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Peroxisome proliferator activated receptor-y co-activator-1la
(PGC-1a)is a transcriptional co-activator that coordinately reg-
ulates the expression of distinct sets of metabolism-related
genes in different tissues. Here we show that PGC-1« expression
is reduced in skeletal muscles from mice lacking the sirtuin fam-
ily deacetylase SIRT1. Conversely, SIRT1 activation or overex-
pression in differentiated C2C12 myotubes increased PGC-1a
mRNA expression. The transcription-promoting effects of
SIRT1 occurred through stimulation of PGC-la promoter
activity and were enhanced by co-transfection of myogenic fac-
tors, such as myocyte enhancer factor 2 (MEF2) and, especially,
myogenic determining factor (MyoD). SIRT1 bound to the prox-
imal promoter region of the PGC-1a gene, an interaction poten-
tiated by MEF2C or MyoD, which also interact with this region.
In the presence of MyoD, SIRT1 promoted a positive autoregu-
latory PGC-1a« expression loop, such that overexpression of
PGC-1aincreased PGC-1a promoter activity in the presence of
co-expressed MyoD and SIRT1. Chromatin immunoprecipita-
tion showed that SIRT1 interacts with PGC-1a promoter and
increases PGC-la recruitment to its own promoter region.
Immunoprecipitation assays further showed that SIRT1-
PGC-1lainteractions are enhanced by MyoD. Collectively, these
data indicate that SIRT1 controls PGC-1a gene expression in
skeletal muscle and that MyoD is a key mediator of this action.
The involvement of MyoD in SIRT1-dependent PGC-1« expres-
sion may help to explain the ability of SIRT1 to drive muscle-
specific gene expression and metabolism. Autoregulatory con-
trol of PGC-la gene transcription seems to be a pivotal
mechanism for conferring a transcription-activating response
to SIRT1 in skeletal muscle.

Peroxisome proliferator activated receptor-y co-activa-
tor-1a (PGC-1a)? is a transcriptional co-activator that is rec-
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ognized as a master controller of the expression of genes
involved in metabolic regulation. PGC-1a exerts differential
effects on metabolism in different tissues. In brown adipose
tissue, PGC-1a increases the expression of uncoupling protein
1 and genes involved in mitochondrial oxidative pathways. In
the liver, PGC-1a induces the expression of genes involved in glu-
coneogenesis and the metabolic response to starvation. In
skeletal muscle, PGC-1« expression is rapidly induced by exer-
cise in vivo (1), a response considered to be a mechanism for
modulating metabolic flux in response to decreased ATP levels
(2). Chronic exercise also increases PGC-1a expression in asso-
ciation with fiber-type switching toward the more oxidative
and high endurance type Ila and type I fibers. The fiber-type
switch promoted by PGC-1la is characterized by increased
mitochondrial density and function, increased oxidative
metabolism, increased expression of myofibrillar proteins char-
acteristic of type I and type Ila muscle fibers and a switch in
substrate fuel usage (3). Furthermore, greater levels of PGC-1a
are found in oxidative fibers compared with glycolytic fibers,
even in arested state (3). Moreover, PGC-1a gene transcription
is positively controlled by myogenic transcription factors, such
as MyoD and MEF2 (4-6).

The action of PGC-1la is modulated by post-translation
modifications (7, 8) such as acetylation (see below), or as a con-
sequence of a strong transcriptional regulation of the PGC-1«a
gene by hormonal and metabolic stimuli that result in changes
in PGC-1alevels, and therefore PGC-1a activity. Depending on
the tissue and cell type, PGC-1a gene expression is regulated by
cAMP-mediated pathways, peroxisome proliferator activated
receptor-y (PPARvy) and -3/8 (PPARB/5) activation, as well as
the calcium-calmodulin pathway (7).

SIRT1 is a member of the sirtuin family of protein deacety-
lases, which have a major role in metabolic regulation. SIRT1
deacetylates histones as well as transcription factors and co-
regulators and thereby controls regulatory protein activity and,
ultimately, gene expression. The deacetylase activity of SIRT1 is
controlled by the NAD"/NADH ratio, thus SIRT1 is consid-
ered to act as a sensor of the metabolic status of the cell and

MyoD, myogenic determining factor; PPARy, peroxisome proliferator acti-
vated receptor-vy; GFP, green fluorescent protein; CMV, cytomegalovirus;
MEF2, myocyte enhancer factor 2.

VOLUME 284 -NUMBER 33+AUGUST 14, 2009



mediates adaptive gene expression in response to metabolic
changes.

SIRT1 has been reported to exert negative control of myo-
genesis through deacetylation and subsequent repression of
MyoD, particularly in association with the high NAD™ levels
characteristic of myoblasts (9) and under conditions of glucose
restriction (10). Moreover, SIRT1 represses the expression of
metabolic genes such as uncoupling protein 3 (#cp3), which is a
direct target of MyoD regulation (11, 12). Recent studies have
also revealed that SIRT1 deacetylates PGC-1a in skeletal mus-
cle, a modification that is associated with up-regulation of the
fatty acid oxidation gene program in skeletal muscle (13).
Treatment of mice with SIRT1 activators (resveratrol or
SIRT1720) increases PGC-1a deacetylation, resulting in an
increase in PGC-1a activity and transcription of PGC-1a target
genes. In addition to deacetylating PGC-1a, SIRT1 activators
have also been reported to increase PGC-1a levels (14, 15).

In the present study, we analyzed the role of SIRT1 in con-
trolling PGC-1a gene expression in skeletal muscle cells. We
report that SIRT1 increases PGC-1la gene transcription, an
effect that involves PGC-1a autoregulatory processes and the
interaction of SIRT1 with myogenic transcription factors. The
direct control of PGC-1a gene expression, and thus PGC-1a
levels and activity, by SIRT1 may be a key element in the regu-
latory mechanisms that links metabolic changes to adaptive
gene expression in skeletal muscle.

EXPERIMENTAL PROCEDURES

mRNA Expression in SIRTI-null Mice—SIRT1-null mice,
kindly provided by Frederick W. Alt (16) were cared and
used in accordance with the European Community Council
directive 86/609/EEC and approved by Committee for Ethics
in Animal Experimentation, University of Barcelona. Thirty-
day-old homozygous and heterozygous SIRT1-null mice
were used, and wild-type littermates served as controls.
After sacrifice, gastrocnemius, soleus, and tibialis anterior
muscles were dissected, and total RNA was extracted using
Tripure (Roche Applied Science). Reverse transcription was
performed in a total volume of 20 ul using random hexamer
primers (Applied Biosystems, Foster City, CA) and 0.5 ug of
RNA. Real-time quantitative PCR was conducted in 25-ul
reaction mixtures containing 1 ul of cDNA, 12.5 ul of TagMan
Universal PCR Master Mix (Applied Biosystems), 250 nMm
probes, and 900 nm primers from Assays-on-Demand Gene
Expression Assay Mix (Applied Biosystems). TagMan Gene
Expression Assays primers for PGC-1a (Mm00447183_m1),
UCP3 (Mm00494074_m1), and myogenin (Mm00446194_m1)
were used. Each assay was performed in duplicate, and the
mean value was used to calculate mRNA expression for the gene of
interest and the housekeeping reference gene (82-microglobulin).
The amount of the gene of interest in each sample was normalized
to that of the reference control using the comparative (274<7)
method following the manufacturer’s instructions.

Cell Culture—Mouse myoblastic C2C12 cells, obtained from
the American Type Culture Collection (ATCC, Manassas, VA)
were grown in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum. C2C12 cells were induced
to differentiate using Dulbecco’s modified Eagle’s medium sup-
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FIGURE 1. Expression of PGC-1«, UCP3, and myogenin mRNA in skeletal
muscles from SIRT1-null mice. Gastrocnemius, tibialis anterior, and soleus
muscles from 30-day-old SIRT1 homozygote-null mice (—/—), SIRT1 heterozy-
gote-null mice (+/—), and wild-type littermates (+/+) were analyzed by
quantitative reverse transcription-PCR. Data are presented as means * S.E. of
the relative abundance of transcript (8 mice/group). Statistically significant
differences between SIRT1 —/— or SIRT1 +/— and SIRT1 +/+ are denoted by
the asterisk (p < 0.05).
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plemented with 2% horse serum. C2C12 myotubes were treated
with 50 uMm resveratrol (Calbiochem) and 10 mm nicotinamide
(NAM, Sigma) on day 4 of differentiation. CV1 cells were grown
in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum.

Adenoviral-mediated Gene Transfer of SIRT1, PGC-1a, and
MyoD—The adenoviral expression vector for MyoD was
obtained from Vector Biolabs (Philadelphia, PA) and that for
PGC-1a was kindly provided by Dr. P. Puigserver. The adeno-

JOURNAL OF BIOLOGICAL CHEMISTRY 21873



SIRT1 Controls PGC-1« Gene Transcription

a) UCP3

MRNA

6 4 PGC-10
MRNA

3 ¥

Relative transcript levels

RSV NAW RSV NAW RSV NAW - RSV NAM -

Myogenin
mMRNA

expression vector for sea pansy
(Renilla reniformis) luciferase was
used as an internal transfection con-
trol (Promega, Madison, WI). Cells
were incubated for 48 h after trans-
fection and, treated with or without
10 um GW501516 for 24 h before
harvest as indicated in the text. Fire-
fly luciferase and Renilla luciferase
activities were measured in a Glo-
max 96 Microplate Luminometer
using the Dual Luciferase Reporter
assay system kit (Promega). Lucifer-
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FIGURE 2. Effects of SIRT1 overexpression and SIRT1 activity modulators on PGC-1a gene expression in
muscle cells. C2C12 myotubes were transduced with Ad-SIRT1 or Ad-GFP (control) and treated with 50 um
resveratrol (resveratrol) or 10 mm nicotinamide (NAM) for 24 h before harvesting. a, data are presented as
means = S.E. of relative transcript levels from three to five independent experiments. Statistically significant
differences (p < 0.05) are denoted by the asterisk (SIRT1 versus GFP) and # (drug treatment versus absence).
b, representative immunoblot showing Ad-SIRT1-mediated overexpression of SIRT1.

viral expression vector for murine SIRT1 has been previously
described (11). C2C12 myotubes were infected with SIRT1,
PGC-1a, MyoD, or AACMV-GFP (control) adenoviral vectors
ata multiplicity of infection of 50 for 3 h in Dulbecco’s modified
Eagle’s medium. The efficiency of transduction was ~90%,
based on assessment of GFP fluorescence. Cells were subse-
quently cultured in C2C12 myotube differentiation medium as
described above.

Construction of Promoter-Reporter Plasmids—The plasmid
mPGC-1a-Luc containing the —2553 to +78 upstream region
of the mouse PGC-1a gene linked to the promoterless firefly
luciferase gene was a gift from Dr. B. Spiegelman. A deleted
construct containing only the —140 to + 78 bp region
(140bpPGC-1a-Luc) was obtained by digestion of the parental
plasmid with KpnI and Zral followed by re-ligation. The wild-
type human PGC-1a-Luc plasmid (wt) and the E-boxes-mu-
tated construct (Mt3) have previously been reported (4).

Transient Transfection Assays—C2C12 cells at 50% conflu-
ence were transiently transfected using the FUGENE Transfec-
tion Reagent (Roche Diagnostics, Barcelona, Spain) following
the manufacturer’s instructions. Each transfection point was
assayed in triplicate in a 24-well plate and contained luciferase
reporter vector (0.3 pg) and one or more of the following mam-
malian expression vectors (0.06 ug), as indicated in the text:
pCMV-MyoD, pcCMV-MyoD-RRR (17), pcx-P/CAF or pcx-P/
CAFAHAT (18), pCMV-SIRT1 (Upstate Biotechnology, Inc.,
Lake Placid, NY), pCMV-SIRT1-H363Y (11), pCruzHA SIRT1
(19), pSV-PGC-1a (20), CMV-MEF2A, pCMV MEF2c and
pcDNA I/A MEF2D (6), pCDNA3-FoxO1 (21), pSG5-PPARB/S
(22), pcDNA3-e2F1, pCMV-DP1 and pTK-Luc (a luciferase
expression vector driven by the thymidine kinase promoter)
were kindly provided by Dr. Martinez-Balbas. The pRL-CMV
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ase activity levels determined by
PGC-1a promoter constructs were
normalized to Renilla luciferase as a
control for variation in transfection
efficiency.

Chromatin Immunoprecipitation
Assay—C2C12 cells were trans-
fected with —140bpPGC-1a-Luc
and expression vectors for MyoD,
MEF2C, and/or HA-SIRT1 (which
expresses an HA-SIRT1 fusion
protein), as indicated. ChIP analy-
ses of HA-SIRT1 recruitment used
an anti-HA antibody (Roche Diagnostics) and Magna ChIP G
(Upstate Biotechnology, Inc.), as recommended by the
supplier.

ChIP analyses of PGC-1a recruitment were performed as
above, but immunoprecipitations were performed using an
anti-PGC-1a (H300) antibody (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA).

The primers used to amplify the 177-bp fragment from
—130 to +47 bp encompassing the proximal region of the
mouse PGC-1a promoter were 5'-GTGCAGCAAGCTTG-
CACAGG-3’ (forward) and 5'-CAACTCCAATCCACTCT-
GACAC-3' (reverse). The PCR products were electrophore-
sed on a 1.5% agarose gels, visualized by ethidium bromide
staining, and quantified by densitometric analysis (Phoretics
1D Software, Phoretic International Ltd.).

Immunoprecipitation—Whole cell lysates were prepared
by lysing C2C12 myotubes in 50 mm Tris-HCI, 0.1 M NaCl, 10
mM EDTA, 1% Nonidet P-40 (pH 7.4) containing a protease
inhibitor mixture (Complete Mini, Roche Diagnostics).
PGC-1a, SIRT1, or MyoD in the whole cell lysate fractions
were immunoprecipitated with anti-PGC-1«, anti-SIRT1
(Upstate Biotechnology, Inc.) or anti-MyoD antibodies
(Santa Cruz Biotechnology), respectively, using 500 ug of
total protein, and collected with Trueblot anti-Rabbit Ig IP
beads (eBioscience San Diego, CA) according to the manu-
facturer’s instructions. Proteins were separated by SDS-
PAGE on 8% or 10% gels, and transferred to Immobilon-P
membranes (Millipore). To verify that the amounts of
PGC-1a and SIRT1 protein in myogenic cells (input) were
similar, we performed Western blots using equal amounts of
protein extracts prior to immunoprecipitation.
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FIGURE 3. Effects of SIRT1 on PGC-1a gene promoter activity. C2C12 cells were transfected with a luciferase
reporter construct driven by 2 kb of the mouse PGC-1a promoter region (PGC-1« -Luc). Data show the -fold
induction of luciferase activity with respect to basal promoter values, and represent the means = S.E. from at
least three independent experiments performed in triplicate. g, cells were co-transfected with an expression
vector for SIRT1 and treated with 50 um resveratrol (RSV) or 10 mm NAM for 24 h, as indicated. Statistically
significant differences (p < 0.05) due to drugs with respect to basal promoter values are denoted by the
asterisk, and those due to the effects of SIRT1 are denoted by #. b, cells were co-transfected with expression
vectors for PPARB/, Foxo1, MEF2A, MEF2C, MEF2D, or MyoD, as indicated, as well as an expression vector for
SIRT1 or the mutant form, SIRT1-H363Y. Cells transfected with PPARB/8 were also treated with the specific
agonist, 10 um GW501516. Data show the -fold induction of luciferase activity with respect to basal promoter
values, and represent the means = S.E. from at least three independent experiments performed in triplicate.
Statistically significant differences (p < 0.05) for each transfection condition with respect to basal promoter
values are denoted by an asterisk, and those due to the effects of SIRT1 in the absence or presence of a given

Foxo1

mice (Fig. 1, b and ¢). Collectively,
these observations indicate that
SIRT1 is a potential positive regula-
tor of PGC-1a gene expression in
skeletal muscle.

Effects of SIRT1 on PGC-1a Gene
Expression in Myogenic Cells—To
determine the effects of SIRT1 on
PGC-1a expression in myogenic
cells, we transduced differentiated
C2C12 myotubes with an adenovi-
ral SIRT1 expression vector. In this
experimental setting, SIRT1 was
overexpressed ~4- to 5-fold, as
reported previously (Fig. 2b) (11).
Overexpression of SIRT1 induced a
marked increase in the expression
of PGC-la mRNA. In parallel,
SIRT1 repressed UCP3 and myoge-
nin gene expression, consistent with
previous reports (9, 11). Treatment
of C2C12 myotubes with resvera-
trol, an activator of SIRT1 activity,
significantly increased PGC-la
gene expression and down-regu-
lated UCP3 and myogenin expres-
sion (Fig. 2a). Resveratrol also
increased the effects of adenoviral-
mediated SIRT1 overexpression on
PGC-1a levels. We also tested the
effects of NAM, an SIRT1 inhibitor
(23). NAM had no significant effect
on basal expression of PGC-1la or
myogenin expression, but attenu-
ated SIRT1 overexpression induced
PGC-1a up-regulation. Moreover,

expression vector are denoted by #.

RESULTS

Expression of the PGC-1a Gene in Skeletal Muscles from
SIRTI-null Mice—The effects of SIRT1 ablation on the expres-
sion of PGC-1a and other putative SIRT1 target genes in gas-
trocnemius muscle were determined in SIRT1 homozygous-
null and SIRT1- heterozygous-null mice by quantitative reverse
transcription-PCR, and compared with those seen in wild-type
littermates (Fig. 1a). PGC-1a mRNA expression was signifi-
cantly reduced in SIRT1 homozygous-null mice. The level of
PGC-1a mRNA in SIRT1 heterozygous-null mice was interme-
diate between those in homozygous-null and wild-type mice.
PGC-1a expression was also significantly reduced in the tibialis
anterior and soleus muscles of SIRT1-null mice. To verify the
specificity of the observed effects we assessed the expression of
genes known to be negatively regulated by SIRT1 in myogenic
cellular systems. UCP3 and myogenin genes, which are
repressed by SIRT1 in vitro (9, 11) were consistently up-regu-
lated in each of the skeletal muscles from SIRT1 homozygous-
null mice and, in some cases, even in SIRT1 heterozygous-null
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NAM increased basal levels of
UCP3 mRNA and reduced the
capacity of SIRT1 to inhibit UCP3
gene expression. Taken together, these findings indicate that
SIRT1 exerts a positive effect on PGC-1a gene expression.
SIRTI1 Enhances PGC-1a Gene Transcription—To determine
whether the effects of SIRT1 on PGC-la expression occur
through induction of PGC-1la gene transcription, we trans-
fected C2C12 myoblasts with a promoter-reporter construct
containing 2 kb of the 5’ region of the mouse PGC-1a gene
positioned upstream of the firefly luciferase gene (mPGC-1a-
Luc). Tests of the effects of SIRT 1-activity modulators showed
that resveratrol increased basal PGC-1la promoter activity,
whereas NAM had no effect under the basal conditions (Fig.
3a). Co-transfection of the PGC-1a promoter construct with
an expression vector for SIRT1 increased PGC1-a promoter
activity that was partially inhibited by NAM. These results indi-
cate that SIRT1 acts on the 5'-upstream region of the PGC-1«
gene to exert a positive effect on PGC-1a gene transcription.
To gain insight into the mechanisms of SIRT1 action, we
assessed the capacity of SIRT1 to co-activate known transcrip-
tional activators of the PGC-1«a promoter. To accomplish this,
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FIGURE 4. SIRT1 action on the myogenic factor-responsive region of
the PGC-1a promoter. a, C2C12 cells were transfected with a promoter-
reporter construct in which luciferase expression is driven by the proximal
region (140 bp) of the PGC-1a gene promoter. Where indicated, cells were
co-transfected with expression vectors for SIRT1, SIRT1-H363Y, MyoD,
and/or MEF2C. Data show the -fold induction of luciferase activity with
respect to basal promoter values and represent the means = S.E. from at
least three independent experiments performed in triplicate. Statistically
significant differences (p < 0.05) for each transfection condition with
respect to basal promoter values are denoted by an asterisk, and those
due to the effects of SIRT1 in the absence or presence of a given expres-
sion vector are denoted by #. b, representative ChIP analysis of SIRT1 bind-
ing to the proximal region of the mouse PGC-1a promoter. Experiments
were performed in the presence of a transfected 140-bp mPGC-1a-Luc
construct and co-transfected expression vectors for HA-tagged SIRTT,
MEF2C, and/or MyoD, as indicated. The arrow indicates the 177-bp PCR
product from the mouse PGC-1a promoter. ¢, quantitative analysis of ChIP
amplification. Data are expressed as the means *+ S.E. of the -fold induc-
tion in relative intensity of the amplified PCR product from three inde-
pendent experiments. Statistically significant differences (p < 0.05) are
denoted by the asterisk (SIRT1-HA, MEF2C, or MyoD versus vector control)
and # (MEF2c + SIRT1-HA or MyoD + SIRT1-HA versus SIRT1-HA, only).

we co-transfected C2C12 myoblasts with expression vectors for
these transcription factors, the PGC-la promoter-reporter
construct and expression vectors for SIRT1 or SIRT1-H363Y, a
mutant form of SIRT1 that lacks deacetylase activity (24) (Fig.
3b). Previous reports have shown that PPAR /8 activation
increases PGC-1a promoter activity in muscle cells (25). Con-
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FIGURE 5. Effects of SIRT1 on a MyoD response-defective mutant form
of the human PGC-1a promoter. C2C12 cells were transfected with a
luciferase construct containing 49 bp of the proximal human PGC-1« pro-
moter core region (hPGC-1a-LUC wt) or a version in which the two E boxes
(which mediate MyoD responsiveness) have been mutated (hPGC-1a-LUC
Mt3). Cells were co-transfected with expression vectors for SIRT1 and/or
MyoD as indicated. The results are expressed as -fold induction of lucifer-
ase activity with respect to basal promoter values, and represent the
means *+ S.E. of at least three independent experiments performed in
triplicate. Statistically significant differences are denoted by the asterisk
(MyoD versus vector control, p < 0.01), # (SIRT1 versus control vector, p <
0.01), and t (wt versus Mt3, p < 0.005).

sistent with this, we found that SIRT1 acted as a co-activator of
PPARP/$, increasing PGC-1a promoter activity. In contrast,
the inactive SIRT1-H363Y mutant did not (Fig. 3b). Foxol,
which has also shown to act as a positive regulator at the
PGC-1a promoter (4), was not co-activated by SIRT1, which
instead tended to reduce PGCla promoter activity in the pres-
ence of Foxol.

We also studied the effects of SIRT1 on the action of MyoD
and MEF?2 isoforms, myogenic transcription factors known to
act as positive regulators of the PGC-1a gene in muscle cells
(4—-6). Both MEF2D and MEF2C, but not MEF2A, increased
PGC-1a promoter activity. As expected, MyoD was also a pow-
erful activator. Co-transfection of SIRT1 co-activated these
myogenic factors, increasing PGC-1a promoter activity. The
SIRT1-H363Y mutant form lacked co-activator activity, indi-
cating that this effect was dependent on SIRT1 deacetylase
activity.

Involvement of Myogenic Factors in SIRT1 Effects on PGC-1a
Gene Expression—PGC-1a gene expression was further ana-
lyzed using a minimal construct of the mPGC-1a promoter
(—140bpPGC-1a-Luc), which is devoid of most regions of the
PGC-1a gene responsive to regulatory transcription factors but
retains the region responsible for MyoD action (4) (Fig. 4a). The
—140bpPGC-1a construct remained sensitive to MyoD trans-
activation, as expected, and was also sensitive to MEF2C trans-
activation. SIRT1, again, enhanced the transactivation caused
by these myogenic transcription factors.

We next used ChIP analysis to determine whether SIRT1
interacts directly with the PGC-la gene promoter region.
C2C12 cells were co-transfected with the PGC-1a promoter
construct and an HA-tagged SIRT1 expression vector, together
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with expression vectors for MyoD or MEF2C, as indicated (Fig.
4, b and c¢). Unrelated immunoglobulin was used as a control.
ChIP analysis using an anti-HA antibody revealed that a 177-bp
PCR product of the PGC-1a promoter encompassing the prox-
imal region was enriched in cells transfected with HA-SIRT1.
The recruitment of SIRT1 to the PGC-1a promoter was further
enhanced by expression of MEF2C or MyoD. This indicates
that SIRT1 was specifically associated with a binding complex
on the PGC-1a promoter in the presence of myogenic factors.

30 4 #
*
2]
= - 204
- € #
s 2 *
NR3 bl
83
o £
Q_U 1[]! *
8%
S<
Ny
- SIRT1 . SIRT1 - SIRT1
MyoD MyoD-
RRR

FIGURE 6. Effects of a non acetylable form of MyoD on mediating the
responsiveness of the PGC-1« promoter to SIRT1. C2C12 cells were trans-
fected with the 2-kb mouse PGC-1a-Luc promoter construct and co-trans-
fected with expression vectors for MyoD or MyoD-RRR (a non acetylable
mutant form of MyoD) and SIRT1, as indicated. Results are presented as
means = S.E. of the -fold induction of relative luciferase activity with respect
to basal activity. Statistically significant differences (p < 0.05) are denoted by
the asterisk (MyoD versus vector control) and # (SIRT1 versus vector control).
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FIGURE 7. Effects of P/CAF on the functional interaction of SIRT1 and MyoD on PGC-1« gene transcrip-
tion. a, C2C12 cells were transfected with a luciferase reporter construct containing 2 kb of the mouse PGC-1«
promoter region (MPGC-1« -Luc), and were co-transfected with expression vectors for MyoD, P/CAF, or
P/CAFAHAT (a mutated form of P/CAF devoid of acetyltransferase activity) and SIRT1, as indicated. Results are
expressed as means = S.E. of the -fold induction of relative luciferase activity with respect to basal activity.
Statistically significant differences (p < 0.05) are denoted by the asterisk (MyoD versus vector control) and #
(SIRT1 versus vector control). b, C2C12 cells were transfected with pTK-Luc (a luciferase expression vector
driven by the thymidine kinase promoter) and co-transfected with pcDNA3-e2F1. DP1, P/CAF, and/or
P/CAFAHAT expression vectors were co-transfected, as indicated. Results are presented as means = S.E. of at
least three independent experiments. Statistically significant differences (p < 0.05) due to DP1 are denoted by
the asterisk, and those due to the co-transfection of P/CAF expression vectors are denoted by #.
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To further analyze the involvement of MyoD in the action of
SIRT1 on PGC-1a gene transcription, we studied the respon-
siveness of the human PGC-1a promoter, in which the ele-
ments responsive to MyoD have been characterized previously
(4). A region of the human minimal PGC-1a promoter (—49
bp) is practically identical to the corresponding mouse PGC-1«
gene region and, as previously reported, retained MyoD
responsiveness (Fig. 5). SIRT1 markedly increased the respon-
siveness of the PGC-1a promoter to MyoD. A PGC-1« pro-
moter variant (Mt3) in which two MyoD-binding E boxes had
been mutated (4) showed a marked reduction in MyoD-de-
pendent promoter activity, as expected. In addition, SIRT1-de-
pendent activity of this promoter in the presence of MyoD was
substantially reduced (Fig. 5).

To assess whether SIRT1 exerted its co-activating effects on
MyoD-dependent PGC-1a gene activation by altering MyoD
acetylation status, we used an expression vector for a mutant
form of MyoD in which lysine residues capable of being acety-
lated had been mutated to arginines (MyoD-RRR), and there-
fore could notbe acetylated (17). We observed that MyoD-RRR-
dependent transactivation of PGC-1a was reduced compared
with that of wild-type MyoD and SIRT1 co-transfection did not
restore full promoter activity as had been seen with the wild-
type MyoD. However, SIRT1 induced an increase of the same
magnitude in PGC-1a promoter activity in the presence of co-
transfected wild-type MyoD or MyoD-RRR (Fig. 6).

Previous reports have shown that SIRT1 interacts with
MyoD via the acetyltransferase P/CAF, leading to repression of
MyoD-dependent gene transcription (i.e. at the myogenin pro-
moter) (9). To determine whether P/CAF could be involved in
the action of SIRT1 on the PGC-1la gene, we co-transfected
C2C12 myoblasts with the PGC-1a promoter-reporter construct
and expression vectors for MyoD, SIRT1, and P/CAF or a mutant

form of P/CAF without acetyltrans-

ferase activity (P/CAFAHAT) (Fig.

# 7a). Neither P/CAF nor its mutant

form modified the action of MyoD

on the PGC-1a promoter, whereas,

in parallel transfections, a positive

P/CAF control yielded the expected
result (Fig. 7b).

The Interaction of PGCI-« with
Its Own Promoter Contributes to the
Positive Regulation of PGC-1a Gene
Transcription by SIRT1 Plus MyoD—

*

pP1: - + o+ F
PICAF: - - 4+ -
P/CAFAHAT: - - - +

PGC-1a has been proposed to
enhance its own transcription by an
autoregulatory loop involving PPARs
or the myogenic factor MEF2C (5, 6,
23). We thus sought to determine
whether PGC-1a itself participated
in the SIRT1-mediated stimulation
of the PGC-1a gene promoter, and
whether interactions with MyoD
were involved. Using CV1 cells,
which lack endogenous PGC-la
expression, were observed that
exogenously expressed PGC-1a sig-
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FIGURE 8. Effects of PGC-1a on the action of SIRT1 and MyoD at the
PGC-1a gene promoter. g, CV1 cells were transfected with a promoter-re-
porter construct in which luciferase expression is driven by the proximal
region (140 bp) of the PGC-1a gene promoter. Cells were co-transfected with
expression vectors for PGC-1q, SIRT1, and/or MyoD, as indicated. Data are
presented as -fold induction of luciferase activity with respect to basal pro-
moter values, and represent the means = S.E. of at least three independent
experiments performed in triplicate. Statistically significant differences (p <
0.05) for each transfection condition with respect to basal promoter values
are denoted by the asterisk, and those due to the effects of PGC-1« in the
absence or presence of a given expression vector are denoted by #. b, repre-
sentative ChIP analysis of PGC-1« binding to the proximal region of its own
promoter. Experiments were performed in the presence of a transfected
140bpPGC-1a-Luc construct and co-transfected expression vectors for PGC-
1a, SIRT1, and/or MyoD, as indicated. A representative ChIP analysis is shown.
The arrow indicates the 177-bp PCR product from the mouse PGC-1« pro-
moter. ¢, quantitative analysis of ChIP amplification. Data are expressed as the
means = S.E. of the -fold induction in relative intensity of the amplified PCR
product from three independent experiments. Statistical significance of dif-
ferences is denoted by: *, p < 0.05; **, p < 0.005.

nificantly increased its own promoter activity only in the pres-
ence of co-transfected SIRT1 and MyoD (Fig. 8a). To establish
whether PGC-1a was recruited to its own promoter, we per-
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FIGURE 9. Effect of MyoD on the interaction of PGC-1« with SIRT1.
a, immunoprecipitation analysis of the interaction of PGC-1a with SIRT1.
C2C12 cells were transduced with adenoviral vectors for PGC-1a and/or
MyoD (left panel), and SIRT1 (right panel), as indicated. Cell extracts were
immunoprecipitated (/P) using an antibody directed against PGC-1« and
immunoblotted (/B) with an anti-SIRT1 antibody (top panel). Whole cell
extracts were probed with the anti-SIRT1 antibody to confirm equivalent
SIRT1 input before immunoprecipitation (bottom panels). b, C2C12 cells were
transduced with adenoviral vectors for PGC-1a and/or MyoD, and SIRT1, as
indicated. Cell extracts were immunoprecipitated using an antibody directed
against SIRT1 and immunoblotted with an anti-PGC-1« antibody (top panel).
Whole cell extracts were probed with the anti-PGC-1« antibody to confirm
equivalent PGC-1a input before immunoprecipitation (bottom panel).
¢, C2C12 cells were transduced with adenoviral vectors for PGC-1«, MyoD,
with or without co-transduction with the SIRT1 vector, as indicated. Cell
extracts were immunoprecipitated using an antibody directed against MyoD
and immunoblotted with an anti-PGC-1a antibody (top panel). Whole cell
extracts were probed with the anti-PGC-1a antibody to confirm equivalent
PGC-1a input before immunoprecipitation (bottom panel).

formed ChIP analyses (Fig. 8b). These assays showed that
MyoD and SIRT1 expression individually enhanced the recruit-
ment of PGC-1a to the minimal PGC-1a promoter, and the
presence of both MyoD and SIRT1 induced maximal recruit-
ment (Fig. 8¢). We observed similar results for MEF2C (data not
shown). These results indicate that PGC-1a may participate in
the positive autoregulation of its own promoter via an interac-
tion with SIRT1 and myogenic transcription factors.

The Interaction of SIRT1 with PGC-1a Is Enhanced by MyoD—
To determine whether these observations indicated that MyoD
promoted the interaction between SIRT1 and PGC-1a«, we per-
formed co-immunoprecipitation assays in C2C12 cells in which
MyoD, PGC-1e, or both had been overexpressed by adenoviral-
mediated gene transfer. Endogenous SIRT1 was barely detect-
able in PGC-la immunoprecipitates from cells MyoD or
PGC-1a alone (Fig. 94, left), but expression levels were mark-
edly increased in cells that co-expressed both MyoD and
PGC-1a (Fig. 9a, right). We also assessed the presence of
PGC-1a in SIRT1 immunoprecipitates (Fig. 95) and found that
the highest levels of PGC-1a were also detected in cells that
overexpressed both SIRT1 and MyoD. Finally, when an anti-
MyoD antibody was used to immunoprecipitate cell extracts,
we found substantial levels of PGC-1« in the immunoprecipi-
tated material, indicating that these two proteins interact.
Moreover, this interaction was enhanced by the presence of
SIRT1 (Fig. 9¢). Taken together, these data indicate that the
presence of MyoD enhances the formation of SIRT1-PGC-1«
complexes, and strongly support the participation of these
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FIGURE 10. Schematic representation of the possible mechanism-of-ac-
tion of SIRT1 on PGC-1« gene transcription. Schematic overview of the
interaction of SIRT1 with MyoD and involvement of the PGC-1a positive auto-
regulatory loop.

three partners in building the highly active transcriptional com-
plexes responsible for increasing PGC-1a gene transcription in
response to SIRT1.

DISCUSSION

In this study we have identified a novel pathway in which
SIRT1 action positively regulated PGC-1a gene transcription
in skeletal muscle. We propose a model in which SIRT1 inter-
acts with and deacetylates PGC-1q, increasing its activity on its
own promoter through interactions with MyoD. The result is a
SIRT1-enhanced positive autoregulatory loop (Fig. 10).

In addition to their importance in the control of muscle
metabolism, the observed effects of SIRT1 on PGC-1a gene
expression reveal several novel mechanistic aspects of muscle
gene transcription regulation by SIRT1.

The observation that SIRT1 positively regulates PGC-1lo
gene expression in conjunction with MyoD is not a common
feature of MyoD-sensitive genes. SIRT1 usually represses the
action of MyoD on its target genes, as shown by myogenin (9).
Thus, in the specific case of the PGC-1a gene, the positive effect
of SIRT1 is likely to involve a unique architecture of the MyoD-
containing transcriptional complex and the existence of posi-
tive autoregulatory processes elicited by PGC-1a itself. Our
present findings indicate that P/CAF, which has been reported
to mediate repressive effects of SIRT1 on MyoD-dependent
gene transcription (9), does not have an important role in the
control of the PGC-1a gene promoter. The existence of a PGC-
la-positive autoregulatory loop and the fact that PGC-1a activ-
ity is increased by deacetylation by SIRT1 (13) are consistent
with the positive effect of SIRT1 on the transcriptional regula-
tory complex containing MyoD and PGC-1a. Indeed, the tran-
scription of another MyoD target gene, UCP3, in which
PGC-1a does not exert positive effects (11), is repressed by
SIRT1. Moreover, the PGC-1a-positive autoregulation of its
own gene promoter has been previously reported and shown to
be mediated by PPARs (25, 26) or the myogenic factor MEF2C
(5, 6), as also found in the present study. In light of the present
findings, it could be hypothesized that other muscle genes that
are targets of positive activation by MyoD and PGC-1« could be
positively regulated by SIRT1. Our preliminary data support
this proposal. For instance, SIRT1 seems to activate the gene
encoding carnitine palmitoyl-transferase 1-3,% a positive target
of myogenic factors and PGC-1a (13, 27).

3R. Amat and F. Villarroya, unpublished observations.

AUGUST 14, 2009+VOLUME 284 -NUMBER 33

SIRT1 Controls PGC-1« Gene Transcription

The transcriptional control of PGC-1a gene expression by
SIRT1 might mediate adaptive gene expression in response to
metabolic stimuli (NAD*/NADH ratio) by inducing PGC-1«
expression and, therefore, PGC-1a target genes. This mecha-
nism would be additive to the action reported by Gerhart-Hines
et al. (2007) in which SIRT1 has shown to activate PGC-1«
target genes by deacetylating PGC-1a, thereby increasing its
activity. SIRT1 (and the molecules that influence its activity)
can be expected to act through both mechanisms, enhanced
expression and enhanced activity of PGC-1a, to control a pleth-
ora of genes in skeletal muscle, promote oxidative metabolism,
and contribute to the enrichment of highly oxidative fiber types
in muscle. Reports that the expression levels of PGC-1a (3, 28)
and SIRT1 (29) are increased in highly oxidative muscle fibers
relative to glycolytic fibers are consistent with our present find-
ings. On the other hand, calorie restriction has been reported to
ameliorate the age-related decline in skeletal muscle oxidative
function (30, 31). The induction of PGC-1a by SIRT1 and sub-
sequent promotion of mitochondrial oxidative metabolism
could contribute to this positive effect of calorie restriction. In
conclusion, we report that SIRT1 controls PGC-la gene
expression in skeletal muscle and MyoD is a key mediator of
this action. The involvement of myogenic factors in SIRT1
action on PGC-1a may provide a molecular mechanism to help
explain how SIRT1 drives muscle-specific adaptive changes in
gene expression and metabolism.
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