the uncoupling activity
observed in either fat or muscle cells expressing PGC-1« is
due to UCPs or other molecules involved in the uncoupling
of respiration.

The results discussed above were performed in cultured
cells, either fat or muscle. Interestingly, two different murine
genetic models, one lacking the translation inhibitor of the
eukaryotic initiation factor 4E binding protein (38) and the
other overexpressing the forkhead transcription factor
FOXC2 (39) in fat depots, display white adipose depots that
begin to take on the distinctive multilocular appearance of
brown adipocytes and express UCP-1. In both types of an-
imals there was a striking correlation between the brown fat
phenotype and elevated PGC-1a levels.

B. Cytokines and PGC-1a

Cachexia is a chronic state of negative energy balance and
muscle wasting that is a severe complication of cancer and
prolonged infection. A common feature of cachexia is an
elevation in circulating cytokine levels. Elevation in inflam-
matory cytokines has been shown to be an important feature
of cachexia induced by bacteria, HIV, a variety of cancers,
and heart failure (40, 41). However, there has been little
molecular mechanistic insight as to how cytokines stimulate
metabolic rates. These proteins bind membrane receptors
and trigger different signaling cascades involving protein
kinases such as inhibitor «B kinase (42) and the stress-acti-
vated kinases p38 MAPK and c-Jun N-terminal kinase (43,
44). These enzymes phosphorylate multiple targets, includ-
ing transcription factors, either in the cytoplasm or in the
nucleus and regulate gene transcription.

Given the ability of PGC-1« to activate a broad program
of thermogenesis, PGC-1a constitutes a potential candidate
for being the target of cytokines in cachexia and energy
expenditure (Fig. 2). Indeed, we have shown that cytokines
such as IL-1e, IL-1B3, and TNFa can activate the transcrip-
tional activity of PGC-1a through direct phosphorylation by
P38 MAPK (Section III.E for mechanistic details), resulting in
stabilization and activation of PGC-1a protein. Cytokine or
lipopolysaccharide induced activation of PGC-1a in muscle
cells and muscle in vivo, causing increased respiration and
expression of genes linked to mitochondrial uncoupling and
energy expenditure (45). This study suggested a possible
anticachectic benefit for the inhibition of p38 MAPK or
PGC-1a activity in muscle tissue. Future studies in different
cachectic murine models must address the precise involve-
ment and/or requirement of PGC-la in the cachectic
response.

C. PGC-1«a and heart development

Heart expresses relatively high levels of PGC-1a mRNA.
Because this tissue is not noted for being thermogenic, it was
particularly interesting to determine the function of this co-
activator in the heart. PGC-1a expression is greatly increased

Puigserver and Spiegelman ¢ PGC-1«

in the developing mouse heart, immediately before the large
burst of mitochondrial biogenesis and oxidative metabolism
that precedes birth (46). Presumably, this burst in oxidative
metabolism reflects the large requirement for ATP as the
neonate heart requires more energy. When PGC-1a« is intro-
duced into cultured cardiac myocytes, increases in both mi-
tochondrial biogenesis and respiration are observed. How-
ever, unlike what was seen in fat and muscle cells, most of
this respiration was tightly coupled to ATP synthesis. Mas-
sive overexpression of PGC-1a in the hearts of mice resulted
in a large increase in mitochondrial biogenesis and a dilated
cardiac myopathy (46). This myopathy was thought to be due
to the gross overexpression of PGC-1a.

Cardiac hypertrophy due to pressure overload in mice
causes a conversion from fatty acid oxidation to glycolytic
metabolism (47). PGC-1a expression decreases dramatically
as fatty acid oxidation drops, suggesting that this decrease in
oxidative metabolism is secondary to the loss of PGC-1a
expression. It will be extremely interesting to determine
whether this drop in PGC-la levels is adaptive or
maladaptive.

The specific genes regulated by PGC-1a in cardiac cells
include several genes of the electron transport chain, mito-
chondrial biogenesis, and fatty acid B-oxidation. The regu-
lation of carnitine O-palmitoyltransferase-1, a key compo-
nent of B-oxidation, occurs via docking and coactivation of
PGC-1a on PPAR« (48). As there are multiple pathophysi-
ological states in which cardiac mitochondrial function is
altered, the PGC-1a regulatory pathway could conceivably
be a target for the development of novel therapeutic strate-
gies to improve dysfunction in certain cardiac diseases.

D. PGC-1a and fuel homeostasis: glucose uptake
and gluconeogenesis

1. PGC-1a and glucose uptake. The activation of increased
energy expenditure ultimately requires an increased uptake
and metabolism of fuels. As mentioned above, PGC-1«a has
been shown to stimulate genes of fatty acid oxidation in
cardiac cells, and induction is associated with an increase
in fatty acid oxidation in adipocytes and in heart (46, 48). In
addition, it was shown that these effects were increased
when PPARa was coexpressed. Fatty acid oxidation from
4C-labeled palmitate was also increased in these cells.
Whether fatty acid uptake is also augmented in these cells
has not been determined.

The effects of PGC-1a on glucose uptake and metabolism
is of particular interest in diabetes because there are numer-
ous studies indicating that the rates of mitochondrial oxi-
dation can affect glucose uptake (49). Indeed, simultaneous
to the effects of PGC-la on mitochondrial respiration in
skeletal muscle cells, this coactivator also induces gene ex-
pression for the insulin-sensitive glucose transporter (Glut-4)
and increases glucose uptake (50). The relative insulin sen-
sitivity of this transport process, however, does not increase.
This effect on Glut-4 gene expression is partially mediated
through PGC-1a binding to and coactivating the muscle tran-
scriptional regulator MEF2 (myocyte enhancer factor-2),
probably the MEF2C isoform.
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2. PGC-1o and hepatic gluconeogenesis. Mammals have highly
regulated systems to maintain blood glucose levels within
tight limits, despite intermittent access to food. The central
nervous system and red blood cells are particularly depen-
dent on this substrate. Blood glucose levels are controlled by
the hormonal modulation of glucose production and periph-
eral glucose uptake.

The liver is the major producer of glucose and does this
through two different pathways. One is glycogenolysis, or
the breakdown of glycogen that occurs in a relatively short-
term fast. A second pathway, gluconeogenesis, is turned on
with a medium- to long-term fast and involves de novo syn-
thesis of glucose from precursors such as lactate, pyruvate,
glycerol, and alanine. The rate of gluconeogenesis is con-
trolled by the activities of three key enzymes: phosphoenol-
pyruvate carboxykinase (PEPCK), fructose-1,6-bisphos-
phatase, and glucose-6-phosphatase. Hormonal modulation
of these enzymes is mainly controlled at the transcriptional
level with insulin, glucagon, and glucocorticoids being key.
Gluconeogenesis occurs in fasting or diabetic states in which
insulin is low or the liver is insulin resistant. In particular,
insulin blocks the actions of the progluconeogenic hormones,
glucagon and glucocorticoids. Although the promoters of
genes involved in gluconeogenesis, especially PEPCK, have
been studied extensively, no transcription factor has been
found that is both regulated by the gluconeogenic hormones
and has the ability to robustly activate the program of
gluconeogenesis.

Our original studies in normal, ad libitum-fed mice had
shown very little expression of PGC-1la mRNA in the liver.
However, more recent studies illustrate that PGC-1a expres-
sion in liver is dramatically increased by fasting (51, 52).
Furthermore, PGC-1a is also greatly induced in the liver of
streptozotocin-injected mice, a model of type 1, insulin-
deficient diabetes. It is also induced in ob/ob mice, a model
of type 2 diabetes with high insulin levels but profound
insulin resistance. A key role for insulin as a suppressor of
PGC-1a expression in liver was shown using mice having
liver-specific mutations in the insulin receptor, the LIRKO
mouse. PGC-1a was highly elevated in these mice, as well.

In all of these animal models, the expression of PGC-1a
correlated well with hepatic gluconeogenesis. We therefore
examined the ability of gluconeogenic hormones to activate
PGC-1a expression in primary hepatocytes. Glucagon, acting
via cAMP, and glucocorticoids are the major positive factors
activating the genes of gluconeogenesis in liver. Treatment of
hepatocytes with 8-bromo-cAMP, a cell-permeable analog of
cAMP, induced mRNA expression of PEPCK and glucose-
6-phosphatase, key enzymes of gluconeogenesis. Dexameth-
asone, a synthetic glucocorticoid, increased PGC-1la gene
expression only slightly but markedly synergized with 8-
bromo-cAMP in the induction of PGC-1a mRNA (51).

These correlative studies led us to directly test a direct
effect for PGC-1a in the activation of gluconeogenesis (Fig.
3). Primary hepatocytes were infected with adenoviruses
encoding for the expression of either green fluorescent pro-
tein or PGC-1a. Remarkably, PGC-1a expression stimulated
the expression of mRNA for all three key genes of glucone-
ogenesis: PEPCK, fructose 1,6-bisphosphatase, and glucose-
6-phosphatase. Experiments performed at different doses of
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virus indicated that maximal induction of these genes oc-
curred at approximately the same levels of PGC-1a protein
that are present in fasted liver (51).

As might be predicted from the gene expression data,
PGC-1a stimulated a 3-fold increase in the ability of hepa-
tocytes to secrete glucose when provided with gluconeogenic
precursors. Although this process was stimulated in control
hepatocytes by 8-bromo-cAMP, no further augmentation
was observed in the cells expressing PGC-1a via adenovirus,
suggesting that a major effect of the hepatic cAMP was the
elevation of PGC-1a.

Adenoviral-based vectors were also used to modify
PGC-1a expression in the liver of rats in vivo (51). Rats were
killed 5 d after tail-vein injection of virus expressing PGC-1a
or green fluorescent protein. Ad libitum-fed rats that received
the PGC-1a virus had an elevation of PGC-1a protein to
approximately the levels seen in the fasted state of control
animals. The PGC-1a recipient animals also had an elevation
in PEPCK and glucose-6-phosphatase mRNA, as well as a
significant rise in blood glucose and insulin. These data
indicate that PGC-1a can regulate gluconeogenesis in vivo at
physiological protein concentrations. cAMP response ele-
ment binding protein (CREB), a transcription factor activated
by glucagon and cAMP, directly activated the expression of
PGC-1a through binding to its promoter. Indeed, overexpres-
sion of PGC-1la in CREB-deficient mice restored glucose ho-
meostasis and rescued expression of gluconeogenic genes (52).

The PEPCK promoter has been used to study the mech-
anistic basis for PGC-1a’s actions in gluconeogenesis. Uti-
lizing transfections of the wild-type and mutant versions of
the PEPCK promoter, coactivation of two nuclear receptors,
hepatocyte nuclear factor-4a (HNF-4«) and the glucocorti-
coid receptor, appear to be important (51). The interaction
with HNF-4« utilizes the activation function (AF)-2 domain
of this receptor and the major LXXLL (amino acids 142-146)
of PGC-1a. Interestingly, the interaction between LXXLL
domain of coactivators and the AF-2 of most receptors is
ligand dependent, but PGC-1a can coactivate HNF-4a with-
out any addition of ligands.

In addition, one intriguing question is how insulin acts to
suppress PGC-1a expression and whether this action of in-
sulin is direct or via the counterregulatory hormones con-
trolled by insulin: glucagons and the glucocorticoids. There
is good evidence for the involvement of the protein kinase
acute transforming retrovirus thymoma (AKT2) and Fork-
head box protein 01 (FOXO1) transcription factor in the in-
sulin suppression of gluconeogenesis (53, 54). Whether these
function directly in PGC-1a gene expression or through other
mechanisms remains to be determined.

II1. Molecular Mechanisms of PGC- 1« Function
A. The PGC-1 gene gamily

PGC-1a is now part of a small family of transcriptional
coactivators that includes the close homolog PGC-1p (32, 55)
and PGC-1-related coactivator (Ref. 56 and Fig. 4). All these
proteins share a high degree of homology in the N terminus
and at the C terminus. The N terminus of all of these proteins
contains a transcriptional activation domain and includes the
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FI1G. 3. Transcriptional regulation of hepatic gluconeogenesis by PGC-1a. Hepatic glucose production in the liver is tightly controlled by
hormones. Glucagon and catecholamines stimulate the cAMP pathway and CREB, which activates PGC-1« gene expression. PGC-1« is then
recruited to different transcription factors that bind to the promoter of gluconeogenic genes such as PEPCK. Glucocorticoids induce a specific
interaction between PGC-1a and GR-activating PEPCK. Insulin represses cAMP activation on gluconeogenic genes, but how it blocks PGC-1«

gene expression is unknown.

major nuclear hormone receptor-interacting motif (LXXLL).
The C-terminal region contains an RNA-binding motif
(RMM) and a serine-arginine-rich (RS) domain. Therefore, an
unusual feature of the PGC-1 family is the presence of tran-
scriptional activation domains and RNA processing motifs in
the same molecule.

Computer-assisted searches reveal that domains at the
N and C terminus of the PGC-1 family are conserved in
proteins from Zebrafish and Xenopus to mammals, sug-
gesting that these proteins may play important common
roles in these species. It seems likely, based on what we
know about PGC-1e, that these proteins in cold-blooded
animals may be linked to mitochondrial function and/or
regulation of other cellular processes related to energy
metabolism.

It is important to note that it is not yet clear whether the
biological functions described so far for PGC-1a can also be
carried out by PGC-18 or PGC-1-related coactivator. Based
on the cellular expression and regulations described (32), it
is likely that they will overlap in some of the functions, but
other new biological responses might be also expected.

B. Analysis of PGC-1a/transcription factor interactions

1. Interaction with different transcription factor families. Tran-
scriptional coactivators are recruited to particular DNA
sequences in gene promoters through direct interaction
with transcription factors. PGC-1la was first identified as
a protein of 798 amino acids that interacts with the nuclear
receptor PPARYy, the master regulator of adipocyte differ-
entiation (29). Structure-function analysis of PGC-1a re-
vealed that the N-terminal 200 amino acids contain a po-
tent transcriptional activation domain that is very rich in
acidic amino acids (Fig. 4). Embedded in this region is an
LXXLL sequence (amino acids 142-146), a motif known to
be responsible for ligand-dependent interaction of other
coactivators with nuclear hormone receptors (57). The
LXXLL motif of PGC-1a belongs to the class III (58) and
appears to interact with different amino acids within the
AF-2 of the estrogen receptor (ER) compared with steroid
receptor coactivator-1 (SRC-1), suggesting that there are
structural differences between LXXLL motifs among the
different coactivators. The LXXLL motif on PGC-la is
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CBP/p300 NRF-1
SRC-1 PPARY
Nuclear
Receptors

1 LXXLL

FiG. 4. Functional domains of the PGC-1 gene family. A, Architecture of PGC-1a protein. PGC-1a contains a potent activation domain at its
N terminus that interacts with other transcriptional coactivators. The LXXLL motif is responsible for ligand-dependent interaction with certain
hormone nuclear receptors. A central suppression domain contains several p38 MAPK phosphorylation sites. The C terminus contains RNA
processing motifs such as an RS domain and an RMM. B, Protein sequence alignment of the PGC-1 gene family. The percentage homology
between the different domains of PGC-1 proteins is indicated. Note that the more conserved domains are at the N terminus and C terminus.

absolutely required for the ligand-dependent interaction
with ER (59), PPAR«a (48), RXRa (60), glucocorticoid re-
ceptor (GR; Ref. 61), and probably other nuclear hormone
receptors. Interestingly, HNF4a also interacts with this
motif of PGC-1a without addition of any ligand, suggest-
ing that this nuclear hormone receptor is in an active
conformation even without the addition of exogenous li-
gand (51). PGC-1a also uses different non-LXXLL domains
to interact with certain other transcription factors: a do-
main between amino acids 200 and 400 interacts with
PPARYy (29) and NRF-1 (37) and a region between amino
acids 400 to 500 that interacts with MEF2-C (50). More
detailed analyses of these interactions are required to bet-
ter define these binding domains.

2. PCG-1 coactivates PPARvy in a promoter-specific manner.
PGC-1a interacts with several nuclear hormone receptors
present in the UCP-1 enhancer. The nature of these interac-
tions can be ligand dependent, as in the case of RAR or TR,
or ligand independent as with PPARy (29). When the inter-
action between PGC-1a and a nuclear receptor is not ligand
regulated, PGC-1a appears to interact with the central hinge
region of the receptor; when this interaction is ligand de-
pendent, interaction with PGC-1la appears to be with the
C-terminal AF-2 region of the receptor.

We have shown that PGC-1« coactivates both PPARy and
the thyroid receptor in the UCP-1 enhancer. This activation
was clearly synergistic after stimulation of cells with cAMP,
a potent inducer of UCP-1 gene expression. If these mech-
anisms were very simple, one could expect that any coacti-
vator would induce all the target genes of particular nuclear
receptors without any promoter specificity. However, be-
cause not all promoters of endogenous genes with functional
PPARY binding sites are activated by PGC-1q, there is ap-
parent promoter specificity even when this coactivator is
working through the same nuclear receptor. A good example
of this is the selectivity shown with the genes for UCP-1 and
adipocyte protein 2 (aP2). Expression of PGC-1a in white fat
cells turn on UCP-1 gene expression but failed to activate aP2
gene (29), the first gene actually identified as a target of
PPARYy (62). This clearly illustrates that transcriptional co-
activators are not only boosters of transcription but also
play a key role in specification of the gene targeted by a
transcription factor. Similar conclusions have been drawn
by other investigators using chromatin immunoprecipita-
tion analysis of the ER target genes, showing that in dif-
ferent promoters the ER binds to different coactivators
(63). The molecular basis of this phenomena is currently
unknown.
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C. PGC-1« recruits other histone acetyl transferase (HAT)-
containing coactivator proteins

Most coactivators potentiate transcriptional activity by
having specific enzymatic functions that are required to re-
model chromatin and initiate transcription (64-66). PGC-1«
does not have significant amino acid sequence homology to
other transcriptional coactivator families. In addition,
PGC-1a does not contain any recognizable HAT domain and
does not appear to have this intrinsic enzymatic activity.
However, we have shown that the N-terminal activation
domain of PGC-1a recruits proteins that contain HAT ac-
tivity, such as SRC-1 and CREB binding protein (CBP/p300;
Ref. 67). In addition, PGC-1« is also present in a complex
containing RNA polymerase II. Whether PGC-1a is also part
of the TR-associated proteins (TRAP)/vitamin-D receptor
interacting proteins/activated recruited cofactor or the
brahma-related gene 1/human brahma complexes is
unknown.

The model of recruitment of transcriptional coactivators
described above portrays the DNA binding transcription
factor in a largely passive role, functioning mainly to localize
the coactivator complexes to genes that are marked for ac-
tivation. Conversely, the coactivator complex has been
thought to be constitutively active, requiring only proper
positioning in the genome to initiate transcription. We have
investigated the mechanism of transcriptional activation and
a potential role for transcription factor docking to PGC-1a.
Interestingly, the binding of SRC-1 and CBP/p300 to the N
terminus of PGC-1a is dependent upon docking of transcrip-
tion factors such PPARy and NRF-1 to the amino acids 200—
400 region of PGC-1a (67). This suggests that PGC-1a is in
arelatively quiescent state when not bound to a transcription
factor; however, it becomes highly active when the tran-
scription factor binds and induces a conformation change
that recruits SRC-1 and CBP/p300 into the complex. Thus,
transcription factor docking switches on the activity of this
coactivator protein. Whether this phenomenon of transcrip-
tional activation via a transcription factor docking event is a
common feature of coactivators remains to be determined.

D. Interaction of PGC-1a with RNA processing complexes

A large body of evidence has suggested that pre-mRNA
splicing is linked to transcription in vivo (68, 69). However,
the molecular mechanisms that couple transcription and
mRNA processing have not been elucidated. The fact that
PGC-1a contains domains involved in splicing and other
domains involved in binding to transcriptional factors and
other coactivators makes PGC-1a an excellent candidate to
study the integration of these two processes.

The C terminus of PGC-1a contains two domains involved
in RNA processing: a RS domain at amino acids 565-631 and
an RMM domain at amino acids 677-709 (29). As mentioned
above, proteins containing paired RNA-binding motifs and
RS domains have been shown to interact with the C-terminal
domain of RNA polymerase II, indicating a putative link
between transcription and RNA processing (70). In fact, we
have shown that PGC-1a is in a complex with the phosphor-
ylated form of RNA polymerase II and other factors involved

Puigserver and Spiegelman ¢ PGC-1«

in elongation such as cyclin-dependent kinase 9 and cyclin T.
The C-terminal domain of PGC-1a that contains the RS and
RMM was responsible for maintaining these interactions (71).
PGC-1a contains two putative nuclear localization signals
and localizes to the cell nucleus (amino acids 326-333, 627—
633, and 651-667). The localization in the nucleus is not
homogenous but is more concentrated in nuclear speckles,
typical of splicing factors. This localization to speckles is lost
in mutants that lack the RS and RMM domains. Indeed,
PGC-1ais in a complex with splicing factors such as splicing
component, 35 kDa (SC35); serine/arginine protein, 75 kDa
(SRp75); serine/arginine protein, 55 kDa (SRpb55); and
serine/arginine protein, 40 kDa (SRp40), suggesting that this
coactivator can participate in the RNA splicing process. In
addition, we have also shown that PGC-1a modulates both
expression and processing of a target fibronectin mini-gene
(71). Interestingly, PGC-1a does not participate in RNA pro-
cessing unless it is involved in the transcription of that par-
ticular gene. It would be interesting to identify specific RNA
targets to which PGC-1a binds and the mechanisms by which
processing and/or stabilization functions are controlled.

E. Phosphorylation of PGC-1a by p38 MAPK

It is well established that transcription factors are targets
of multiple signal transduction pathways, but there is also
emerging evidence that coactivators can also be targets of
these signaling pathways in response to growth factors, hor-
mones, and ligands. For example, it has been shown that CBP
transcriptional activity is enhanced in response to calcium
signaling through calmodulin kinase IV (72). In addition,
SRC-1 has been shown to be a target of cAMP signaling
through protein kinase A (PKA; Ref. 73). Therefore, regula-
tion of transcriptional coactivator function provides a target
to integrate different responses to specific signals across mul-
tiple transcription factors.

As discussed in more detail in Section II.B, the role of
cytokines in energy expenditure caused us to examine the
effects of protein kinases downstream of cytokines on
PGC-1a structure and function. We have found that p38
stress-activated MAPK phosphorylates PGC-1a in three res-
idues (T262, S265, and T298; Ref. 45). Indeed, it was shown
that phosphorylation of PGC-1a on those residues leads to
increased stability and half-life. It is interesting that these
phosphorylations occur in a region previously shown to play
an important regulatory role in PGC-1a binding to transcrip-
tion factors. Earlier work (67) has illustrated that this region
(amino acids 200-403) mediates a repressive effect in tran-
scription and also serves to dock several transcription factors,
including many nuclear receptors and NRF-1. The docking
of these transcription factors causes a conformational change
that accelerates the binding of other transcriptional effector
proteins into this complex, including CBP/p300 and SRC-1
(67). Whether the p38 MAPK-mediated phosphorylations
affect transcription factor docking or the recruitment of other
coactivator proteins to a PGC-la complex remains to be
determined. Furthermore, how these phospho-amino acids
change protein stability is currently under investigation.

Kralli’s group (74) has also shown that activation of p38
MAPK leads to an increase in transcriptional activity of PGC-

202 1udy 01 U0 }sanb Aq 68Z1272/8./1/72/d101ME/APS/WOY dNO"dlWapede//:sdiy WOl papeojumod



Puigserver and Spiegelman ¢ PGC-1la

la. They hypothesize the existence of a putative repressor
that binds to the PGC-1ae LXXLL motif and that the inter-
action is released upon activation of p38 MAPK. Interest-
ingly, it has been shown that PPAR«a/PGC-1a transcriptional
activity can be activated through the p38 MAPK pathway,
having possible physiological roles in heart stress conditions
(75). However, the precise mechanism by which p38 MAPK
modification of PGC-1« alters the amount and activity of this
coactivator remains to be determined and could have im-
portant therapeutic implications.

F. Model of PGC-1a functions in gene expression

How does PGC-1a activate specific gene targets? The N-
terminal transcriptional activation domain of PGC-1a and
additional regions bind to DNA-binding proteins and recruit
proteins with HAT activity, strongly indicating PGC-1a’s
involvement in transcription initiation on promoters of par-
ticular genes. Two conserved protein domains in the C ter-
minus of PGC-1a that have homology to proteins involved
in RNA processing, as well as the interaction of PGC-1a with
splicing and elongation factors, would also indicate its par-
ticipation in posttranscriptional initiation processes (Fig. 5).
Taken together, three possible models could explain how
PGC-1a affects the activation of particular target genes. In
some cases, PGC-1a could act as a classical transcriptional
activator, binding to specific transcription factors and in-
creasing rates of transcription initiation. In this model,
PGC-1a would remain bound to the promoter through the
transcription factor. One interesting possibility here is that
PGC-1a could also provide some degree of promoter spec-
ificity to the transcription factor. In a second model, PGC-1a
could affect certain genes not by affecting transcriptional
initiation but by targeting RNA processing functions such as
elongation, mRNA capping, alternative mRNA splicing, or
even mRNA stability. A third model would combine these
two models: PGC-1a is a dynamic player involved in several
different aspects of gene expression. PGC-1a it would first be

INITIATION

BOX
GENE PROMOTER

ELONGATION & SPLICING
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loaded at the promoter region through transcription factor
docking and recruitment of HAT complexes. Once transcrip-
tional initiation has started, PGC-1a would be involved in the
elongation process through interaction with elongation fac-
tors and phosphorylated RNA polymerase II, presumably
affecting the rates of RNA elongation and/or splicing.

One interesting question highlighted here is why would
there be this tight linkage of transcription and RNA pro-
cessing? One possible explanation is the requirement for
chromatin remodeling enzymes to become processive and
open chromatin structure over the entire length of a given
gene. It is conceivable that linking the coactivators, active in
the initiation of transcription, to RNA polymerase and the
RNA processing machinery functions to allow proteins such
as CBP/p300 to roll down the DNA and acetylate histones
over all necessary coding segments. This “HATs on wheels”
model has not yet been tested.

IV. Concluding Remarks and Future Perspectives

At first glance, it appears that PGC-1la is involved in a
somewhat bewildering array of disparate biological re-
sponses. However, a common theme is that PGC-1a pro-
motes patterns of gene expression that favor oxidative me-
tabolism in various forms. Clearly, brown fat differentiation
involves the execution of a program that emphasizes mito-
chondrial-based fuel oxidation to generate heat. Similarly,
the ability of PGC-1a to promote mitochondrial biogenesis
and respiration in skeletal muscle indicates an important
choice to utilize oxidative, as opposed to glycolytic, metab-
olism. Interestingly, skeletal muscle has different fiber types
that differ greatly in these parameters. Indeed, slow-twitch
muscle is composed primarily of type I fibers that are much
richer in mitochondria and more dependent on oxidative
metabolism. In contrast, fast-twitch muscle contains more
type 2b fibers that rely more on glycolitic metabolism. Pre-
liminary data in our laboratory suggest that PGC-1a is ex-
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F1c. 5. Model of PGC-1a-mediated gene activation. PGC-1a is a dynamic molecule that is involved in different steps of gene expression. It is
loaded at gene promoters through direct interaction with transcription factors. Once transcription has initiated, PGC-1a interacts with
elongation and splicing factors participating in these processes. It is possible that PGC-1 carries the HAT proteins through the elongation
process. Finally, it could also participate in polyadenylation, cleavage, and mRNA export through direct binding to the mRNA.
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pressed at much higher levels in slow-twitch muscle, indi-
cating a possible role in some aspects of fiber-type decisions.

The role of PGC-1« in hepatic glucose output seems quite
distinct in that gluconeogenesis is not an oxidative response.
However, it must be recalled that gluconeogenesis is just one
part of the fasted response in liver, a state that certainly does
involve a greatly increased level of B-oxidation of fatty acids
in mitochondria. A role for PGC-1a in this program of -
oxidation has previously been shown in fat and cardiac cells,
and it is highly likely to be true in liver as well. Hence,
although it is certainly not a differentiation response per se,
it is very likely that PGC-1a plays a role in the physiological
switch in liver between the fed and fasted states.

Because of the role of PGC-1a in many important meta-
bolic processes, it is worth asking whether and how the
activities of PGC-lae might be modulated for therapeutic
purposes. PGC-1a’s function in the BAT thermogenic pro-
gram, regulation of Glut-4 and mitochondrial oxidation in
muscle, and the apparently dominant role of PGC-la in
hepatic gluconeogenesis all suggest that this coactivator
could be a target for antiobesity or diabetes drugs. Of course,
this wide range of physiological actions also points out a
problem: activation or inhibition is going to have to be tissue
selective or tissue specific to be useful. For example, it is
essentially established that drugs that inhibit gluconeogen-
esis in liver can have a profound antidiabetic action in hu-
mans. Hence, an inhibitor of PGC-la could theoretically
ameliorate this disorder. Unfortunately, mitochondrial bio-
genesis and oxidation, probably influenced and controlled
by PGC-1e, is critical for the health of heart, skeletal muscle,
and many other tissues. This suggests that the usefulness of
PGC-1a as a therapeutic target will all come down to an
ability to achieve biological specificity.

However, because PGC-1a is a coactivator and is depen-
dent on the docking on particular transcription factors to
execute different biological programs, inhibition of different
docking events should affect some, but not all, biological
responses. The ability of PGC-1a to stimulate gluconeogen-
esis seems to depend on PGC-1a’s physical interaction with
HNF-4a and the GR. The activation of mitochondrial bio-
genesis in skeletal muscle is dependent upon the docking on
NREF-1. Thus, targeting specific docking events between
PGC-1a and particular transcription factors might offer new
theoretical possibilities to control metabolism; where this
involves nuclear receptors, as in gluconeogenesis, opportu-
nities might be greater as agonists or antagonists of these
receptors with specificity for PGC-1 might be developed.
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