THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 30, pp. 19945-19952, July 24, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

GCN5-mediated Transcriptional Control of the Metabolic
Coactivator PGC-1 through Lysine Acetylation™

Received for publication, April 30, 2009 Published, JBC Papers in Press, June 2, 2009, DOI 10.1074/jbcM109.015164

Timothy J. Kelly**"', Carles Lerin*®'

, Wilhelm Haas®, Steven P. Gygi°, and Pere Puigserver*®’

From the *Department of Cancer Biology, Dana-Farber Cancer Institute and *Department of Cell Biology, Harvard Medical School,
Boston, Massachusetts 02115 and the '"Department of Cell Biology, Johns Hopkins University School of Medicine,

Baltimore, Maryland 21205

Changes in expression levels of genes encoding for proteins
that control metabolic pathways are essential to maintain nutri-
ent and energy homeostasis in individual cells as well as in orga-
nisms. An important regulated step in this process is accom-
plished through covalent chemical modifications of proteins
that form complexes with the chromatin of gene promoters. The
peroxisome proliferators y co-activator 1 (PGC-1) family of
transcriptional co-activators comprises important components
of a number of these complexes and participates in a large array
of glucose and lipid metabolic adaptations. Here, we show that
PGC-1p is acetylated on at least 10 lysine residues distributed
along the length of the protein by the acetyl transferase general
control of amino-acid synthesis (GCN5) and that this acetyla-
tion reaction is reversed by the deacetylase sirtuin 1 (SIRT1).
GCNS5 strongly interacts with PGC-1f and represses its tran-
scriptional activity associated with transcription factors such as
ERRa, NRF-1, and HNF4«, however acetylation and transcrip-
tional repression do not occur when a catalytically inactive
GCNS5 is co-expressed. Transcriptional repression coincides
with PGC-1p redistribution to nuclear foci where it co-localizes
with GCN5. Furthermore, knockdown of GCN5 ablates PGC-13
acetylation and increases transcriptional activity. In primary
skeletal muscle cells, PGC-1f induction of endogenous target
genes, including MCAD and GLUTY4, is largely repressed by
GCN5. Functionally, this translates to a blunted response to
PGC-1B-induced insulin-mediated glucose transport. These
results suggest that PGC-1f acetylation by GCN5 might be an
important step in the control of glucose and lipid pathways and
its dysregulation could contribute to metabolic diseases.

Transcriptional control of gene expression is a very dynamic
and regulated process that involves assembly of protein com-
plexes organized in space and time. Often this assembly is
directed by covalent modification of transcriptional proteins
dictating novel physical interactions, resulting in tightly con-
trolled expression of genes. Among these modifications, pro-
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tein acetylation at lysine residues has been implicated in control
of gene expression (1, 2).

Cells, either individually or organized in tissues, respond to
environmental cues through multiple adaptive responses to
maintain homeostasis. An important part of this cellular
response involves rapid changes in expression of genes encod-
ing proteins that will functionally adapt the cell or organism to
the new condition. In mammalian cells, the PGC-1? family of
transcriptional co-activators has emerged as important regula-
tors of gene expression in response to nutrient and hormonal
fluctuations. The PGC-1 family is composed of three members,
PGC-1a, PGC-1B, and PRC, which play important metabolic
roles in various tissues. These proteins contain a similar archi-
tecture with an activation domain at the N terminus, a middle
region associated with repression, and a C terminus with two
domains involved in RNA processing. A main mechanism of
control of the PGC-1s is through regulation of their own gene
expression. For example, PGC-la is rapidly induced in
response to low temperatures in brown adipose tissue, fasting
in liver or exercise in skeletal muscle (3-5). An increase of
cAMP levels is one of the main signals involved in this tran-
scriptional response, which leads to activation of PGC-1a func-
tion (6, 7). Among the targets, OXPHOS genes are strongly
induced by the PGC-1s through interaction with transcription
factors such as ERRa, NRFs, and ying yang 1 (8 —11). Multiple
covalent chemical modifications play a large role in controlling
PGC-1a function as well. For example, PGC-1« is phosphoryl-
ated by p38 MAPK (12), glycogen synthase kinase 33 (13, 14),
and Akt (15), it is methylated by PRMT1 (16), ubiquitinated by
SCF(Cdc4) (14), O-GlcNAcylated by O-GlcNAc transferase
(17), and, more related to this work, acetylated and de-acety-
lated by GCN5 (18) and SIRT1 (19, 20), respectively.

Our group has previously shown that PGC-1a acetylation is
regulated through nutrient pathways controlled by changes in
glucose concentrations (19, 21, 22). In high glucose concentra-
tions PGC-1a is largely acetylated on at least 13 lysine residues,
which in turn are deacetylated by SIRT1 in response to low
glucose. In addition, SIRT1 activators are sufficient to deacety-

3 The abbreviations used are: PGC-1, peroxisome proliferators y co-activator
1; PRC, PGC-1-related co-activator; ERRe, estrogen-related receptor alpha;
GCNS5, general control of amino-acid synthesis; HNFa, hepatocyte nuclear
factor alpha; GLUT4, glucose transporter 4; SIRT1, sirtuin 1; MCAD, medium
chain acyl CoA-dehydrogenase; NRF1, nuclear respiratory factor 1; PRMTT1,
protein arginine methyltransferase 1; SCF, Skp1/Cullin/F-box; MAPK, mito-
gen-activated protein kinase; shRNA, short hairpin RNA; HA, hemaggluti-
nin; MS, mass spectrometry; MS/MS, tandem MS; LC, liquid chromatogra-
phy; FT, Fourier transform; ICR, ion cyclotron resonance.
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FIGURE 1. GCN5 interacts with and acetylates the transcriptional co-activator PGC-1p. Primary skeletal
muscle myotubes were infected with the indicated adenoviruses encoding for FLAG-GCN5 and HA-PGC-1f3
proteins. A and B,immunoprecipitation with FLAG or HA antibodies linked to agarose was performed followed
by Western blot analysis using the indicated antibodies. C, HEK 293 cells were transfected with the indicated
plasmids encoding for either FLAG or HA-tagged proteins. PGC-1 was immunoprecipitated from whole cell
extracts, and lysine-acetylation was detected using Western blot analysis with the indicated antibodies. D, sim-

ilar experiments as in C were performed but using the SIRT1 plasmid.

late and activate PGC-1a leading to increases in energy expend-
iture (23, 24). The mechanism by which acetylated PGC-1a is
less active is largely unknown but may involve altered sub-
nuclear protein localization and reduced occupancy at gene
promoters (18). Less is known about PGC-1f function, but like
PGC-1g, it induces oxidative mitochondrial function, particu-
larly in skeletal muscle (25, 26), and has been implicated in the
hepatic feeding response, host innate response to bacterial
pathogenesis and iron metabolism (25-29). Structurally,
PGC-1p contains similar domains to PGC-1« along the pro-
tein, but with an extended middle region (30, 31).

Given the similarities between PGC-1a and PGC-18 and the
regulatory role of PGC-1a acetylation, we investigated whether
PGC-1B is acetylated by GCN5 and determined the functional
consequences as it relates to gene expression and glucose trans-
port. Here, we report that PGC-1p is a substrate for GCN5 and
is acetylated on at least 10 lysine residues that are distributed
along multiple domains of the protein. SIRT1 overexpression is
sufficient to completely deacetylate PGC-183. shRNA knock-
down of GCN5 resulted in loss of basal acetylation and an
induction of transcriptional activity. Moreover, wild-type
GCN5 but not mutant, catalytically inactive GCN5 strongly
repressed PGC-1f transcriptional activity. In primary skeletal
muscle cells, GCN5 repressed expression of target genes
involved in glucose and fatty acid utilization. Functionally, the
effects of GCN5 on PGC-13 target gene expression correlated
with a blockage of insulin-stimulated glucose uptake. These
results indicate that acetylation of PGC-1f is sufficient to con-
trol its transcriptional co-activation activity and might have
important consequences in metabolic diseases if dysregulated.
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rum. Primary skeletal muscle cells
were isolated and cultured as previ-
ously described (32). 80% confluent
myoblasts were switched to the dif-
ferentiation medium, Dulbecco’s
modified Eagle’s medium contain-
ing 5% horse serum. Myotubes were
transduced with adenoviruses en-
coding for PGC-18 or GCNG5 for a period of 48 h.

Immunofluorescence Microscopy—Immunofluorescence ex-
periments were performed 48 h after transfection with plas-
mids encoding for HA-PGC-1 and FLAG-GCN5. Immunoflu-
orescence was performed using mouse anti-HA antibody to
detect PGC-18 and rabbit anti-GCN5 antibody as previously
described (18).

Analysis of Protein Acetylation—FLAG- or HA-tagged PGC-
1B were expressed in HEK 293 cells via transfection using Poly-
Fect (Qiagen) or in primary skeletal muscle cells by adenoviral
infection. Whole cell extracts were used to immunoprecipitate
PGC-1B or GCN5 with anti-FLAG M2 or HA antibody linked
to agarose beads. After extensive washing, immunoprecipitates
were separated by SDS-PAGE and immunoblotted using the
acetyllysine antibody (Cell Signaling) and the M2 FLAG anti-
body (Sigma) or HA (BabCO) to detect lysine acetylation and
total protein levels, respectively.

Identification of Acetylated Lysine Residues by MS Analysis—
Mapping of acetylation on lysine residues of PGC-18 was
performed by nanoscale microcapillary reverse phase liquid chro-
matography electrospray ionization tandem mass spectrome-
try (LC-MS/MS) (33, 34). HEK 293 cells were infected with
FLAG-HA-PGC-1B and FLAG-GCN5 and treated with 20 mm
nicotinamide for a period of 12 h. Cells were harvested, and
nuclear extracts were prepared as previously described (19).
Immunoprecipitation with anti-FLAG M2 antibodies linked to
agarose was performed in 300 mm NaCl, 1% Triton X-100. After
extensive washes, proteins were eluted with 0.5 mg/ml FLAG
peptide, and proteins were precipitated with trichloroacetic
acid. Protein from Coomassie-stained gel bands was in-gel
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Acetylation Site Peptide Sequence

K202 K.KTPTLR.A

K218 R.AQSRPCTELHKHLTSVLPCPR.V

K230 R.VKACSPTPHPSPR.L

K455 W.GRKRPGRGLPW.T

K469 R.KMDSSVCPVR.R

K645 K.LSPGQDTAPSLPSPEALPLTATPGASHKLPK.R
K674 V.SQAGQKRPF.S

K726 R.SWEPIGVHLEDLAQQGAPLPTETKAPR.R
K933 R.GQKHGFITFR.C

K994 R.YTDYDPTSEESLPSSGKSK.Y

B.

MAGNDCGALLDEELSSFFLNYLSDTQGGDSGEEQLCADLPELDLSQLDASDFDSATCFGELQWCPETSETEPSQYSP
DDSELFQIDSENEALLAALTKTLDDIPEDDVGLAAFPELDEGDTPSCTPASPAPLSAPPSPTLERLLSPASDVDELSLLQK
LLLATSSPTASSDALKDGATWSQTSLSSRSQRPCVKVDGTQDKKTPTLRAQSRPCTELHKHLTSVLPCPRVKACSPTP
HPSPRLLSKEEEEEVGEDCPSPWPTPASPQDSLAQDTASPDSAQPPEEDVRAMVQLIRYMHTYCLPQRKLPQRAPEPI
PQACSSLSRQVQPRSRHPPKAFWTEFSILRELLAQDILCDVSKPYRLAIPVYASLTPQSRPRPPKDSQASPAHSAMAEE
VRITASPKSTGPRPSLRPLRLEVKRDVNKPTRQKREEDEEEEEEEEEEEEEKEEEEEEWGRKRPGRGLPWTKLGRKM
DSSVCPVRRSRRLNPELGPWLTFTDEPLGALPSMCLDTETHNLEEDLGSLTDSSQGRQLPQGSQIPALESPCESGCGD
TDEDPSCPQPTSRDSSRCLMLALSQSDSLGKKSFEESLTVELCGTAGLTPPTTPPYKPMEEDPFKPDTKLSPGQDTAP
SLPSPEALPLTATPGASHKLPKRHPERSELLSHLQHATTQPVSQAGQKRPFSCSFGDHDYCQVLRPEAALQRKVLRS
WEPIGVHLEDLAQQGAPLPTETKAPRREANQNCDPTHKDSMQLRDHEIRASLTKHFGLLETALEGEDLASCKSPEYDT
VFEDSSSSSGESSFLLEEEEEEEEGGEEDDEGEDSGVSPPCSDHCPYQSPPSKASRQLCSRSRSSSGSSSCSSWSP
ATRKNFRRESRGPCSDGTPSVRHARKRREKAIGEGRVVYIRNLSSDMSSRELKKRFEVFGEIVECQVLTRSKRGQKHG
FITFRCSEHAALSVRNGATLRKRNEPSFHLSYGGLRHFRWPRYTDYDPTSEESLPSSGKSKYEAMDFDSLLKEAQQSL
H
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FIGURE 2. Analysis and identification of PGC-1p lysine acetylation sites. HEK 293 cells were infected with
adenoviruses encoding for FLAG-HA-PGC-13 and FLAG-GCN5 and treated with nicotinamide (20 mm) for 12 h.
Afterimmunoprecipitation, PGC-1 was separated by SDS-PAGE and analyzed by tandem mass spectrometry.
Acetylation was determined by subjecting a tryptic and a chymotryptic digest of the protein to microcapillary
LC-MS/MS on a hybrid linear ion trap/FT-ICR mass spectrometer and assigning the acquired MS/MS data using
the SEQUEST algorithm as described under “Experimental Procedures.” A, sequences of identified acetylated
peptides, including flanking amino acid residues. Acetylated lysine residues are shown in red. B, 87% of the
amino acid sequence (74% of lysine residues) of PGC-13 was covered in the acetylation mapping experiment
(covered residues are shown in green, acetylated lysine are residues in red). C, determination of acetylation on
Lys-933. The lower panel shows the MS/MS of the doubly charged tryptic peptide Gly-931 to Arg-940 (m/z
616.82976, mass accuracy, — 1.0 ppm) carrying an acetyl residue on Lyss-933 (red). The sequence of the peptide
including m/z values for predicted fragment ions is shown above the spectrum. Detected fragment ions are
underlined.
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reduced with dithiothreitol, and
cysteine residues were derivatized
with iodoacetamide. In-gel diges-
tion of the protein was performed
using either trypsin or chymotryp-
sin (33), and the generated peptide
mixtures were subjected to nanoscale
microcapillary LC-MS/MS on a
hybrid linear ion trap/FT-ICR mass
spectrometer (LTQ FT, Thermo
Electron) essentially as described pre-
viously (34). Briefly, peptides were
separated on a 125-um inner diame-
ter microcapillary C,g column, and
MS and MS/MS data were collected
in an automated fashion. A high mass
accuracy and high mass resolution
FT-ICR MS survey scan was fol-
lowed by ten linear ion trap MS/MS
experiments on the ten most abun-
dant ions detected in the survey
scan before a consecutive experi-
mental cycle was initiated with
another FT-survey scan. MS/MS
data were automatically assigned by
searching them against the PGC-1f3
sequence using the SEQUEST (35)
algorithm and allowing lysine resi-
dues to be acetylated. The precursor
ion mass tolerance in the data base
search was set to £2 Da, and no
enzyme specificity constraints were
used. Search results were filtered for
peptide assignments with high mass
accuracy (—7 to 3 ppm), and both
termini were consistent with the
specificity of the proteases used for
the digest of the protein. Addition-
ally, a ACn filter of 0.1 and XCorr
filters of 1.5 for doubly, 2 for triply,
and 3 for quadruply charged pep-
tides were applied and MS/MS
spectra of acetylated peptides were
validated manually.

Luciferase-based Transcriptional
Co-activation Assays—HEK 293
cells were transfected using a ratio
of DNA:PolyFect (Qiagen) 1:2. After
transfection, cells were lysed and
luciferase assays were performed.
We normalized transfection effi-
ciency using the Renilla system
(Promega).

Gene Expression Analysis—mRNA
expression levels were analyzed by
quantitative real-time PCR. Total
RNA was prepared from primary
skeletal muscle cells via TRIzol
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extraction (Invitrogen). cDNA was generated by Superscript II
enzyme (Invitrogen) and analyzed by quantitative reverse-tran-
scriptase-mediated PCR using an iQ SYBR Green Supermix
(Bio-Rad). All data were normalized to tubulin expression. The
oligonucleotide primers can be provided upon request.

Glucose Uptake Assays—Primary muscle myotubes were
infected with adenoviruses encoding for green fluorescent pro-
tein, PGC-13, and GCN5 and incubated with 5% horse serum
for 48 h. Cells were then incubated with Dulbecco’s modified
Eagle’s medium supplemented with 0.5%bovine serum albumin
for 6 h and 100 n™ insulin was added during the last 20 min.
Glucose uptake was measured by incubating with [*H]2-deoxy-
glucose for 6 min and corrected by protein content.

RESULTS

GCNS Interacts with and Acetylates PGC-13—Based on
our previous studies that PGC-1a is a substrate of the acetyl
transferase GCN5 (18), we tested whether GCN5 might also
interact with and acetylate PGC-1. To this end, we infected
primary skeletal myotubes with adenoviruses encoding
for FLAG-GCN5 and HA-PGC-1B. Fig. 1A shows that
immunoprecipitation of FLAG-GCN5 resulted in strong
co-immunoprecipitation of HA-PGC-18 protein. Con-
versely, immunoprecipitated HA-PGC-18 was associated
with FLAG-GCNS5 suggesting physical interaction between
both proteins (Fig. 1B). Similar to PGC-1e, ectopic expres-
sion of PGC-1 in cultured cells results in protein that is
predominantly deacetylated, however, when co-expressed
with GCN5, PGC-18 became strongly acetylated at lysine
residues (Fig. 1C). In addition, two different types of exper-
iments indicate that one of the PGC-1 deacetylases is the
class III histone deacetylase sirtuin, SIRT1. First, PGC-1f3
acetylation is largely increased after treatment with nicotin-
amide (Fig. 1C) (a selective inhibitor of sirtuins). Second,
expression of SIRT1 decreased GCN5-induced acetylation of
PGC-1p (Fig. 1D). Taken together, these results indicate that
PGC-1p is an acetylated protein and that its acetylation sta-
tus is oppositely regulated by the enzymes GCN5 and SIRT1.

Identification of PGC-1B Lysine Residues Acetylated by
GCN5—To map the PGC-1p lysines acetylated by GCN5, we
initiated a large scale purification of PGC-1f3 expressed in HEK
293 cells double infected with adenoviruses encoding for
FLAG-HA-PGC-1B and FLAG-GCN5 and treated with nico-
tinamide. Immunoprecipitated PGC-1$3 was analyzed by tan-
dem mass spectrometry. We identified 10 acetylated lysines
with 87% coverage of the full-length PGC-1p protein (Fig. 2).
Interestingly, only one lysine site at the C terminus of PGC-1«a
and PGC-1B seems to be conserved (PGC-la K778 and
PGC-1BK994), although most of the lysine acetylation sites are
in regions of homology between both co-activators (supple-
mental Fig. S1). These results indicate that, similar to PGC-1a,
PGC-1p is acetylated in multiple lysine residues that are dis-
tributed across the major domains of the protein.

GCNS Represses PGC-1B-mediated Transcriptional Co-
activation—To determine the effects of GCN5 on PGC-18
transcriptional activity, we performed cell-based luciferase
reporter assays using various transcription factors known to be
co-activated by PGC-18 (30, 31). Fig. 3 shows that, as predicted,
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FIGURE 3. Repression of PGC-1f transcriptional activity through GCN5.
HEK 293 cells were transfected with the indicated plasmids. Luciferase activ-
ities were measured as described under “Experimental Procedures.” The lucif-
erase reporters were either 5XUAS (for GAL4-ERRa), NRF-1 DNA-binding sites
(NRF-1) (8), gAF1 of phosphoenolpyruvate carboxykinase promoter (HNF4a)
(45), or the —375 MCAD promoter linked to luciferase as previously described
(ERRa) (46). Values represent means * S.E. of at least three independent
experiments performed in duplicate. Statistical significance was determined
by two-tailed unpaired Student’s t test. *, p < 0.05 control versus GCN5.

HA-PGC-1p

HA-PGC-18
+

Flag-GCN5

FIGURE 4. PGC-1p nuclear redistribution induced by GCN5. HEK 293 cells
were transfected with HA-PGC-13 and FLAG-GCN5. Cells were fixed 48 h after
transfection and immunofluorescence was performed using mouse anti-HA
antibodies (shown in “red”) and rabbit anti-GCN5 antibodies (shown in
“green”).

PGC-1B co-activated ERRa, NRF-1, as well as HNF4« tran-
scription factors. Consistently, in all assays GCN5 potently
repressed the ability of PGC-1p to activate these transcription
factors. Similar repression effects were also observed in PGC-
1B/ERRa-targeted promoters such as MCAD, an enzyme
involved in mitochondrial fatty acid oxidation (Fig. 3).
Together, these results indicate that GCN5 down-regulates the
transcriptional activity of PGC-1p.

GCNS Translocates PGC-1 to Nuclear Foci—To determine
possible mechanisms by which GCN5 might control PGC-1f3
we performed cellular immunolocalization experiments.
Expression of PGC-183 alone resulted in diffuse protein
nuclear localization. However, co-expression of GCN5 re-
sulted in re-localization of PGC-1 to nuclear foci also con-
taining GCN5 protein (Fig. 4). These experiments suggest
that localization of PGC-1f to nuclear foci by GCN5-medi-
ated acetylation correlates with repression of its transcrip-
tional activity.

ACEVEN
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FIGURE 5. Mutant GCNS5 fails to acetylate PGC-1 and shows little impairment of transcriptional activity. A, HEK 293 cells were transfected with the
indicated plasmids encoding either wild-type GCN5 or mutant GCN5. FLAGHA-PGC-18 was overexpressed and immunoprecipitated using FLAG antibody
linked to agarose beads. Detection of protein and acetylation levels was completed with Western blot as previous. B, HEK 293 cells were transfected with 5XUAS
as well as GAL4-Erra and other indicated plasmids. Luciferase activities were measured as described under “Experimental Procedures.” Values are represent-
ative of mean = S.E. of two experiments each in triplicate Statistical significance was determined by two-tailed unpaired students t test. ¥, p < 0.05 PGC-18

versus PGC-1 plus GCN5.

GCNS5  Repression of PGC-1B-mediated Transcription
Requires Acetyltransferase Activity—To further establish that
PGC-1p transcriptional activity is altered by GCN5 mediated
acetylation, a mutant GCNS5 lacking acetyltransferase activity
was tested in both cell-based acetylation and luciferase reporter
assays. As shown previously with PGC-1a, overexpressed
PGC-1B is not acetylated when co-expressed with inactive
GCNS5 (Fig. 5A). Furthermore, transcriptional co-activation of
PGC-1B on GAL4-Erra was not significantly repressed by over-
expressed catalytically inactive GCN5 mutant, unlike wild-type
GCNS5 (Fig. 5B). These data suggest that regulation of PGC-13
by GCN5 is due to increased lysine acetylation.

Knockdown of GCNS Results in Decreased Acetylation and an
Increase in Transcriptional Activity—Knockdown of endoge-
nous GCN5 by shRNA was used to probe the acetylation status
and associated transcriptional activity of PGC-18. 293HEK
cells were transfected with either a control or GCN5-targeted
shRNA and treated with nicotinamide to inhibit endogenous
SIRT1 deacetylase activity. Overexpression and immunopre-
cipitation of PGC-1p revealed a reduction in acetylation to an
undetectable level by Western blot, suggesting that endogenous
GCNS5 is a major PGC-1 acetyltransferase (Fig. 6A). Indeed,
knockdown of GCN5 also resulted in a small but reproducible

JULY 24, 2009-VOLUME 284-NUMBER 30 NASHMB\

increase in transcriptional co-activation of PGC-1f3 on Erre at
the MCAD promoter, as determined by luciferase activity (Fig.
6B). Taken together with the acetylation status of PGC-18,
these results suggest that GCN5 may regulate PGC-1f tran-
scriptional activity by altering the acetylation status of the
protein.

GCNS Down-regulates Endogenous PGC-1B3 Target Genes—
To further demonstrate the repressive effects of GCN5 on
PGC-1p, endogenous expression of PGC-1p target genes were
analyzed in primary skeletal muscle myotubes infected with
adenoviruses encoding both proteins. PGC-18 expression
alone was sufficient to induce mRNAs encoding for MCAD and
GLUT4, two key enzymes involved in fatty acid and glucose
utilization, respectively, ~5-fold. Consistent with the effects on
acetylation status and luciferase reporter assays, expression of
GCNS5 largely repressed the induction of these PGC-13 target
genes (Fig. 7). Taken together, these results further suggest that
GCNS5 is a transcriptional repressor of PGC-1.

GCNS Decreases Insulin-stimulated Glucose Transport
Mediated by PGC-13—The fact that PGC-18 strongly
increased expression of the insulin-sensitive glucose trans-
porter GLUT4, led us to test whether the effects of gene expres-
sion translated into glucose uptake. We therefore analyzed
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insulin-induced glucose uptake.
These results indicate that the
effects of this transcriptional co-ac-
tivator on insulin-stimulated glu-
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FIGURE 6. Knockdown of GCN5 results in decreased acetylation and increased transcriptional activity of
PGC-1p. A HEK 293 cells were transfected with control or GCN5 shRNA plasmid for 72 h and treated with 10 mm
nicotinamide for the final 12 h. Overexpressed FLAGHA-PGC-18 was immunoprecipitated using FLAG anti-
body linked agarose beads and acetylation status was determined by Western blot. B, HEK 293 cells were
transfected with control or GCN5 shRNA plasmid for 72 h along with PGC-18, Erra, and the —375 MCAD
promoter linked to luciferase. Luciferase activities were measured as described under “Experimental Proce-
dures.” Values represent relative means = S.E. of three experiments each in triplicate. Statistical significance
was determined by two-tailed unpaired Student's t test. *, p < 0.005 PGC-1p plus control shRNA versus PGC-13

plus GCN5 shRNA.
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FIGURE 7. GCNS5 inhibition of PGC-1-induced endogenous gene expres-
sion in skeletal muscle cells. Primary skeletal muscle myotubes were
infected with adenoviruses encoding the indicated proteins. Total RNA was
analyzed by RT-PCR 2 days after infection. Values represent means = S.E. of at
least two independent experiments performed in duplicate. Statistical signif-
icance determined by two-tailed unpaired Student’s t test. *, p < 0.05 PGC-183
versus PGC-1p plus GCN5.

insulin-mediated 2-deoxyglucose transport in primary skeletal
myotubes. Interestingly, in this system expression of PGC-1f3
did not affect basal glucose uptake (data not shown). However,
the transcriptional co-activator significantly increased the
induction of glucose uptake in response to insulin (Fig. 8).
Again, and consistent with our previous results in these studies,
expression of GCNG5 largely repressed the effects of PGC-1 on
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cose transport are inhibited by
expression of GCN5.

DISCUSSION

Fluxes of nutrients through the
different metabolic pathways are
largely determined by activities
of enzymes and transporters.
Although acute control of these
proteins is via modulation of
the catalytic or transport activity
(e.g. post-translational modifica-
tion, allosteric regulation, or
translocation), in most metabolic
pathways regulation of genes
encoding for enzymes and trans-
porters directly impact the rates
and dynamics at which these path-
ways function (36, 37). Transcrip-
tional regulation in response to
fluctuation of nutrients or hor-
mones is accomplished by changes
in activities of transcriptional
complexes that are bound to the
promoters of genes as well as by
alteration of promoter occupancy.
In this metabolic regulatory context, we have described that the
transcriptional co-activator PGC-1, similarly to PGC-1q, is
regulated by lysine acetylation through the acetyl transferase
GCNB5. Acetylation of PGC-1p coincides with a modified spa-
tial subnuclear localization and repression of its transcriptional
co-activation activity, while knockdown of GCN5 induces tran-
scriptional co-activation activity. Functionally, the ability of
PGC-1Bto increase insulin-mediated glucose transport in skel-
etal muscle cells is blunted by GCN5.

PGC-1pB-acetylated lysine residues are located in multiple
domains suggesting that they might impact various binding
partners and therefore activities of PGC-1. For example, some
of these lysines are close to the activation domain, whereas
others are near nuclear localization signal sequences or in the
proximity of the RNA processing motifs. Comparison of the
identified acetylated lysines between PGC-la and PGC-1f3
results in only one lysine at the C terminus that is conserved
between both co-activators by BLAST analysis. However, most
of the acetylated lysines are in regions of homology between
PGC-1aand PGC-18 suggesting similar functions. It is possible
that modification of specific lysines by acetylation could play
specialized roles by defining interaction with particular sets of
proteins. As a consequence, these interactions might lead to
repression and translocation to nuclear foci. Moreover, binding
affinities with specific transcription factors or other nuclear
proteins that interact with different domains in PGC-1a or
PGC-1B might change depending on the acetylation status. The
specific function of these acetylation sites individually or in

ACEVEN

Input

VOLUME 284 +NUMBER 30-JULY 24, 2009



16.00 - *
14.00 -
12.00 1
10.00 -

O Control
l GCNS

8.00 -
6.00 1
4.00 1
2.00 -

% Increase by Insulin

0.00
GFP PGC-1p

FIGURE 8. GCN5 blocks PGC-1B-induced insulin-mediated glucose trans-
port. Primary skeletal muscle myotubes were infected with the indicated
adenoviruses. Cells were incubated in Dulbecco’s modified Eagle’s medium
with 0.5% bovine serum albumin, treated with 100 nm insulin for 20 min and
incubated with [2-*H]deoxyglucose as described under “Experimental Proce-
dures.” Values of % [2-*H]deoxyglucose uptake increased by insulin represent
means * S.E. of six independent experiments performed in triplicate. Statis-
tical significance determined by two-tailed unpaired Student’s t test. *, p <
0.05 control versus PGC-1p.

combination is currently under investigation. Another intrigu-
ing aspect of our studies is the fact that GCN5 acetylates histone
3 atlysine 9, which coincides with activation of gene expression
(38). However, in our experiments GCN5 blocks induction of
PGC-1p target genes. It is conceivable that GCN5 might ini-
tially acetylate histone H3 to promote gene expression, but then
act in a negative feedback loop to acetylate and down-regulate
PGC-1B transcriptional activity. In fact, similar molecular
mechanisms have been proposed for nuclear hormone receptor
co-activator ACTR (39). It is also possible be that other histone
acetyltransferases such as CREB-binding protein or p300 play a
role in acetylation of histones in PGC-1 3 target genes, similar to
PGC-1a targets (40). Although we cannot completely rule out
this possibility, initial chromatin immunoprecipitation studies
expressing PGC-18 or co-expressing PGC-1 and GCN5
results in little change of histone H3 acetylation status at the
MCAD promoter (data not shown), suggesting that acetylation
of histone H3 plays little if any role in driving transcription in
response to PGC-1[ overexpression.

In these studies we have uncovered a new PGC-1f function
associated with insulin-induced glucose uptake in skeletal mus-
cle. The PGC-1B KO and hypomorphic allele transgenic mice
present several metabolic abnormalities that include deficient
adaptive thermogenesis, hepatic steatosis, and liver insulin
resistance and impaired response to bacterial infection (26, 41,
27). Conversely, transgenic PGC-1p are resistant to obesity in
response to high fat diet and display increased insulin sensitiv-
ity associated with an increase in oxidative metabolism (42, 43).
In this context, we provide evidence in primary skeletal muscle
cells that PGC-1 is sufficient to increase the response to insu-
lin-mediated glucose transport and this correlates with
increases in GLUT4 mRNA. Importantly, these effects were
suppressed by GCNS5. It is not clear how GCN5 might be mod-
ulated in skeletal muscle in response to insulin and in what
metabolic context PGC-1p facilitates insulin action, at least in
relation to glucose transport. In this regard, one of the acety-
lated PGC-1p lysine residues, Lys-202, precedes the A203P
polymorphism that correlates with enhanced insulin-stimu-
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lated glucose metabolism in humans (44). It would be interest-
ing to determine whether this amino acid substitution to pro-
line can affect the Lys-202 acetylation and whether it might
interfere with glucose transport.

In summary, the studies presented here illustrate that
PGC-1B acetylation, regulated by the enzymatic activities of
GCN5 and SIRT1, controls expression of metabolic genes
involved in fatty acid oxidation and glucose transport. The fact
that small molecules can regulate the catalytic activity of these
two enzymes suggests that PGC-1f3 acetylation might be tar-
geted in metabolic diseases to modulate its transcriptional
activity.
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