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ABSTRACT
Mechanisms responsible for energy management in the cell and in
the whole organism require a complex network of transcription fac-
tors and cofactors. Peroxisome proliferator-activated receptor c co-
activator 1a (PGC-1a) has emerged as a master regulator of
mitochondrial biogenesis and function, thus becoming a crucial
metabolic node. We present an overview of the mechanisms by
which PGC-1a is regulated, including the transcriptional regulation
of PGC-1a expression and the fine-tuning of its final activity via
posttranslational modifications. Am J Clin Nutr 2011;93
(suppl):884S–90S.

INTRODUCTION

For optimal performance, all living systems must maintain
a tight equilibrium between energy intake, storage, and expense.
This equilibrium must be both robust and flexible to allow for
adaptation to very different situations, such as exercise or rest and
famine or feast. Organisms rely on finely tuned and complex
signaling networks to confront all of these possibilities. In turn,
dysfunction and perturbation of these networks can lead to
metabolic imbalances, which if uncorrected induce diseases such
as obesity or diabetes.

Metabolic equilibrium is maintained in the cell by an intricate
regulatory circuitry, which is controlled to a large extent by
transcriptional mechanisms (1, 2). These pathways imply many
transcription factors that directly contact DNA and execute major
changes in gene expression and transcriptional coregulators,
which are responsible for the fine-tuning of the transcriptional
response. Transcriptional coregulators are hence proposed to act
as metabolic sensors, which translate changes in metabolism into
alterations in gene expression, and it is suggested that aberrant
signaling by these cofactors could contribute to the pathogenesis
of common metabolic disorders (3). The role of coregulators in
metabolic control is perhaps nowhere better shown than with
peroxisome proliferator-activated receptor c coactivator 1a
(PGC-1a) (4), the master regulator of mitochondrial biogenesis
and energy expenditure. Several metabolic functions have been
attributed to PGC-1a. In brown adipose tissue (BAT), PGC-1a
acts as a cold-inducible protein that controls adaptive thermo-
genesis. Fasting induces hepatic PGC-1a expression, thereby
increasing gluconeogenesis, whereas in skeletal and cardiac
muscle exercise increases PGC-1a–mediated mitochondrial
biogenesis and respiration. Thus, PGC-1a expression seems
finely tuned to reflect cellular energy needs, with conditions of
increased energy demands inducing its expression. PGC-1a
performs all these tasks by regulating the activity of a large

number of transcription factors, including, among others, per-
oxisome proliferator-activated receptor (PPAR) c (4), PPARa
(5), estrogen receptor–related a (ERRa) (6), FoxO1 (7), hepa-
tocyte nuclear factor 4a (HNF4a) (8), and nuclear respiratory
factor 1 (NRF1) (9). By regulating the transcriptional activities
of these proteins, PGC-1a modulates a number of genes in-
volved in metabolic pathways as gluconeogenesis and fatty acid
synthesis and oxidation or glycolysis.

An extensive discussion of the biological effects of PGC-1a is
beyond the scope of this article, and we refer the interested
reader to several excellent recent reviews on this subject (3, 10,
11). We focus here only on the recent developments concerning
the regulation of both the expression and posttranslational
modifications of this fascinating metabolic coregulator.

REGULATION OF PGC-1a GENE EXPRESSION

PGC-1a expression levels are regulated in response to
a plethora of stimuli, exemplifying the spectrum of situations to
which mitochondrial biogenesis and activity must respond
(Figure 1). The mechanisms governing the transcription of
PGC-1a have been extensively studied and vary between distinct
tissues and different situations, even though there is a common
pattern of regulation emerging.

PGC-1a expression in muscle after exercise: Ca2+, p38
mitogen-activated protein kinase, AMP-actived protein
kinase, and insulin

In muscle, PGC-1a expression is induced after exercise
(Figure 1). There are several pathways involved in this process.
First, it has been shown that PGC-1a expression responds to
nerve stimulation–mediated calcium signaling through the ac-
tivation of Ca2+/calmodulin-dependent protein kinase IV
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(CaMKIV) and calcineurin A (CnA; see Figure 1). CnA has
been shown to interact and activate the myogenic transcription
factors myocyte enhancer factor 2C (MEF2C) and MEF2D,
which subsequently drive PGC-1a transcription (12). On the
other hand, one of the targets of CaMKIV is the transcription
factor cAMP response element (CRE)-binding protein (CREB).
The PGC-1a gene possesses a binding site for CREB, which is
well conserved between humans (spanning the region 2133 to
2116 in PGC-1a promoter) and mice (region 2146 to 2129)
and renders PGC-1a transcription highly reactive to CREB
activation (12, 13). Ca2+-induced CaMKIV phosporylation
and activation of CREB enhances PGC-1a expression in a
CREB-dependent manner (12, 14). In confirmation of these ob-
servations, in vivo imaging experiments show a nerve stimulation–
mediated induction of PGC-1a mRNA expression that is CREB
and MEF2 dependent (15). Interestingly, MEF2C and MEF2D are
also well-known targets of PGC-1a (16, 17), thereby creating an
autoregulatory feed forward loop by which PGC-1a increases its
own expression.

Another mechanism regulating PGC-1a expression in muscle
after exercise involves the activation of the p38 mitogen-activated
protein kinase (p38 MAPK). p38 MAPK can activate both
MEF2 (18) and activating transcription factor 2 (ATF2). In muscle,
p38 MAPK activation during exercise or by overexpression
increases the expression of PGC-1a, and this induction is de-
pendent on the transcription factor ATF2 (20).

AMP-activated protein kinase (AMPK) is a crucial sensor of
the energy status of the cell, becoming activated when the AMP/
ATP ratio is high and triggering a wide range of catabolic
pathways directed to increase cellular levels of ATP. It is logical
that AMPK is activated in muscle during exercise (21). One of the
catabolic pathways enhanced by activated AMPK is mitochon-
drial biogenesis and function, and PGC-1a activity has been
shown to be necessary for AMPK-mediated mitochondrial ac-
tivation (22). AMPK can be specifically activated by using
the drug 5-aminoimidazole-4-carboxamide-1-b-d-ribofurano-
side (AICAR). Treating muscle cells with AICAR leads to an
increase in PGC-1a transcription (21, 23). However, the mech-

anisms by which AMPK activation increases the transcription of
PGC-1a have not yet been clarified.

Finally, PGC-1a amounts in muscle seem to be also regulated
by insulin signaling, although the mechanisms taking place are
complex and have not yet been fully elucidated. Ling et al (24)
concluded that insulin increases PGC-1a transcription. However,
insulin signaling mediates energy storage and diminishes cata-
bolic pathways, suggesting that insulin could also decrease
PGC-1a activity. Supporting this view, forkhead box class-O
(FoxO1) has been shown to bind and stimulate the PGC-1a
promoter in muscle. In this scenario, insulin inhibits PGC-1a
transcription by activating Akt, which phosphorylates and in-
hibits FoxO1 (25).

PGC-1a expression regulation by temperature:
PKA-CREB and p38 MAPK-ATF2

PGC-1a was originally found to be activated in brown fat and
muscle cells on cold exposure (see Figure 1). Cold temperatures
are sensed by the sympathetic nervous system through the b3-
adrenergic receptor (b3-AR) (4, 26, 27), leading to enhanced
cAMP signaling and the activation of protein kinase A (PKA).
One of the best-characterized PKA targets is CREB. As ex-
pected, the cAMP-stimulating compound forskolin enhances
PGC-1a expression, and a dominant negative mutant of CREB
blocks this activation (12). The activation of b3-AR and cAMP/
PKA in brown fat also stimulates p38 MAPK, subsequently
inducing PGC-1a transcription through ATF2 in a fashion
reminiscent of muscle contraction (19).

PGC-1a expression in liver

In liver, PGC-1a expression is increased during fasting in
response to glucagon, a pancreatic hormone that induces cAMP
and CREB (13). PGC-1a then leads to an induction of the ex-
pression of several gluconeogenic enzymes via its association
with several transcription factors, such as HNF4-a (28) or
FoxO1 (7). As in muscle and brown fat, p38 MAPK activation in

FIGURE 1. Regulation of peroxisome proliferator-activated receptor c coactivator 1a (PGC-1a) transcription. At the PGC-1a promoter, there are binding
sites for transcription factors myocyte enhancer factor 2 (MEF2), forkhead box class-O (FoxO1), activating transcription factor 2 (ATF2), and cAMP response
element–binding protein (CREB), all of which enhance PGC-1a transcription. These factors, in turn, are modulated by different signaling pathways: insulin
activates Akt, which leads to cytoplasmic sequestration and inhibition of FoxO1; cytokines and exercise activate p38 mitogen-activated protein kinase
(p38MAPK), which phosporylates and activates MEF2 and ATF2; exercise also stimulates Ca2+ signaling, which, through calmodulin-dependent protein
kinase IV (CaMKIV) and calcineurin A (CnA), will induce CREB and MEF2-mediated PGC-1a transcription; and cold activates b3-adrenergic receptors (b3-
AR) in muscle and brown fat, leading to protein kinase A (PKA)–mediated activation of CREB. IRS, insulin response sequence; GLGN-R, glucagon receptor;
P, phosphate; CRE, cAMP response element.
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liver by the fasting-glucagon-cAMP-PKA axis was also shown
to increase PGC-1a transcription and induce gluconeogenesis
(29). In addition, p38 MAPK has also been shown to be nec-
essary for free fatty acid–mediated activation of PGC-1a ex-
pression in liver, which in turn enhances gluconeogenic genes
(30).

Other mechanisms regulating PGC-1a expression

PGC-1a expression has also been shown to be regulated by
nitric oxide in brown fat and endothelial cells via the generation
of cyclic GMP (cGMP) by guanylate cyclase (31–33). However,
the precise mechanisms for this increase in PGC-1a expression
have not yet been defined.

Recently, a link has been established between elevated fatty
acids in muscle and DNA methyltransferase 3B (DNMT3B)–
mediated methylation of PGC-1a promoter, leading to its repression
with a subsequent reduction in mitochondrial biogenesis (34).
Interestingly, PGC-1a promoter methylation in skeletal muscle
was found to be more prevalent in patients with diabetes com-
pared with healthy subjects. This novel way of regulation of the
PGC-1a gene leads to longer-lasting changes of PGC-1a tran-
scription with a potential relevance for the pathophysiology of
diabetes.

From all of the described mechanisms, a clear common pattern
of PGC-1a regulation emerges, linking increases of PGC-1a
expression to situations of energy stress, such as exercise, fast-
ing, or cold exposure. Molecularly, this response is transduced
by a discrete list of transcription factors, including FoxO1,

ATF2, MEF2, and CREB, which respond to physiologic stimuli
in a tissue-specific manner; every factor will have a different
relative importance depending on the specific situation and cell
type (Figure 1), providing fine adjustments to meet the needs of
each particular tissue over a wide range of conditions.

Regulation of PGC-1a activity by posttranslational
modifications

Posttranslational mechanisms, as equally important as the
transcriptional mechanisms, also extensively regulate PGC-1a.
To date, phosphorylation, ubiquitination, methylation, acetyla-
tion, and GlcNAcylation or PGC-1a have all been described
(Figure 2).

Regulation of PGC-1a by phosphorylation

PGC-1a activity has long been known to be regulated by
phosphorylation. AMPK, p38 MAPK, and Akt are the best-
characterized protein kinases known to target PGC-1a. AMPK
enhances mitochondrial biogenesis not only by inducing PGC-1a
transcription (see previous text) but also through activation of
PGC-1a by phosphorylating threonine-177 and serine-538,
thereby enhancing the co-transcriptional activity of PGC-1a
(22). Insulin reduces PGC-1a gene expression (25); it also in-
duces phosphorylation of PGC-1a at serine-570 through the
action of Akt and thereby inhibits its activity (35). Recently,
another mechanism for PGC-1a regulation through the insulin/
Akt axis was reported, by which the feeding/insulin/Akt path-
way resulted in phosphorylation and stabilization of the protein

FIGURE 2. Posttranslational modifications of peroxisome proliferator-activated receptor c coactivator 1a (PGC-1a). Numerous modifications have been
described to affect PGC-1a, modulating its levels and activity through phosphorylation, acetylation, methylation, ubiquitination, and O-linked
N-acetylglucosylation. The respective residues or regions where these modifications occur are indicated. Certain modification sites are mapped in the
mouse or the human PGC-1a protein (as indicated in the key). AMPK, AMP-activated protein kinase; PKA, protein kinase A; p38MAPK, p38 mitogen-
activated protein kinase; GSK3b, glycogen synthase kinase 3b; SCFCdc4, Skp1/Cullin/F-box cell division control 4; OGT, O-linked N-acetylglucosamine
transferase; Clk2, Cdc2-like kinase 2; Ac, acetylation; CPD, Cdc4 phosphodegron; SR, serine-arginine domain; GCN5, general control of amino acid synthesis
5; Sirt1, silence information regulator 2-like 1; PRMT1, protein arginine methyltransferase 1.
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kinase Clk2. In turn, Clk2 phosphorylates PGC-1a in its serine-
and arginine-rich region (SR; see Figure 2), reducing its co-
transcriptional activity (36) specifically toward FoxO1, thereby
blunting gluconeogenesis. In effect, Clk2 acts as a “long-acting”
insulin-induced gluconeogenic repressor that sustains the in-
hibition of glucose production during refeeding once Akt is al-
ready down-regulated.

p38 MAPK, another kinase that phosphorylates and activates
PGC-1a (37), phosphorylates threonine-262, serine-265, and
threonine-298 in response to cytokine stimulation in muscle cells
(Figure 2). This pathway is thought to mediate some of the effects
of cachexia. p38 MAPK phosphorylation enhances PGC-1a ac-
tivity by at least 2 mechanims. First, p38 MAPK phosphoryla-
tion of PGC-1a enhances its stability (37); because PGC-1a’s
half life is relatively short (2 or 3 h), modulation of its stability
constitutes an important mechanism of control of PGC-1a ac-
tivity (38). p38 MAPK also disrupts the inactivating interaction
between PGC-1a and the co-repressor p160MBP in myoblasts,
resulting in enhanced PGC-1a transactivation capacity (39). It is
interesting to note that p38 MAPK becomes activated in muscle
after exercise (20), but, to our knowledge, no reports have been
published on the eventual phosphorylation of PGC-1a by p38
MAPK during exercise in this tissue, which would be a fruitful
subject for future research. In liver, p38 MAPK can also be ac-
tivated by FFAs, as discussed above. Besides increasing PGC-1a
transcription, activated p38 MAPK also phosphorylates and
enhances PGC-1a activity (30).

PGC-1a is also phosphorylated by glycogen synthase kinase
3b (GSK3b) (40), which inhibits PGC-1a by enhancing its
proteasomal degradation in the nucleus during oxidative stress.
The physiologic function of this inhibitory phosphorylation is
not yet clear. Because silence information regulator 2-like 1
(Sirt1) and GSK3b are both activated by oxidative stress,
GSK3b inhibitory phosphorylation is claimed to limit Sirt1-
mediated activation of PGC-1a after acute stress. A sustained
stress signal would, however, replenish PGC-1a nuclear
amounts through increased PGC-1a transcription and cytoplas-
mic translation, thereby overcoming GSK3b-mediated degra-
dation of nuclear PGC-1a.

Very recently, a splicing isoform of PGC-1a [called NT-
PGC-1a because it lacks the C-terminus of the protein and the
nuclear localization signal (NLS) residing in this region that
keeps the full-length PGC-1a in the nucleus], has also been
reported to be phosphorylated by PKA, a kinase also involved in
the regulation of PGC-1a transcription (41). This splicing vari-
ant is more stable than the classical isoform, and its activity is
thought to rely more on nuclear import and export than on
protein stability. PKA phosphoryates NT-PGC-1a at serine-194,
serine-241, and threonine-256 (Figure 2); and this phosphoryla-
tion blocks the nuclear export of PGC-1a by inhibiting its binding
to the nuclear exporter CRM1 and enhances its nuclear accu-
mulation, thereby increasing NT-PGC-1a–mediated transcription.

Regulation of PGC-1 by acetylation

PGC-1a is heavily acetylated by the acetyltransferase GCN5,
whereas it is deacetylated by the deacetylase Sirt1. Both proteins
are exquisite sensors of the energy status of the cell (Figure 3).
Acetylated residues on PGC-1a span the whole sequence of the

protein (42), which makes it difficult to ascribe this posttransla-
tional modification to one specific structural or functional pattern.

Sirt1 is one of the mammalian homolog of yeast silent in-
formation regulator 2 (Sir2), a protein responsible for tran-
scription silencing (43) and linked to lifespan extension in yeast
(44), worms (45), and flies (46). In mice, Sirt1 activation or
moderate overexpression leads to healthier aging and protects
against cancer induction (47–49), which makes Sirt1 an attractive
drug target. Because Sir2 and its mammalian homologs Sirt1–7
require the coenzyme nicotinamide adenine dinucleotide (NAD+)
as a substrate, it is generally understood that NAD+, NADH, or
the ratio NAD+/NADH modulates Sirt1 activity, linking it to the
energy status of the cell (47). In line with this, Sirt1 activity
generally increases on fasting, exercise, or redox stress, as a re-
sponse aimed at increasing the energy loads of the cell to
overcome these situations. PGC-1a deacetylation by Sirt1 in-
creases the co-activation of its target transcription factors. Be-
cause Sirt1 is most active in times of energy demand, when
NAD+ amounts or the NAD+/NADH ratio are at their highest
levels, Sirt1-mediated deacetylation and activation of PGC-1a
becomes an important response of the cell to increase mito-
chondrial metabolism when energy is needed (Figure 3). In
skeletal muscle, Sirt1-mediated deacetylation of PGC-1a leads
to its activation and an increase in the transcription of its targets
(48, 49). In mouse liver, PGC-1a–mediated gluconeogenic genes
are down-regulated after Sirt1 knockdown and up-regulated
when Sirt1 is overexpressed (42, 50), which also reflects a Sirt1-
mediated regulation of PGC-1a activity in this tissue.

Whereas AMPK induces PGC-1a expression and directly
enhances its activity though phosphorylation (see previously in
text), there is yet another, complementary, and converging
mechanism by which AMPK regulates PGC-1a activity, albeit
indirectly. AMPK increases NAD+ amounts by increasing fatty
acid oxidation (48) or possibly by enhancing its biogenesis
through Nampt (51), thereby enhancing Sirt1 activity and in-
ducing PGC-1a deacetylation and activation (48). It is in-
teresting to note that the phosphorylation of PGC-1a by AMPK

FIGURE 3. Cellular sensing of energy status through acetylation of
peroxisome proliferator-activated receptor c coactivator 1a (PGC-1a). In
situations of low energy status, AMP-activated protein kinase (AMPK)–
increased NAD+ amounts enhance Sirt1 activity and lead to the activating
deacetylation of PGC-1a and increased mitochondrial biogenesis and
function. When energy is abundant in the cell, GCN5 (general control of
amino acid synthesis) acetylates and inhibits PGC-1a; the acetyl-CoA
necessary for this reaction is provided by ATP-citrate lyase (ACL), which
acts as a rate-liming factor for GCN5-mediated acetylation of PGC-1a. Ac,
acetylation.
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is required for the subsequent Sirt1-mediated deacetylation,
perhaps suggesting that these 2 converging posttranslational
modifications increase specificity (48). These multiple mecha-
nisms by which AMPK regulates PGC-1a reinforce the notion of
the vital role of PGC-1a for AMPK function and the response to
energy stress situations (Figure 3).

PGC-1a interacts with several acetyl transferases, including
p300, SRC-1, SRC-3, and GCN5 (52–54). However, only the
histone acetyltransferase GCN5 has been shown to acetylate and
inhibit PGC-1a (and PGC-1b) activity in vitro and in vivo (53,
55) (it cannot be excluded that these or other acetyltransferases
can acetylate PGC-1a in certain conditions). Interestingly,
GCN5 activity is enhanced by SRC-3, another cofactor with
acetyltransferase activity. Like GCN5 and Sirt1, SRC-3 amounts
are sensitive to the energy status of the cell. The expression of
both GCN5 and SRC-3 are induced by caloric excess, whereas
Sirt1 amounts are reduced, leading to a decrease in PGC-1a
activity by enhancing its GCN5-mediated acetylation (Figure 3).
The opposite occurs with calorie restriction, when GCN5 and
SRC3 expression are reduced and that of Sirt1 is induced,
thereby favoring PGC-1a deacetylation and activity (52).

Another potential mechanism of regulation of PGC-1a acet-
ylation status by GCN5 could be the control of the amounts of
nuclear acetyl-CoA in the cell. A recent report suggests that, in
mammals, the nuclear amounts of acetyl-CoA are controlled by
the enzyme ATP-citrate lyase (ACL), which generates acetyl-
CoA from tricarboxylic acid–derived citrate both in the cyto-
plasm and in the nucleus (56). Accordingly, knockdown of ACL
blocks histone acetylation in a wide set of cell types in vitro,
a mechanism highly dependent on nuclear acetyl-CoA. In-
terestingly, the effects on histone acetylation after silencing of
ACL were very similar to those observed after silencing GCN5,
suggesting that GCN5 is the main acetyltransferase responsible
for ACL-induced histone acetylation (56). Therefore, it is
tempting to speculate (although it has not yet been proven) that
not only histone acetylation but also PGC-1a acetylation could
be gated by nuclear acetyl-CoA amounts (Figure 3).

All of these data suggest that the proteins responsible for the
reversible acetylation/deacetylation of PGC-1a—ie, Sirt1 and
GCN5—act as robust and flexible sensors of the cellular energy
status and direct an appropriate mitochondrial adaptation via the
regulation of PGC-1a activity.

Regulation by ubiquitination

PGC-1a amounts can also be regulated by proteasomal deg-
radation. p38 MAPK phosphorylation of PGC-1a increases the
stability of PGC-1a (37), although the exact mechanism for the
stabilization of PGC-1a was not investigated at the time. GSK-
3b phosphorylation of PGC-1a leads to its proteasomal degra-
dation in the nucleus (40). Recently, Skp1/Cullin/F-box-cell
division control 4 (SCFCdc4) was identified as an E3 ubiquitin
ligase that regulates PGC-1a through ubiquitin-mediated pro-
teolysis (57). Curiously, phosphorylation by p38 MAPK and
GSK-3b was found to enhance SCFCdc4 binding to PGC-1a,
targeting it for proteasomal degradation. Whereas this mecha-
nism fits with that described for GSK-3b regulation of PGC-1a,
it contrasts at first sight with the previously shown p38 MAPK–
mediated enhancement of PGC-1a transcriptional expression and
activity. This apparent contradiction awaits further research.

Other posttranslational modifications on PGC-1a

PGC-1a is methylated by the protein arginine methyl-
transferase 1 (PRMT1) at arginine 665, 667, and 669, which
strongly enhances PGC-1a–mediated transcription (58). PGC-1a
is also a target for O-linked N-acetylglucosamine (O-GlcNAc)
transferase (OGT), which transfers the O-GlcNAc group to
serine-333 of PGC-1a (59); interestingly, this residue lies within
the regulatory domain where p160MBP binds (39). However, the
physiologic relevance of these 2 posttranslational modifications is
yet unclear.

DISCUSSION AND PERSPECTIVES

The understanding of the transcriptional regulation of diverse
metabolic pathways during the last decades has contributed to the
elucidation of mechanisms of metabolic control and to a better
knowledge of the pathogenesis of metabolic diseases. Clearly,
transcriptional regulation not only involves direct regulation
through transcription factors that bind DNA but also a more
discrete fine-tuning process executed by numerous transcrip-
tional coregulators. The discovery of PGC-1a and the pleiotropic
and robust effects it has on metabolic homeostasis unveiled how
the PGC-1a cofactor network is central to the regulation of
mitochondrial biogenesis and function, thereby having an effect
on whole-body energy expenditure.

Dysfunction of these pathways through abnormal PGC-1a
activity has a profound effect on general metabolism and, if
uncorrected, could predispose and contribute to metabolic dis-
eases such as obesity, the metabolic syndrome, and type 2
diabetes. PGC-1a activity is modulated both through the regu-
lation of its expression and through the regulation of its activity
by a panoply of posttranslational modifications, such as phos-
phorylation, acetylation, and ubiquitination, which enable it to
fine-tune the activity of several transcription factors and the
downstream pathways that they control.

From this analysis, a surprising redundancy in the signaling
pathways regulating PGC-1a has become evident. In fact, most
signaling pathways regulating PGC-1a, such as AMPK, PKA,
Akt, or p38 MAPK, act both through modulation of PGC-1a tran-
scription and by posttranslational modification of the PGC-1a
protein. This poses the interesting question of the physiologic
sense of these redundant regulatory pathways. It is quite tempting
to infer that posttranslational modifications constitute the first,
fast response to an acute stimulus, whereas the modulation of
PGC-1a amounts would represent a slower adaptive response to
more prolonged signals. Such a double regulation at the level of
expression and protein activity will furthermore entail a more
robust control of overall PGC-1a action.

Posttranslational modifications of PGC-1a affect different
regions of the protein, allowing for a quick, multifaceted, and
flexible regulation of PGC-1a activity (Figure 2). Some of these
modifications are clearly associated with a precise structural or
functional mechanism; for example, phosphorylation at residues
threonine-262, serine-265, and threonine-298 target precisely
the binding site of the inhibitor p160MBP (39). Another ex-
ample is the inhibition of the binding of PGC-1a to CRM1 and
the subsequent nuclear export through phosphorylation by PKA
at residues serine-194, serine-241, and threonine-256 of the
splicing isoform NT-PGC-1a. However, other posttranslational
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modifications on PGC-1a cannot yet be clearly linked to a pre-
cise structural mechanism: an example would be PGC-1a acet-
ylation, which affects lysine residues spread throughout the
protein sequence. In this case, however, the functional con-
sequences of the modification have been clearly defined.

Several of the pathways that regulate PGC-1a interact func-
tionally. This can be the case for pathways that induce post-
translational modifications of PGC-1a. The deacetylation of
PGC-1a by Sirt1 on AMPK activation, which also requires
PGC-1a phosphorylation by AMPK, provides evidence that
these posttranslational modifications act convergently (48). It is
also interesting to note that all of these mechanisms of regula-
tion of PGC-1a activity will also affect its own expression
through an autoregulatory feed forward loop (12), thereby
leading to a prolongation of the acute inducing signal through
a long-term increase in PGC-1a expression.

Combined with the regulation of expression, the elevated
number of posttranslational modifications on PGC-1a allow for
a powerful and flexible system of regulation. These mod-
ifications can occur in concert or in a mutually exclusive man-
ner. Some modifications will influence the ability of others to
take place or to affect PGC-1a function. The presence of a spe-
cific pattern of posttranslational modifications on PGC-1a pro-
tein can direct PGC-1a toward a precise set of transcriptional
targets as a reaction to energy needs and tissue-specific con-
ditions that drive these posttranscriptional modifications. This
incredibly complicated network of transcriptional and post-
translational modifications that determine PGC-1a activity has
only started to emerge and will be a rich field for further study in
the years to come. Note that a large number of other tran-
scriptional cofactors have context-specific activities that con-
verge on PGC-1a as a nodal point. This is notoriously the case
for the ligand-dependent nuclear receptor corepressor RIP140 in
white adipose tissue (60), CRTC2 (61) in the control of hepatic
gluconeogenesis, and PRDM16 (62) and the retinoblastoma
protein during muscle/BAT development (63). Hence, all of
these signaling pathways and transcription cofactors constitute
an intricate cofactor network that enables PGC-1a to fine-tune
mitochondrial metabolism and guarantee metabolic flexibility.
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