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PGC-1a is a transcriptional coactivator that powerfully regulates many pathways linked to energy homeostasis.
Specifically, PGC-1a controls mitochondrial biogenesis in most tissues but also initiates important tissue-specific
functions, including fiber type switching in skeletal muscle and gluconeogenesis and fatty acid oxidation in the
liver. We show here that S6 kinase, activated in the liver upon feeding, can phosphorylate PGC-1a directly on two
sites within its arginine/serine-rich (RS) domain. This phosphorylation significantly attenuates the ability of PGC-
1a to turn on genes of gluconeogenesis in cultured hepatocytes and in vivo, while leaving the functions of PGC-1a
as an activator of mitochondrial and fatty acid oxidation genes completely intact. These phosphorylations
interfere with the ability of PGC-1a to bind to HNF4a, a transcription factor required for gluconeogenesis, while
leaving undisturbed the interactions of PGC-1a with ERRa and PPARa, factors important for mitochondrial
biogenesis and fatty acid oxidation. These data illustrate that S6 kinase can modify PGC-1a and thus allow
molecular dissection of its functions, providing metabolic flexibility needed for dietary adaptation.
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The transcriptional coactivator PGC-1a regulates many
metabolic programs, especially those related to oxidative
metabolism (Wu et al. 1999). First identified as a coacti-
vator of PPARg in brown fat-mediated thermogenesis
(Puigserver et al. 1998), PGC-1a is now known to inter-
act with many nuclear receptors and other transcription
factors outside of this family (Knutti and Kralli 2001; Lin
et al. 2005; Finck and Kelly 2006). PGC-1a and its close
homolog, PGC1b, are critical for mitochondrial biogenesis
and mitochondrial gene expression in various tissues (Wu
et al. 1999; Mootha et al. 2004; Schreiber et al. 2004). They
achieve this through physical interactions with ERRa,
NRF1, and NRF2 (GABP) (Wu et al. 1999; Mootha et al.
2004; Schreiber et al. 2004). Mice lacking PGC-1a or
PGC1b (or both) have a deficiency in mitochondria and
adaptive oxidativemetabolism (Lin et al. 2004; Leone et al.
2005; Lelliott et al. 2006; Vianna et al. 2006; Zechner et al.
2010).

In addition to mitochondrial biogenesis, PGC-1a acti-
vates the expression of other genes that are part of broader
programs associated with mitochondrial function in a spe-
cific tissue (Lin et al. 2005). For example, PGC-1a is
induced in skeletal muscle with exercise and stimu-
lates expression of genes involved in fiber type switching,
angiogenesis, and fatty acid oxidation (Vega et al. 2000;
Baar et al. 2002; Lin et al. 2002; Norrbom et al. 2004; Koves
et al. 2005; Arany et al. 2008). In the liver, PGC-1a is
strongly induced in fasting and turns on the gene programs
of gluconeogenesis, heme biosynthesis, and fatty acid
oxidation. This occurs through coactivation of hepatic
ERRa, NRF1, NRF2, PPARa, HNF4a, and FOXO1 (Herzig
et al. 2001; Yoon et al. 2001; Puigserver et al. 2003; Rhee
et al. 2003; Koo et al. 2004; Handschin et al. 2005;Wu et al.
2009). Gluconeogenic gene expression driven by PGC-1a
has a nearly absolute genetic requirement for HNF4a and
FOXO1, liver-enriched transcription factors (Puigserver
et al. 2003; Rhee et al. 2003).
Coordination of these large gene sets, which are often

functionally linked, must have distinct advantages for
the organism. For example, coordination of genes within
linked pathways can accelerate the overall output of a final

4Corresponding author.
E-mail bruce__spiegelman@dfci.harvard.edu.
Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.2054711.

1232 GENES & DEVELOPMENT 25:1232–1244 � 2011 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/11; www.genesdev.org

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genesdev.cshlp.orgDownloaded from 

mailto:bruce<?up?><?toc=Black?>_<?toc?><?down?>spiegelman@dfci.harvard.edu
http://genesdev.cshlp.org/
http://www.cshlpress.com


product, such as glucose in the case of the gluconeogenic
program (Spiegelman and Heinrich 2004). Coordination of
the induction of many genes within complex pathways
can also minimize the buildup of metabolic intermediates
that could be toxic, such as many of the pathogenic
intermediates generated in the heme biosynthetic system
(Ajioka et al. 2006). High-level regulation through coac-
tivation of many transcription factors makes sense kinet-
ically, but adaptations to certain environmental states
are likely to require the uncoupling of certain regulatory
functions. For example, while the normal fasted state
may indeed benefit from the coordination of mitochon-
drial electron transport with gluconeogenesis and fatty
acid oxidation, it is easy to imagine that high caloric
intake, especially with diets rich in both fats and carbo-
hydrates, may require ramping up fatty acid oxidation and
electron transport in the mitochondria without coordi-
nately inducing gluconeogenesis.
Several mechanisms to increase or decrease the total

amount and activity of PGC-1a are now known. Activa-
tion pathways include deacetylation of the PGC-1a pro-
tein by SirT1 (Rodgers et al. 2005) and phosphorylation by
the p38 MAP kinase (Puigserver et al. 2001). Hormones
that increase intracellular cAMP or calcium all generally
increase the expression of PGC-1a (Wu et al. 2002). In-
hibition of PGC-1a can occur through protein phosphor-
ylation by AKT (Li et al. 2007) and Clk2 (Rodgers et al.
2010) and/or protein acetylation by GCN5 (Lerin et al.
2006). Direct binding of the corepressor p160MBP also
represses PGC-1a activity (Fan et al. 2004). However, no
studies to date have described the mechanisms whereby
the multiple functions of PGC-1a can be differentially
regulated within a single cell type.
In this study, we found that S6K1, a serine/threonine

kinase thatmediates nutrient and insulin signals, directly
phosphorylates PGC-1a at two sites in hepatocytes. The
phosphorylated PGC-1a is largely unaltered in its ability
to increase the expression of genes related to the mito-
chondrial electron transport system and the b-oxidation
of fatty acids. However, this modified form of the protein
has a greatly reduced ability to activate the gene program
of gluconeogenesis and has reduced binding to HNF4a.
Thus, we identified a mechanism by which the complex
genetic and physiological programs driven by PGC-1a in
the liver can be differentially regulated.

Results

S6K1 directly phosphorylates PGC-1a on Ser 568
and Ser 572

PGC-1a regulates mitochondrial gene expression, fatty
acid oxidation, and gluconeogenesis in the liver (Herzig
et al. 2001; Yoon et al. 2001; Puigserver et al. 2003; Rodgers
et al. 2005, 2010; Lerin et al. 2006; Li et al. 2007). An open
question, however, is whether themany PGC-1a functions
can be differentially regulated in response to changing
metabolic conditions (i.e., fasting vs. feeding). To address
this, we examined post-translational modifications of the
PGC-1a protein in primary hepatocytes in a serum-con-

taining medium. Murine hepatocytes were infected with
adenoviral vectors expressing PGC-1a; the protein was
then immunoprecipitated and studied for phosphoryla-
tions. Two novel phosphorylations—at Ser 568 and Ser
572 in the arginine/serine-rich (RS) domain of PGC-
1a—were found by mass spectrometry (data not shown).
The sequences of both of these two sites conform to the
consensus motif Arg-x-Arg-x-x-pSer/Thr (RxRxxpS/T,
where x is any amino acid). Alignment of the PGC-1a
sequences among different species shows that the serines
at 568 and 572 and the adjacent motifs are conserved
across all vertebrates (Supplemental Fig. 1). Both S6K1 and
AKT/PKB are members of the AGC family of protein
kinases known to phosphorylate this consensus motif
(Pearce et al. 2010). In addition, the consensus motif of
PKA, Arg-x-x-pSer/Thr, also conforms to the sequence of
the two identified sites. In order to identify the kinase or
kinases that specifically phosphorylate Ser 568 and Ser 572
in PGC-1a, we preformed in vitro phosphorylation exper-
iments using a recombinant-expressed PGC-1a fragment
corresponding to the RS domain of PGC-1a (amino acids
551–635). Of the kinases listed above, only S6K1 directly
phosphorylated the RS domain of PGC-1a and was unable
to phosphorylate the same fragment with alanine sub-
stitutions at amino acids 568 and 572 (Fig. 1A; Supplemen-
tal Fig. 2). This result indicates that S6K1 can specifically
phosphorylate PGC-1a at Ser 568 and Ser 572 in vitro.
In order to identify possible additional phosphorylation

sites of S6K1 on PGC-1a, an in vitro kinase assay was
performed using recombinant-expressed PGC-1a frag-
ments corresponding to the entire protein. In addition
to the RS domain, relatively minor phosphorylations
were also detected in the 200- to 400-amino-acid frag-
ment of PGC-1a (Fig. 1B).
We next wanted to determine whether the serines at 568

and 572 are indeed the major sites of phosphorylation by
S6K1 in full-length PGC-1a, and the possible importance of
the phosphorylations in the 200–400 domain. Flag-tagged
full-length or mutant PGC-1a in which Ser 568/572 were
substituted to alanine was transfected into 293T cells.
PGC-1a was immunoprecipitated via the Flag epitope
and subjected to an in vitro kinase assay with the S6K1
enzyme. Wild-type PGC-1a was phosphorylated by S6K1,
whereas the phosphorylation of the mutant PGC-1a was
only slightly above the background (Fig. 1C). This strongly
suggests that Ser 568 and Ser 572 are indeed the major sites
in PGC-1a phosphorylated by S6K1. PGC-1awas also phos-
phorylated by S6K1 in cells, since an anti-RxRxxpS motif
antibody was able to detect phosphorylated PGC-1a only
in cells overexpressing both PGC-1a and S6K1 (Fig. 1D).
We next studied the ability of S6K1 to phosphorylate

PGC-1a in a setting more dependent on a nutritional and
physiological variable. Activation of mTORC1 and its
downstream target, S6K1, is dependent on nutrient avail-
ability (Patti et al. 1998; Nobukuni et al. 2005). This
pathway is largely independent on the type 1A PI 3-kinase
and the AKT/PKB pathway (Nobukuni et al. 2005). Using
an anti-RxRxxpS motif antibody, we were able to detect
phosphorylated PGC-1a in cells with forced expression of
wild-type PGC-1a only with the addition of amino acids
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to the medium. However, we were unable to detect
phosphorylated PGC-1a in cells expressing the mutant
PGC-1a, even with the addition of amino acids (Fig. 1E).
Taken together, these results indicate that S6K1 directly
phosphorylates PGC-1a both in vitro and in cells under
a nutritional stimulus.

The S6K1-mediated phosphorylation of PGC-1a
specifically regulates hepatic gluconeogenesis
in primary hepatocytes

To directly determine the effects of S6K1 phosphorylation
on the transcriptional program driven by PGC-1a in liver
cells, primary hepatocytes were infected with adenoviral
vectors expressing wild-type or mutant PGC-1a or GFP as
control. As expected (Vega et al. 2000; Yoon et al. 2001),
forced expression of wild-type PGC-1a induced the ex-
pression of mitochondrial, fatty acid oxidation, and gluco-
neogenic genes, compared with the GFP-expressing con-
trols (Fig. 2A). Cells expressing the PGC-1a mutant
showed a similar induction of mitochondrial and fatty
acid oxidation genes. However, the expression of the two
key genes involved in gluconeogenesis—glucose-6-phos-
phatase (G6P) and phosphoenolpyruvate carboxykinase
(PEPCK)—was dramatically higher in cells expressing the

mutant PGC-1a compared with the wild-type protein (Fig.
2A). The phosphorylation of PGC-1a at these sites did not
affect the apparent stability of the mRNA or protein, as
adenovirus-mediated expression of wild-type and mutant
PGC-1a in primary hepatocytes resulted in similar protein
(Fig. 2B) and mRNA (Fig. 2A) levels. The elevated in-
duction of gluconeogenic genes observed in mutant PGC-
1a-expressing cells was also accompanied by increased
glucose output from the primary hepatocytes (Fig. 2C).
These results indicate that phosphorylation of PGC-1a at
these two sites impacts the function of PGC-1a, specifi-
cally on the gluconeogenic pathway, without detectably
affecting other pathways regulated by PGC-1a, such as the
gene programs of mitochondrial electron transport and
fatty acid oxidation.

Alteration of S6K1 signaling specifically modulates
gluconeogenic gene expression

S6K1 is an important protein kinase implicated in control
of the fasting and refeeding response in the liver (Um et al.
2006). To gain a clearer understanding of how S6K1
signaling affects hepatic gene transcription within the
context of PGC-1a activation, we modulated S6K1 activ-
ity in primary hepatocytes. PGC-1a or GFP were first

Figure 1. S6K1 phosphorylates PGC-1a at Ser 568 and Ser 572. (A) Phosphorylation of PGC-1a in vitro by S6K1. A purified
recombinant wild-type GST-PGC-1a fragment (amino acids 551–635) or a mutant PGC-1a fragment with alanine substitutions at
amino acids 568 and 572 were tested as substrates for recombinant-activated S6K1. (B) In vitro phosphorylation by S6K1 with different
GST-PGC-1a fragments, as indicated. (C) Full-length PGC-1a is phosphorylated by S6K1 in vitro. HEK293T cells were transfected with
vectors expressing Flag-tagged full-length PGC-1a, wild type, or mutant. PGC-1a was immunoprecipitated via the Flag epitope and was
used in an in vitro protein kinase assay with S6K1. Protein levels were measured by probing with a polyclonal antibody against PGC-1a.
(D) S6K1 phosphorylates PGC-1a in cells. HEK293T cells were transfected with vectors expressing Flag-tagged PGC-1a or GFP, with or
without S6K1. Whole-cell extracts and Flag immunoprecipitates were subjected to Western blot analysis with the indicated antibodies.
(E) Phosphorylation of PGC-1a in hepatocytes by activation of S6K1. Primary mouse hepatocytes were infected with adenoviral vectors
expressing Flag-tagged wild-type (WT) or mutant (MUT) PGC-1a or GFP. Cells were treated overnight with serum and amino acid-free
medium. Amino acids were added to the medium where indicated and cells were harvested 2 h later. Whole-cell extracts and Flag
immunoprecipitates were subjected to Western blot analysis with antibodies as indicated.
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expressed in primary hepatocytes with or without the
addition of rapamycin, anmTOR and S6K1 inhibitor (Brown
et al. 1994; Pearson et al. 1995). As expected, rapamycin
blocked S6K1 activity in cells expressing either PGC-1a or
GFP, as evident by the ablation of phosphorylation of S6,
a direct downstream target of S6K1 (Fig. 3A; Flotow and
Thomas 1992). Under these basal conditions, endogenous
PGC-1a levels are extremely low in primary hepatocytes.
Rapamycin treatment did not significantly change expres-
sion levels of genes of mitochondrial electron transport,
fatty acid oxidation, and gluconeogenesis in the GFP-
expressing cells. In cells expressing PGC-1a, however,
blocking S6K1 activity with rapamycin significantly in-
duced the expression of the gluconeogenic genes G6P and
PEPCK. Rapamycin treatment did not significantly change

the expression of genes involved in the fatty acid oxidation
or mitochondrial biogenesis pathways (Fig. 3B). A similar
resultwas observed by specifically blocking S6K1 activation
in primary hepatocytes using an adenovirus expressing a
dominant-negative allele of S6K1 (S6K1 DN) (Supplemen-
tal Fig. 3).
We induced S6K1 activity by introducing a constitu-

tively active S6K1 (S6K1ca) into primary hepatocytes that
also had forced expression of GFP or PGC-1a. Expression
of S6K1ca induced S6K1 activity and phosphorylation of
S6 (Fig. 3C). As with rapamycin treatment, no significant
changewas observed in the transcription ofmitochondrial,
fatty acid oxidation, and gluconeogenic genes in the GFP-
expressing cells when S6K1 was activated. However, S6K1
activation significantly reduced the expression of the

Figure 2. Mutations of the S6K1 phosphorylation sites in PGC-1a induces gluconeogenic genes in primary hepatocytes. Primary
hepatocytes were infected with adenovirus expressing wild-type PGC-1a (WT), mutant PGC-1a (MUT), or GFP as control. (A) Total
RNAwas subjected to quantitative RT–PCR (qRT–PCR) analysis for the indicated genes. (B) Protein samples were subjected to Western
blot analysis with PGC-1a and actin antibodies. (C) Cells were incubated in phenol red-free, glucose-free DMEM for 3 h and glucose
levels were measured. (**) P < 0.01.
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gluconeogenic genes in cells expressing PGC-1a. Activa-
tion of S6K1 did not change the expression levels of
mitochondrial and fatty acid oxidation mRNAs (Fig. 3D).
To ask whether S6K1 regulates the gluconeogenic pro-

gram by phosphorylating Ser 568/572 of PGC-1a, we
expressed both wild-type and mutant PGC-1a in primary
hepatocytes with or without rapamycin. As seen in Figure
4, the mutant PGC-1a was unresponsive to S6K1 signal-
ing, and, subsequently, blocking S6K1 activity in cells
expressing the mutant did not further increase expression
of the gluconeogenic program. These data strongly suggest

that modulation of S6K1 specifically affects the gluconeo-
genic pathway in hepatocytes without affecting other
pathways known to be activated by PGC-1a; this effect
on the gluconeogenic genes is mediated by S6K1 phos-
phorylation of Ser 568/572 of PGC-1a.

S6K1 action on the gluconeogenic program
is genetically dependent on PGC-1a

Treatment of primary hepatocytes with an agent such as
forskolin, which raises cAMP, can mimic the actions of

Figure 3. Gluconeogenic gene expression is modulated by S6K1. (A) Gluconeogenic genes expression is induced when S6K1 signaling
is blocked. Primary hepatocytes were infected with adenoviral vectors expressing wild-type PGC-1a or GFP. Cells were treated for 8 h
with 20 nM rapamycin where indicated (rapa), and whole-cell lysate was subjected to Western blot analysis with the indicated
antibodies. (B) Total RNAwas extracted from primary hepatocytes infected and treated as in A and was subjected to qRT–PCR analysis
for the indicated genes. (C,D) Gluconeogenic gene expression is attenuated when S6K1 signaling is induced. Primary hepatocytes were
infected with adenoviral vectors expressing wild-type PGC-1a or GFP with or without a S6K1ca adenovirus. Cells were treated for 4 h
with serum and amino acid-free medium before total RNA and protein were extracted. Protein samples were subjected to Western blot
analysis (C) and total RNA was subjected to qRT–PCR analysis (D) for the indicated genes. (**) P < 0.01.
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glucagon in fasting. Part of this critical physiological
response is through inducing the fasting/gluconeogenic
gene program PEPCK, G6P, and PGC-1a (Yoon et al. 2001).
The induction of PGC-1a by forskolin is largely mediated
through an increase inmRNA levels (Yoon et al. 2001). We
thus examined the effect of blocking S6K1 action on the
levels and activity of endogenous PGC-1a and its down-
stream targets in response to forskolin. Consistent with
findings described above, rapamycin treatment did not
change the expression levels of the gluconeogenic genes,
whereas forskolin significantly increased the expression
levels of both G6P and PEPCK mRNAs. However, the
treatments with forskolin and rapamycin together showed
a synergistic effect on the expression levels of both gluco-
neogenic genes (Fig. 5A). This synergistic effect on gluco-
neogenic gene expression was likely due to an increased
activity of PGC-1a and not an additional increase in PGC-
1a expression level, as treatment with forskolin alone or
both forskolin and rapamycin resulted in similar levels of
PGC-1a protein (Fig. 5B). These results suggest that block-
ing S6K1 signaling within a cellular context mimicking
nutrient deprivation specifically increases PGC-1a actions
on the gluconeogenic pathway.
To address the requirements for PGC-1a in this re-

sponse more directly, PGC-1a was knocked down in

primary hepatocytes using a very effective shRNA de-
scribed previously (Estall et al. 2009). Both mRNA (Fig.
5C) and protein levels (data not shown) of PGC-1a were
significantly reduced in cells infected with an adenovi-
ral vector expressing shPGC-1a. Forskolin induction of
PGC-1a and the gluconeogenic genes G6P and PEPCK
was blunted upon reduction of PGC1a (Fig. 5C). Impor-
tantly, treatment with rapamycin and forskolin together
did not further increase gluconeogenic gene expression;
furthermore, the synergistic effect seen in the control
cells was completely blocked (Fig. 5C). Taken together,
these results show that S6K1 modification of the gluco-
neogenic pathway is dependent on PGC-1a activity.

Mutations of the S6K1-mediated phosphorylation of
PGC-1a preferentially affects gluconeogenesis in vivo

To ask whether the physiological programs driven by
PGC-1a are differentially regulated by S6K1 in vivo, we
injected adenoviral vectors expressingwild-type or mutant
PGC-1a or GFP intravenously into mice; this technique
results in targeted expression of proteins in the liver. In
order to dynamically fine-tune the programs controlled by
PGC-1a, we expressed relatively moderate levels of this
coactivator. Protein levels of both wild-type and mutant
PGC-1awere similar 5 d after injection (Fig. 6A). After 22 h
of fasting, themice injectedwithwild-type PGC-1a vectors
showed a modest increase in mitochondrial, fatty acid
oxidation, and gluconeogenic gene expression compared
with the GFP-expressing controls (Fig. 6B). As shown
previously (Rodgers and Puigserver 2007), this modest
increase in gluconeogenic gene expression in the fasted
state is not enough to cause a detectable increase in glucose
(Fig. 6C) or insulin (Fig. 6D) levels. Mice injected with
vectors expressing the mutant PGC-1a showed a simi-
larly modest increase in both fatty acid oxidation and
mitochondrial biogenesis genes. However, mice express-
ing mutant PGC-1a showed much greater induction of
the gluconeogenic genes G6Pase and PEPCK (Fig. 6B).
Fasting glucose levels increased significantly above those
in mice expressing wild-type PGC-1a or GFP (Fig. 6C).
Fasting insulin levels were also trending upward, although
this did not reach statistical significance (Fig. 6D). These
results indicate that the modification of PGC-1a on the
S6K1 sites differentially regulates the gluconeogenic pro-
gram in vivo.

S6K1 phosphorylation of PGC-1a reduces binding
to HNF4a but not to FOXO1, PPARa, or ERRa

PGC1-a is a coactivator and functions through binding
to specific transcription factors. The fasting response in
the liver has been studied extensively, and PGC-1a ap-
pears to have critical interactions with HNF4a, FOXO1,
ERRa, and PPARa (Herzig et al. 2001; Yoon et al. 2001;
Puigserver et al. 2003; Rhee et al. 2003; Koo et al. 2004;
Handschin et al. 2005; Wu et al. 2009). Since the nuclear
receptor HNF4a is a critical component of PGC-1a-medi-
ated gluconeogenesis (Yoon et al. 2001; Rhee et al. 2003),
the binding of PGC-1a to HNF4awas studied in HEK293T

Figure 4. S6K1 phosphorylation of PGC-1a at Ser 568/572
regulates gluconeogenic genes expression. Primary hepatocytes
infected with wild-type (WT) andmutant (MUT) PGC-1a- or GFP-
expressing adenoviruses were treated with 20 nM rapamycin (rap)
for 8 h where indicated. Total RNAwas extracted and subjected to
qRT–PCR analysis for the indicated genes. (**) P < 0.01.
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cells with S6K1 modulation. As seen in Figure 7A, wild-
type PGC-1a coimmunoprecipitates with HNF4a under
basal conditions when S6K1 is active. Blocking S6K1
signaling by rapamycin increases the interaction between
HNF4a and wild-type PGC-1a. Interestingly, the mutant
PGC-1a had increased binding to HNF4a compared with
wild-type PGC-1a, even under basal conditions; treatment
with rapamycin did not further increase this interaction.
In addition, expression of S6K1ca significantly attenuates
the binding of HNF4a to wild-type PGC-1a but not to the
mutant PGC-1a (Fig. 7B).
We next tested the binding between PGC-1a and FOXO1,

which is coactivated by PGC-1a and is also important for
the regulation of gluconeogenesis. As shown in Figure 7C,
blocking S6K1 activity with rapamycin did not enhance
the binding of PGC-1a to a constitutively activated mu-
tant of FOXO1 (FOXO1 AAA).
To investigate the functional consequence of the differ-

ential binding of PGC-1a to HNF4a under S6K1 modula-

tion, we performed luciferase-based transcriptional reporter
assays. As expected, wild-type PGC-1a strongly activates
the HNF4a gAF-1 response element (Rhee et al. 2003).
Coexpression of S6K1ca repressed PGC-1a activity (Fig. 7D).
The mutant PGC-1a had increased activation compared
with wild-type PGC-1a, but coexpression of S6K1 had no
effect on the activation of the HNF4a gAF-1 response
element (Fig. 7D). These data suggest that the binding
of HNF4a to PGC-1a is modulated through the S6K1-
mediated phosphorylations at Ser 568/572. As a result,
S6K1 phosphorylation represses the PGC-1a coactivation
on HNF4a.
The fatty acid oxidation program in the liver can

be mediated through interactions between PGC-1a and
PPARa, while PGC-1a binding to ERRa is critical in
mitochondrial biogenesis (Vega et al. 2000; Schreiber et al.
2004). In contrast to what was seen above with HNF4a, the
wild-type and mutant PGC-1a interact similarly with both
PPARa and ERRa under basal conditions. In addition, no

Figure 5. S6K1 action on gluconeogenesis is dependent on PGC-1a. Primary hepatocytes were treated with vehicle, 10 mM forskolin
(Fsk) for 4 h, 20 nM rapamycin for 8 h, or Fsk/rapamycin before RNA and protein were extracted. (A) RNA was subjected to qRT–PCR
analysis for the indicated genes. (B) Endogenous PGC-1a was immunoprecipitated from whole-cell extract using anti PGC-1a
antibodies. Total proteins and immunoprecipitated material were subjected to Western blot analysis using the indicated antibodies. (C)
Primary hepatocytes infected with adenoviral vectors expressing shGFP or shPGC-1a were treated as in A. Total RNA was extracted
and subjected to qRT–PCR analysis for the genes indicated. (*) P < 0.05.
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increase in binding to either factor is observed when S6K1
signaling is blocked with rapamycin (Fig. 7E,F). Taken
together, these data strongly suggest that S6K1 differen-
tially suppresses gluconeogenesis through PGC-1a, at least

in part, by modifying its ability to bind to HNF4a. The
inability of S6K1 to regulate the binding of PGC-1a to
FOXO1, PPARa, and ERRa further emphasizes the path-
way specificity of this post-translational modification.

Figure 6. Mutation of the S6K1 PGC-1a phosphorylation sites increases gluconeogenesis in vivo. Lean mice were injected with
adenoviral vectors expressing GFP, wild-type PGC-1a (WT), or mutant PGC-1a (MUT). After 5 d, the mice were fasted for 22 h and
sacrificed. (A) PGC-1a protein in the liver (n = 4), as determined by Western blot analysis. Actin was used as a loading control. (B)
Expression of mRNAs encoding gluconeogenic, mitochondrial, and fatty acid oxidation genes in the liver (n = 4–5), as determined by
qRT–PCR analysis. (C) Blood glucose levels (n = 4–5). (D) Plasma insulin levels (n = 4–5). (*) P < 0.05; (**) P < 0.01.
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Discussion

Transcriptional control at the coactivator level is an
effective way to link together biological pathways, and this
mode of regulation has profound kinetic implications.
Specifically, end-product production can be accelerated
while ensuring that potentially toxic intermediates do
not build up (for review, see Spiegelman and Heinrich

2004). PGC-1a was among the first coactivators shown to
be highly regulated in a large number of biological contexts,
and is especially important in programs involving oxidative
metabolism. Mitochondrial biogenesis and respiration,
muscle fiber type switching, hepatic gluconeogenesis, fatty
acid oxidation, and heme biosynthesis have all been shown
to be affected by the levels of PGC-1a (for review, see Lin
et al. 2005). The activation of these complex programs is

Figure 7. S6K1 activity affects the binding of PGC-1a to HNF4a but not to FOXO1, PPARa, or ERRa. (A,C,E,F) Cultured HEK293T
cells were transfected with plasmids as indicated. Cells were treated for 90 min with vehicle or rapamycin before harvesting. Total
lysates from transfected cells were subjected to immunoprecipitation using antibody beads specific for the Flag epitope. Both lysates
and precipitates were analyzed by immunoblotting with the indicated antibodies. (B) HEK293T cells were transfected with Flag-tagged
PGC-1a and HA-tagged HNF4a, with or without S6K1ca. Cells were incubated with serum and amino acid-free medium 2 h before
harvesting. Total lysates were subjected to immunoprecipitation and Western blotting as in A. (D) The indicated plasmids were
transfected into HEK293T cells together with gAF1-luiferase reporter, and a luciferase assay was preformed as described in the
Materials and Methods.
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carried out by binding to and coactivation of many nuclear
receptors and a large number of transcription factors out-
side the nuclear receptor family. However, since organ-
isms are subject to changes in both external and internal
conditions, it seems likely that there will be mechanisms
whereby the linkage of gene programs through a coactivator
such as PGC-1a can be uncoupled. The data shown here
illustrate the first such programmatic uncoupling through
modification of the PGC-1a protein.
PGC-1a is strongly induced in the fasted liver, where it

activates most or all of the hepatic gene programs associ-
ated with fasting: gluconeogenesis, heme biosynthesis,
fatty acid oxidation, and mitochondrial electron transport
(Herzig et al. 2001; Yoon et al. 2001; Puigserver et al. 2003;
Rhee et al. 2003; Koo et al. 2004; Handschin et al. 2005;Wu
et al. 2009). The linkage of these programs makes sense
metabolically, as the fasted liver will use lipid oxidation in
the mitochondria to generate all of the ATP necessary to
provide the rest of the body with glucose via gluconeogen-
esis. Although this is classic physiology of fasting, it is easy
to imagine that the fed state might sometimes require
an uncoupling of hepatic gluconeogenesis from fatty acid
oxidation. For example, a high-carbohydrate diet might
provide sufficient glucose so that continued hepatic glu-
coneogenesis would be unnecessary or even cause hyper-
glycemia. Yet, if such a diet did not provide an overall
adequate supply of calories, continued b-oxidation of fatty
acids released by the adipose tissues might still be required
to maintain ordinary hepatic functions.
S6K1 is a serine/threonine kinase that participates

in a variety of intracellular signaling events, including
mRNA translation, gene transcription, and cell cycle
control. Insulin and certain nutrients, such as amino acids,
are known to increase the phosphorylation and activation
of S6K1(Um et al. 2006). Chronic rapamycin treatment in
rats was shown to cause insulin resistance and glucose
intolerance, in part through inducing the expression of the
gluconeogenic enzymes PEPCK and G6Pase and PGC-1a
(Houde et al. 2010). We show here that S6K1 modifies
PGC-1a on two residues (568 and 572), and that these
phosphorylations affect PGC-1a in a highly specific way.
Whereas overall protein and mRNA levels are unaffected,
the ability of PGC-1a to positively control gluconeogen-
esis is attenuated. Importantly, this occurs without any
apparent change in other major hepatic gene programs
controlled by PGC-1a: mitochondrial electron transport
and fatty acid oxidation. At least a significant part of this
effect can be ascribed to the ability of these phosphoryla-
tions to negatively affect the binding of PGC-1a toHNF4a,
a nuclear receptor whose interaction with PGC-1a is
absolutely required for gluconeogenic gene expression
(Rhee et al. 2003). The binding of HNF4a to PGC-1a has
been shown to require multiple domains in the PGC-1a
protein, including the canonical LXXLL domains near the
N terminus. However, previous data had also suggested
the involvement of the RS domain, where the S6K1
phosphorylations take place (Puigserver et al. 2003). Thus,
it is likely that these phosphorylations sterically hinder
the physical interaction between PGC-1a and HNF4a.
However, it is also possible that this disruption involves

additional proteins. Both AKT and Clk2 have been shown
to directly phosphorylate PGC-1a on the RS domain and
mediate insulin responsiveness (Li et al. 2007; Rodgers
et al. 2010). However, these phosphorylations on PGC-1a
appear to reduce the overall coactivation function of
PGC-1a (Li et al. 2007; Rodgers et al. 2010). The data shown
here provide for the first time a mechanism by which mul-
tiple functions of PGC-1a are regulated independently.
The role of S6K1 in controlling PGC-1a in other tissues

is not known, but such a connection could be important in
the energy metabolism of the malignant state. S6K1 is
elevated in many cancers (Vogt 2001) and PGC-1a expres-
sion is altered in several tumor types (Jeninga et al. 2010).
The loss of oxidative metabolism in tumors has been
observed for decades (Warburg effect), so it is not far-fetched
to consider a role for S6K1 and PGC-1a in this. The ability
of signal transduction pathways to dissect the broad pro-
grams induced by PGC-1a now seems clear.

Materials and methods

Creation of cDNA expression plasmids and adenoviruses

Full-length mouse PGC-1a was amplified by PCR from a soleus
cDNA library and cloned into pcDNA 3.1 (Invitrogen) in-frame
with a Flag coding sequence. HA-PGC-1a and Flag-PPARa
plasmids have been described previously (Lerin et al. 2006; Choi
et al. 2010). HA-HNF4a was cloned from a CMV-HNF4a con-
struct (Yoon et al. 2001) into pcDNA 3.1 and an HA tag was
added. Mutant HA-PGC-1a and mutant Flag-PGC-1a were gen-
erated by in vitro mutagenesis (Stratagene) and sequenced. S6K1
and S6K1ca plasmids were a gift from John Blenis (Harvard
Medical School, Boston, MA). HA-FOXO1 AAA plasmid was a
gift from Keyong Du. The shPGC-1a adenovirus (59-GGTGGA
TTGAAGTGGTGTAGA-39) was a gift from Marc Montminy.
Adenoviruses for mouse wild-type and mutant Flag-PGC-1a
were created by using the pAd-Track-CMV/Ad-Easy adenoviral
vector system (Stratagene), according to the manufacturer’s
instructions. Adenoviruses expressing S6K1ca and S6K1 DN
were created as described (Ono et al. 2008).

Primary hepatocyte isolation

Primary mouse hepatocytes were isolated by collagen perfusion
and percoll gradient purification. Eight-week-old to 12-wk-old
mice were euthanized with isofluorane immediately before the
procedure. The liver was perfused with warm Hank’s buffered
saline supplemented with 0.4 g/L KCl, 1.0 g/L glucose, 2.1 g/L
NaHCO3, and 0.2 g/L EDTA (pH 7.4, 42°C, CellGro) via the
inferior vena cava. The portal vein was severed to allow drainage.
Perfusion was continued with warmed Liver Digest Medium (pH
7.4, 42°C; Invitrogen). Dissected liver was manually disrupted in
DMEM supplemented with 10% FBS, 4.5 g/L glucose, 2 mM
sodium pyruvate, 1 mM dexamethasone (Sigma), 0.1 mM insu-
lin (Sigma), and penicillin/streptomycin (plating medium). The
cell suspension was filtered (70 mM) and viable hepatocytes
were isolated after resuspension of pelleted cells in plating
medium:PBS-buffered Percoll (Sigma) (1:1) and centrifugation at
800 rpm for 5 min. The cell pellet was washed two times with
plating medium before seeding (45,000 cells/cm2) in collagen-
coated plates. Two hours after seeding, the mediumwas changed
to DMEM supplemented with 0.2% BSA, 4.5 g/L glucose, 2 mM
sodium pyruvate, 0.1 mM dexamethasone, 1 nM insulin, and
penicillin/streptomycin (maintenance medium).
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Glucose output assay

Primary mouse hepatocytes were seeded in six-well plates in
plating medium. The next day, cells were transduced with
adenoviruses expressing GFP, wild-type, and mutant PGC-1a
diluted in maintenance medium. Forty-eight hours after trans-
duction, cells were washed three times with PBS and incubated in
1mL per well of phenol red-free, glucose-free DMEMcontaining 1
mMDex and 2 mM pyruvate. Mediumwas collected 3 h later and
subjected to glucose measurement using the Amplex Red Glu-
cose/GlucoseOxidase Assay kit (Invitrogen). Cells were lysed, and
protein concentration was determined for each lysate. The
glucose output rate was normalized by cellular protein content.

RNA isolation and quantitative RT–PCR (qRT–PCR)

RNA from frozen tissue or cultured cells was reverse-transcribed
and quantified with the Applied Biosystems Real-Time PCR
system, SYBR Green PCR master mix, and the DDCt thresh-
old cycle method. Gene expression levels were normalized to
HPRT mRNA and expressed relative to control levels. Primer
sequences are listed in Supplemental Table 1.

In vitro phosphorylation analysis

GST-PGC-1a fragments from wild type and mutant (generated
by in vitro mutagenesis) (Stratagene) were expressed in bacteria
(BL21 strain; Novagen) and purified using glutathione agarose
beads. Recombinant proteins were used as a substrate for in vitro
phosphorylation reaction with activated S6K1 (BioVision), AKT
(Cell Signaling), and PKA (Calbiochem) using the manufacturers’
instructions. After phosphorylation reaction, glutathione beads
were washed extensively and analyzed by SDS-PAGE and auto-
radiography. Protein levels were monitored by Coomassie blue
staining.

Animal experiments

All animal experiments conformed to protocols approved by the
animal care and use committee at the Dana-Farber Cancer
Institute. Experiments were performed in 6- to 8-wk-old male
BALB/c mice. Animals were fed a standard rodent chow in
a controlled environment with a 14- to 10-h light–dark cycle.
Control, GFP, wild-type, and mutant PGC-1a adenoviruses (1 3

109 infectious adenovirus particles per mouse) were delivered
intravenously to mice. Mice were killed 6–8 d following adeno-
viral transduction. Blood was obtained at time of sacrifice. Livers
were extracted and immediately snap-frozen on liquid nitrogen
and stored at �80°C until analysis.

Cell culture, adenoviral infections,

and coimmunoprecipitations

HEK293T cells were grown in DMEM supplemented with 10%
FBS. For adenoviral overexpression and knockdown studies,
primary hepatocytes were infected 1 d after isolation with the
indicated adenovirus diluted in maintenance medium. Sixteen
hours post-infection, cells were incubated in medium lacking
insulin and dexamethasone for an additional 24 h. Cells were
treated with rapamycin (Cell Signaling) and forskolin (Sigma) for
the time indicated. For coimmunoprecipitation experiments,
cells were transfected with Lipofectamine 2000 (Invitrogen) with
the indicated plasmids. Forty-eight hours after transfection, cells
were lysed in M2 lysis buffer (50 mM Tris-HCl at pH 7.8, 137
mM NaCl, 10 mM NaF, 1 mM EDTA, 1% Triton X-100, 0.2%

sarkosyl, 1 mM DTT, 10% glycerol) containing protease and
phosphatase inhibitors. Five-hundred micrograms of total pro-
tein was subjected to immunoprecipitation with an M2 agarose
anti-Flag resin (Sigma) for 3 h at 4°C. Proteins were separated by
SDS-PAGE, blotted, and incubated with anti-HA and anti-Flag
antibodies.

Protein isolation and Western blotting

Liver proteins were solubilized in radioimmunoprecipitation
assay buffer (RIPA), and primary hepatocytes were solubilized
in M2 lysis buffer containing protease and phosphatase inhibi-
tors. PGC-1a was immunoprecipitated from 1 mg of (forskolin-
or rapamycin-treated) protein using an anti-PGC-1a antibody.
Protein samples were resolved by SDS-PAGE, blotted, and
incubated with anti-PGC-1a (gift from Dr. Thomas Gettys,
Pennington Biomedical Research Center), phospho-S6 (Ser235/
236), total S6 antibodies, or S6K1 (Cell Signaling). Equal loading
was confirmed using anti-actin or 90-kDa heat-shock protein.

Transcriptional reporter assays

HEK293T cells were transfected by Lipofectamine 2000 (Invi-
trogen). All transfection amounts were corrected with empty
vector plasmid DNA. Cells were grown for 24 h post-transfection
and harvested, and luciferase activities were determined by
a luciferase assay kit (Promega).

Statistical analysis

Two-tailed Student’s t-test was used to determine P-values.
Statistical significance was defined as P < 0.05 and P < 0.01.
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