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Peroxisome proliferator-activated receptor g (PPARg)
coactivator 1 a (PGC-1a) activation coordinates induc-
tion of the hepatic fasting response through coactivation
of numerous transcription factors and gene programs. In
the June 15, 2011, issue of Genes & Development, Lustig
and colleagues (pp. 1232–1244) demonstrated that phos-
phorylation of PGC-1a by the p70 ribosomal protein S6
kinase 1 (S6K1) specifically interfered with the inter-
action between PGC-1a and HNF4a in liver and blocked
the coactivation of the gluconeogenic target genes. This
demonstrates how independent fine-tuning of gene
programs coregulated by the same coactivator can be
obtained.

One of the main functions of the liver is to maintain
whole-body glucose homeostasis by switching from glu-
cose storage to glucose export. In the fed state, the liver
stores glucose in the form of glycogen and converts
surplus glucose into fatty acids. In contrast, in the fasted
state, the liver induces the gluconeogenetic pathway that
synthesizes glucose using primarily fatty acids, but also
some amino acids. In addition, the liver initiates the
synthesis of ketone bodies that spares the use of glucose
in extrahepatic tissues. To adequately respond to whole-
body nutrient supply, the liver must be able to switch
between the fed and the fasted gene programs in response
to hormonal and nutrient signals that report the meta-
bolic status to the liver. Thus, in the fed state, the liver
activates its lipogenic and glycogenic gene programs in
response to insulin and nutrient signals, whereas it ac-
tivates gene programs involved in gluconeogenesis, fatty
acid oxidation, oxidative phosphorylation, and synthesis
of ketone bodies in the fasted state in response to
glucagon and different nutrient signals. These dramatic
switches in gene programs over a relatively short period
require a highly coordinated action of many different
transcription factors.

The adaptation of the liver to fasting is mediated by
several transcription factors, including cAMP-responsive
element-binding protein (CREB), hepatocyte nuclear factor

4 a (HNF4a), forkhead box protein O1 (FOXO1), nuclear
respiratory factor 1 (NRF1), and peroxisome proliferator-
activated receptor a (PPARa), which activate specific but
overlapping sets of target genes. CREB, HNF4a, and
FOXO1 are particularly important for the induction of
gluconeogenesis (Herzig et al. 2001; Yoon et al. 2001;
Puigserver et al. 2003; Rhee et al. 2003), whereas PPARa

is important for induction of genes involved in mitochon-
drial and peroxisomal b-oxidation and ketogenesis (Leone
et al. 1999; Koo et al. 2004). It is unclear which transcrip-
tion factors regulate genes involved in oxidative phos-
phorylation in liver; however, NRF1 and ERRa are likely
to be involved, as they induce genes involved in mito-
chondrial biogenesis and oxidative phosphorylation in
other tissues (Wu et al. 1999; Huss et al. 2002; Mootha
et al. 2004; Schreiber et al. 2004) and are involved in other
components of the fasting response in liver (Handschin
et al. 2005; Gaillard et al. 2006). Interestingly, most of
these transcription factors are coactivated by PPARg

coactivator 1 a (PGC-1a), which thereby provides a sec-
ond layer of coordination in the regulation of the fasting
response.

PGC-1a was originally discovered as a cold-inducible
coactivator of PPARg required for the activation of genes
involved in mitochondrial biogenesis during adaptive
thermogenesis in brown adipose tissue (BAT) (Puigserver
et al. 1998). However, multiple subsequent studies, in-
cluding conventional and tissue-specific targeted disrup-
tion of the PGC-1a gene, have demonstrated that this
cofactor plays a role in several metabolic responses.
Across tissues, PGC-1a is critical for the expression of
genes involved in fatty acid oxidation and mitochondrial
gene expression and biogenesis through its coactivation
of PPARa, NRF1, NRF2, and estrogen receptor-related a

(ERRa) (Wu et al. 1999; Vega et al. 2000; Huss et al. 2002;
Koo et al. 2004; Mootha et al. 2004; Schreiber et al. 2004).
PGC-1a also induces tissue-specific processes associated
with increased mitochondrial function, such as mito-
chondrial uncoupling in BAT (Puigserver et al. 1998;
Tiraby et al. 2003), fiber type switching in skeletal muscle
(Baar et al. 2002; Lin et al. 2002; Norrbom et al. 2004;
Koves et al. 2005), and gluconeogenesis in liver (Yoon
et al. 2001; Puigserver et al. 2003; Rhee et al. 2003).

The fasting response in the liver involves the direct
activation of the transcription factors in play, but PGC-1a

itself is also under hormonal and nutrient regulation.
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Thus, the expression level of PGC-1a is induced by CREB,
which is activated via glucagon-stimulated activation
of protein kinase A and MAPK p38 signaling (Herzig
et al. 2001; Cao et al. 2005). In addition, loss of insulin-
mediated phosphorylation of transducer of regulated
CREB activity 2 (TORC2) and CREB-binding protein
(CBP) contributes to the activation of CREB during
fasting (Zhou et al. 2004; Koo et al. 2005). Importantly,
the activity of PGC-1a is also subject to extensive post-
translational regulation, such as MAPK p38-mediated
phosphorylation, which potentiates activity by stabiliz-
ing PGC-1a and displacing the strong transcriptional
inhibitor p160 myb (Knutti et al. 2001; Puigserver et al.
2001; Fan et al. 2004; Cao et al. 2005). Furthermore,
NAD+-stimulated Sirtuin 1 (SIRT-1)-mediated deacetyla-
tion is required for PGC-1a coactivation of gluconeogen-
esis in liver and fatty acid oxidation and mitochondrial
function in muscle during fasting (Rodgers et al. 2005;
Gerhart-Hines et al. 2007; Rodgers and Puigserver 2007).
In skeletal muscle, the AMP-activated kinase (AMPK)
plays an important role in PGC-1a activation (Jager et al.
2007); however, the role of this kinase in the liver is
unclear, and AMPK activity is only slightly induced in
liver during fasting (Gonzalez et al. 2004). Conversely,
upon refeeding, induction of the expression of steroid
receptor coactivator 3 (SRC3) and general control of
amino acid synthesis 5 (GCN5) causes acetylation and
inactivation of PGC-1a (Lerin et al. 2006; Coste et al.
2008). Furthermore, PGC-1a activity is inhibited by
insulin-induced phosphorylations by Akt and Cdc2-like
kinase 2 (CLK2) (Li et al. 2007; Rodgers et al. 2010). Thus,
PGC-1a integrates multiple cellular signals in the regu-
lation of the fasting response in the liver (Fig. 1).

The coordinated regulation of the multiple gene pro-
grams during fasting through PGC-1a activation provides
an efficient mechanism for the regulation of the hepatic
fasting response (Spiegelman and Heinrich 2004). How-
ever, it is likely that additional, independent control of
individual pathways is required to fine-tune the individ-
ual pathways. This pathway-specific regulation is, in part,
governed by specific combinations of transcriptions fac-
tors. However, in the June 15, 2011, issue of Genes &
Development, Spiegelman and colleagues (Lustig et al.
2011) demonstrate that the cofactor PGC-1a can change
pathway specificity in response to cellular signals. They
demonstrate that phosphorylation of PGC-1a by the p70
ribosomal protein S6 kinase 1 (S6K1) specifically inhibited
the ability to coactivate gluconeogenic genes, whereas it
had no effect on the ability to coactivate genes involved
in b-oxidation and oxidative phosphorylation (Lustig
et al. 2011). S6K1 is activated by the mammalian target
of rapamycin (mTOR) pathway, which is induced by
insulin and nutrients like amino acids (Patti et al. 1998;
Nobukuni et al. 2005; Sengupta et al. 2010). Consistent
with an important role of S6K1 in repressing the hepatic
fasting gene program, inhibition of mTOR by rapamycin
has been shown to induce gluconeogenic gene expres-
sion and cause insulin resistance and glucose intoler-
ance in mice (Houde et al. 2010). Furthermore, inhibi-
tion of mTOR by loss of the regulatory-associated

protein of mTOR (raptor), which is essential to mTOR
function, has been shown to impair suppression of
ketone body synthesis upon refeeding (Sengupta et al.
2010).

Using mass spectrometry analysis of PGC-1a ectopi-
cally expressed in primary hepatocytes, the Spiegelman
group (Lustig et al. 2011) identified two novel phos-
phorylation sites: S568 and S572. The phosphorylation
of these two residues was catalyzed by S6K1 in vitro
and was stimulated by amino acids in cultures of pri-
mary hepatocytes. Interestingly, these phosphorylations
seemed to specifically inhibit the ability of PGC-1a to
activate gluconeogenic genes, since ectopic expression of
a mutant PGC-1a where both serines have been mutated
was more effective than wild-type PGC-1a in the in-
duction of gluconeogenic genes. In contrast, induction of
genes involved in fatty acid oxidation and oxidative
phosphorylation were induced to a similar extent by
wild-type and mutant PGC-1a. Consistent with a role
of S6K1 in inducing PGC-1a phosphorylation, ectopic
expression of a constitutively active form of S6K1 in
primary hepatocytes specifically inhibited the induction

Figure 1. Post-translational regulation of PGC-1a activity in
liver during fasting and refeeding. (A) During fasting, glucagon
and NAD+ activate PGC-1a through MAPK p38-mediated phos-
phorylation and Sirt1-mediated deacetylation. Low levels of S6K
may be involved in feedback regulation of gluconeogenesis by
specifically interfering with PGC-1a coactivation of HNF4a. (B)
After refeeding, increased nutrient levels activate S6K1, which
may lead to an acute, specific repression of gluconeogenic gene
expression by phosphorylation of PGC-1a. Furthermore, the
nutrient-induced rise in insulin activates the Akt kinase, which
phosphorylates PGC-1a, leading to repression of gene programs
involved in gluconeogenesis, fatty acid oxidation (FAO), and
oxidative phosphorylation (OXPHOS). In addition, Akt phosphor-
ylates the CLK2 kinase, which promotes sustained repression of
predominantly gluconeogenic genes. Finally, refeeding leads to
increased expression of steroid receptor coactivator 3 (SRC3) and
general control of amino acid synthesis 5 (GCN5), which acety-
lates and thereby inactivates PGC1-a.

Schmidt and Mandrup

1454 GENES & DEVELOPMENT



of gluconeogenic genes, and rapamycin, or a dominant-
negative S6K1, specifically promoted PGC-1a induction
of gluconeogenic but not fatty acid oxidation or mito-
chondrial genes. The importance of these phosphoryla-
tions in vivo was confirmed by intravenous injection of
adenoviral vectors expressing either mutant or wild-type
PGC-1a. Consistent with the cell culture studies, mutant
PGC-1a increased gluconeogenic gene expression in liver
of fasting mice significantly more than wild-type PGC-
1a. Consequently, expression of mutant, but not wild-
type, PGC-1a in the liver led to increased plasma glucose
levels.

At the mechanistic level, phosphorylation of PGC-1a

by S6K1 appears to specifically interfere with the in-
teraction between HNF4a and PGC-1a. Coimmunopre-
cipitation experiments in HEK293T cells showed that the
interaction of HNF4a with PGC-1a, but not with ERRa

or PPARa, was increased by rapamycin treatment, and
that mutant PGC-1a interacted more strongly with
HNF4a than wild-type PGC-1a. Furthermore, a constitu-
tively active form of S6K1 inhibited the ability of wild-
type PGC-1a, but not mutant PGC-1a, to coactivate
HNF4a in transient transfection assays. Taken together,
these data indicate that S6K1 phosphorylation specifi-
cally interferes with the ability of PGC-1a to coactivate
gluconeogenic gene expression at least in part by disrupt-
ing the interaction with HNF4a.

The inhibition of PGC-1a activity by S6K1 adds to the
previously reported repression of PGC-1a activity in the
fed state by CLK2- and Akt-mediated phosphorylations
(Fig. 1; Li et al. 2007; Rodgers et al. 2010). The intriguing
and novel finding of this new work is that the phosphor-
ylation of S568 and S572 by S6K1 specifically disrupts the
interaction with HNF4a and the gluconeogenic gene
program (Lustig et al. 2011), whereas Akt phosphoryla-
tion of S570 results in a general repression of PGC-1a

activity on all gene programs regulated (Li et al. 2007).
The differential effects are particularly notable since
these kinases phosphorylate adjacent serines in the serine
arginine (SR) domain of PGC-1a. The Puigserver group
(Rodgers et al. 2010) previously reported that CLK2, which
also targets the SR domain, inhibits PGC-1a coactivation
of both HNF4a and FOXO1 in transient transfection
studies, whereas NRF coactivation was unaffected. Fur-
thermore, CLK2 knockdown or overexpression primarily
affected the gluconeogenic gene program in primary
hepatocytes overexpressing PGC-1a. These results sug-
gest that also CLK2-mediated phosphorylation(s) result in
differential effects on the ability to coactivate specific
transcription factors (Rodgers et al. 2010), although in
a less specific manner than the S6K1 phosphorylation
(Lustig et al. 2011). Unfortunately, however, the exact
phosphorylation site was not mapped in the study by the
Puigserver group (Rodgers et al. 2010). Taken together, the
SR domain of PGC-1a appears to act as a critical switch
determining the coactivation abilities of PGC-1a in differ-
ent gene programs. Further investigation is needed to fully
understand the role and interdependencies of the specific
phosphorylations of this domain in the regulation of PGC-
1a coactivation of gene programs.

In addition to their differential role in activating
specific gene programs, the S6K1, Akt, and CLK2 kinases
appear to repress the gluconeogenic genes at different
time points during the refeeding response. Thus, investi-
gations by the Puigserver group (Rodgers et al. 2010)
indicated that whereas Akt-mediated phosphorylation is
involved in the acute repression of PGC-1a target genes
following refeeding, phosphorylation by CLK2 represses
PGC-1a at later time points. Using hepatic knockdown of
CLK2, they demonstrated that this kinase is involved in
repression of gluconeogenic gene expression 4 h after
refeeding but not in acute repression (Rodgers et al. 2010).
In contrast, Akt was acutely but transiently activated,
indicating that Akt- and CLK2-mediated phosphorylation
of PGC-1a facilitates acute and sustained repression of
gluconeogenic genes, respectively. Recently, Sabatini and
coworkers (Sengupta et al. 2010) showed that S6K1 is
phosphorylated prior to Akt during the refeeding re-
sponse, suggesting that S6K1 activity is initially directly
regulated by nutrients via the mTOR pathway, rather
than through increased plasma insulin levels. Thus, the
S6K1-mediated repression of PGC-1a, as described by the
Spiegelman group (Lustig et al. 2011), may mediate re-
pression of gluconeogenic genes even more acutely than
Akt.

The experiments by Sabatini and coworkers (Sengupta
et al. 2010) also showed that fasted tuberous sclerosis
complex (TSC)�/� mice, which have significantly in-
creased mTOR activity and therefore increased S6K1
activity, display a decreased hepatic expression of genes
involved in fatty acid oxidation and ketogenesis compared
with wild-type mice. Surprisingly, the expression of the
key gluconeogenic gene phosphoenolpyruvate carboxyki-
nase (PEPCK) was not compromised (Sengupta et al. 2010),
indicating that increased mTOR activity by itself is in-
sufficient to repress gluconeogenesis in vivo, but is suffi-
cient to decrease expression of fatty acid oxidation genes.
This may seem contradictory to findings by Spiegelman
and coworkers (Lustig et al. 2011), who demonstrated
that ectopic expression of a constitutively active form of
S6K1 in primary hepatocytes in vitro specifically repressed
gluconeogenic genes. However, it is possible that addi-
tional stimuli normally provided during refeeding, but
missing in the fasting state, are required for full activation
of S6K1, for the specific phosphorylation of PGC-1a, or for
inactivation of the gluconeogenic program in the TSC�/�

mice. Furthermore, it is possible that the repression of
fatty acid oxidation genes in these mice is independent of
S6K1 activity.

An interesting aspect of the S6K1-mediated phosphor-
ylation of PGC-1a is that it also appears to modulate
PGC-1a activity during fasting: A mutant form of PGC-
1a that cannot be phosphorylated by S6K1 is a more
potent activator of gluconeogenic genes in the liver of
fasting mice (Lustig et al. 2011). This observation in-
dicates that S6K1 is also at least partially active and
modulates PGC-1a activity in the liver during fasting. In
contrast, phosphorylation by Akt and CLK2 kinases does
not appear to be operating during fasting, since S570
phosphorylation of PGC-1a was not detected in the liver
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of fasted mice, and since expression of a S570A mutant
PGC-1a in liver of fasting mice induced gluconeogenic
gene expression to similar levels as a wild-type PGC-1a

(Li et al. 2007). Consistent with this, CLK2 knockdown
did not affect PGC-1a target gene expression during
fasting (Rodgers et al. 2010). Hence, it seems that regula-
tion of gluconeogenesis by Akt and CLK2 is restricted to a
refeeding situation.

It is unclear what mediates the apparent S6K1 activity
during fasting in the studies by the Spiegelman laboratory
(Lustig et al. 2011), but it is possible that fasting glucose
and insulin levels are sufficient to maintain some mTOR
activation of S6K1. In that case, S6K1-mediated phos-
phorylation of PGC-1a could act as part of the important
negative feedback loop regulating gluconeogenesis via
glucose itself or via glucose-induced insulin secretion. In
any case, the significantly elevated levels of plasma
glucose during fasting in mice with ectopic expression
of S568A and S572A mutant PGC-1a is consistent with
an important role of PGC-1a in feedback regulation of
gluconeogenesis. The apparent S6K1 activity during fast-
ing is also consistent with reports showing that branched
chain amino acid and S6K1 activity is increased during
prolonged fasting (Anand and Gruppuso 2005). Thus,
S6K1 activity may be activated by these amino acids,
especially following prolonged fasting.

The advantages of regulating PGC-1a and other cofac-
tors by a post-translational modification (PTM) that spe-
cifically modifies interactions with selected transcription
factors are obvious. Repression of overall PGC-1a activity
would affect all PGC-1a-coactivated gene programs (Fig.
2A), whereas repression of HNF4a activity would affect all

HNF4a target genes (Fig. 2B). However, by specifically
regulating the interaction between the two factors, a much
higher degree of specificity is obtained than by targeting
overall activity of any of these two factors (Fig. 2C). This
ability to specifically feedback-regulate the gluconeogenic
gene program without suppressing the expression of genes
involved in fatty acid oxidation and ketogenesis is likely to
be important during fasting. From a pharmacological point
of view, the specificity that can be obtained by PTMs
targeting the interaction surface between cofactors and
transcription factors is also highly interesting. In the case
of PGC-1a, by specifically targeting the interaction with
HNF4a, one could decrease hepatic glucose production
while leaving the many beneficial effects of PGC-1a in
liver and muscle intact.

At present, only a few examples of cofactors that modify
their gene program specificities in response to PTMs have
been reported. Leff and coworkers (Yang et al. 2001)
previously showed that AMPK-mediated phosphorylation
of p300 lead to reduced interactions with nuclear receptors
but not other transcription factors such as p53 and GATA4;
however, they did not identify the physiological impor-
tance of this. It is likely that many of the known PTMs of
other coactivators have undiscovered differential effects on
gene programs. For example, the insulin-induced phos-
phorylation of the CREB interaction domain of CBP by the
phosphatidylinositol 3 kinase (PI3K) pathway is an in-
teresting candidate for gene program-specific PTM (Zhou
et al. 2004). The recent advances in proteomic and genomic
technologies provide an excellent opportunity for further
investigations of coactivator modifications. Proteomics
would be applicable for large-scale coimmunoprecipitation

Figure 2. Suppression of the HNF4a and PGC-
1a gene programs by post-translational modifica-
tions at different levels. Repression of overall
PGC-1a activity will interfere with all gene pro-
grams coregulated by PGC-1a (A), whereas re-
pression of HNF4a activity will affect all gene
programs regulated by HNF4a (B). (C) Maximal
specificity is achieved by specifically disrupting
the interaction between HNF4a and PGC-1a to
repress the PGC-1a-coregulated HNF4a gene
program.
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interaction studies, whereas transcriptomics and chroma-
tin immunoprecipitation combined with deep sequencing
would be useful tools to identify differentially targeted
enhancers and gene programs.
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