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Background: Peroxisome proliferator-activated receptor � coactivator 1� (PGC-1�) is a key regulator of biological
processes.
Results:Overexpression of PGC-1� inhibits neointima formation and vascular smooth muscle cell proliferation.
Conclusion: PGC-1� inhibits proliferation through impaired minichromosome maintenance (MCM) complex loading onto
chromatin.
Significance: PGC-1� may emerge as an important therapeutic target relevant for the treatment of proliferative vascular
disorders.

Proliferation of vascular smooth muscle cells (VSMCs) in
response to vascular injury plays a critical role in vascular lesion
formation. Emerging data suggest that peroxisome proliferator-
activated receptor � coactivator 1 (PGC-1) is a key regulator of
energymetabolismandother biological processes.However, the
physiological role of PGC-1� in VSMCs remains unknown. A
decrease in PGC-1� expressionwas observed in balloon-injured
rat carotid arteries. PGC-1� overexpression substantially inhib-
ited neointima formation in vivo and markedly inhibited
VSMC proliferation and induced cell cycle arrest at the G1/S
transition phase in vitro. Accordingly, overexpression of PGC-
1� decreased the expression of minichromosome maintenance
4 (MCM4), which leads to a decreased loading of theMCMcom-
plex onto chromatin at the replication origins and decreased
cyclinD1 levels, whereas PGC-1� loss of function by adenovirus
containing PGC-1� shRNA resulted in the opposite effect. The
transcription factor AP-1 was involved in the down-regulation
of MCM4 expression. Furthermore, PGC-1� is up-regulated by
metformin, and metformin-associated anti-proliferative activ-
ity in VSMCs is at least partially dependent on PGC-1�. Our
data show that PGC-1� is a critical component in regulating
DNA replication, VSMC proliferation, and vascular lesion for-
mation, suggesting that PGC-1� may emerge as a novel thera-
peutic target for control of proliferative vascular diseases.

Vascular smooth muscle cells (VSMCs)3 play a key role in
many physiological and pathological events occurring in blood
vessels, such as hypertension, atherosclerosis, and neointima
formation following angioplasty and vein graft (1, 2). Prolifera-
tion andmigration of VSMCs stimulated by growth factors and
cytokines, which are released by platelets and VSMCs, are
essential for neointimal development upon injury. Recently,
evidence from others and our own studies has shown that tran-
scription factors play a critical role in the regulation of VSMC
proliferation and migration (3–8).
Many transcription factors repress and/or activate transcrip-

tion of their target genes through the recruitment of corepres-
sors and coactivator complexes, respectively (9–12). These
cofactor complexes transcriptionally regulate numerous signal-
ing pathways that are essential for development, metabolism,
and tissue repair as well as normal tissue homeostasis (9, 11). In
particular conditions, differential gene expression is regulated
by recruitment of specific transcriptional regulators (10, 13,
14). Consequently, we hypothesized that distinct transcrip-
tional cofactors may be deregulated under VSMC proliferative
conditions, contributing to VSMC proliferation and neointima
formation. In this study, we report the effects of up- and down-
regulation of peroxisome proliferator-activated receptor �
coactivator 1� (PGC-1�) and its biological consequences in
proliferative vascular diseases.
The PGC-1 family of transcriptional coactivators consists of

three members, PGC-1�, PGC-1�, and PGC-1-related coacti-
vator (PRC) (15–17). The firstmember of the PGC-1 familywas
identified as a peroxisome proliferator-activated receptor �
(PPAR�)-interacting protein and namedPGC-1� (18). PGC-1�
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is the closest homolog of PGC-1� (19, 20), whereas PRC has a
limited homology to PGC-1� and PGC-1� (21). PGC-1� and
PGC-1� have the ability to increase the transcriptional activity
of many nuclear receptors, including PPARs (18, 22), estrogen
receptors (23), glucocorticoid receptor (24), retinoidX receptor
(25), liver X receptor (26), hepatic nuclear factor 4� (27), estro-
gen-related receptor � (28), and also members of the vitamin D
and thyroid hormone receptor families (29). The PGC-1 family
of coactivators also plays a key role in the regulation of mito-
chondrial biogenesis and themaintenance of energy homeosta-
sis by regulating glucose and lipidmetabolism (22, 27). PGC-1�
inhibits high glucose-induced VSMC proliferation and migra-
tion and attenuates neointima formation by up-regulation of
the expression of themitochondrial antioxidant enzyme super-
oxide dismutase 2 (30, 31). However, the biological and, in par-
ticular, vascular-specific functions of PGC-1� in proliferative
vascular diseases remain unknown.
DNA replication is a critical event in cell proliferation, and it

is precisely controlled by the initiator proteins of DNA replica-
tion, such as the origin recognition complex, cyclin-dependent
kinases, and the minichromosome maintenance (MCM) com-
plex. The activated MCM complex serves as a DNA helicase
that unwinds the helix at the replication origin, and chromatin
becomes licensed for replication. TheMCM protein family has
six highly conserved subunits,MCM2 toMCM7. Among them,
MCM6 andMCM7 are up-regulated by PDGF in smooth mus-
cle cells (32).
We found that PGC-1� expression is down-regulated in

VSMC under proliferative conditions and predicted that pre-
serving its expression may reduce neointima formation.
Accordingly, overexpression of PGC-1� inhibited neointima
formation in a balloon injury carotid arterymodel. PGC-1�was
able to reduce SMC proliferation by blocking the accumulation
ofMCMproteins and their loading onto chromatin via specific
down-regulation of MCM4. AP-1 plays a role in the down-reg-
ulation of MCM4 expression by PGC-1�. Furthermore, met-
formin up-regulated PGC-1�, and metformin-associated
antiproliferative activity in VSMCs is at least partially
dependent on PGC-1�. Our data provide new insights into
the mechanisms controlling VSMC proliferation and iden-
tify that PGC-1�, because of its role as a mediator of met-
formin protective effects, is emerging as a feasible therapeu-
tic target for vascular proliferative disorders, especially
diabetic vascular complications.

EXPERIMENTAL PROCEDURES

Cell Culture and Infection—The culture of rat aortic smooth
muscle cells was performed as described previously (8, 33).
VSMCswere grownovernight in growthmediumand then ren-
dered quiescent by changing to medium containing 0.2% FBS
for 24 h. Adenoviral vectors containing PGC-1� (AdPGC-1�),
GFP (AdGFP), shRNA specific for PGC-1� (AdshPGC-1�), or
LacZ (AdshLacZ) were used in this study (34–36). The recom-
binant adenoviruses were purified by CsCl2 density gradient
ultracentrifugation, and adenovirus titration was performed
using theAdeno-XTMquantitative PCR titration kit (Clontech).
Cellswere infectedwith adenovirus at amultiplicity of infection
of 50 for 2 h and then changed to freshmedium containing 0.2%

FBS for 24 h prior to stimulation with PDGF-BB (10 ng/ml).
When no viral infection was needed, cells were treated in
medium containing 0.2% FBS for 48 h prior to PDGF-BB
treatment.
Cell Proliferation Assays—Cell proliferation was determined

by cell counting,DNA synthesis assays, and cell cycle analysis in
vitro (33). DNA synthesis assays were performed by BrdU
incorporation according to the instructions of the cell prolifer-
ation ELISA kit (Roche). Cell cycle distribution was analyzed
using a FACSCaliburTM system (BD Biosciences).
Preparation of Total Cell Extracts, Nuclear Extracts, and

Chromatin Fractionations—Whole cell lysate extracts were
prepared by using the mammalian protein extraction reagent
(Thermo Scientific), and nuclear extracts were prepared with
NE-PER nuclear and cytoplasmic extraction reagents (Thermo
Scientific) according to the instructions of the manufacturer.
Chromatin fractionations were prepared according to previous
studies (37). Proteins were subjected to immunoblotting using
the following antibodies against PGC-1� (Santa Cruz Biotech-
nology, Inc., 1:500): PGC-1� (Abcam, 1:1000), MCM4 (Santa
Cruz Biotechnology, Inc., 1:500), MCM2 (Santa Cruz Bio-
technology, Inc., 1:500), cyclin D1 (Santa Cruz Biotechnol-
ogy, Inc., 1:500), proliferating cell nuclear antigen (PCNA)
(Santa Cruz Biotechnology, Inc., 1:500), Lamin B (Santa
Cruz Biotechnology, Inc., 1:1000), and tubulin (Sigma,
1:2000). Membranes were incubated with a donkey anti-rab-
bit, goat, or mouse IRDye-conjugated IgG (Li-Cor Odyssey)
secondary antibody. Blots were scanned, and the image was
displayed in grayscale.
Coimmunoprecipitation—VSMCs were lysed in lysis buffer

(50mMTris-HCl (pH 7.8), 137mMNaCl, 1mMEDTA) contain-
ing 0.1% Triton-X-100 and a protease inhibitor mixture
(Roche). Protein-protein interaction was detected by coimmu-
noprecipitation assays as described previously (38). Cellular
extracts were precleared with protein A/G-agarose for 1 h at
4 °C, incubated with an anti-PGC-1� polyclonal antibody for
1 h, and then protein A/G-agarose was added and incubated
overnight at 4 °C. Normal IgG was used for a negative control.
The samples were separated by SDS-PAGE and analyzed by
immunoblotting using an anti-c-Jun antibody (Santa Cruz Bio-
technology, Inc., 1:500).
Microarray Analysis—RNA fromAdGFP- or AdPGC-1�-in-

fected human aortic smooth muscle cells (Lonza) were
extracted by use of a Qiagen RNAeasy kit (Qiagen, Valencia,
CA). Labeling, hybridization, washing, scanning, and initial
analysis were performed by the Microarray Core Facility at the
University of Michigan using standard Affymetrix protocols,
and this analysis was performed on the basis of human U-133
Plus 2.0 microarrays.
Construction of Plasmids and Transfections—For transient

transfections measuring promoter activity, desired DNA frag-
ments encoding different lengths of the rat MCM4 promoter
region were PCR-amplified from rat genomic DNA and
inserted into the pGL4.10 luciferase reporter vector (Promega,
Madison, WI). The inserts were positioned between the KpnI
andXhoI sites relative to the luciferase coding sequence. Proper
insertionwas verified by direct DNA sequencing. Themutation
of the putativeAP-1 binding site in theMCM4promoter region
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was conducted using the QuikChange site-directed mutagene-
sis kit (Agilent Technologies). The reporter plasmids were
transfected into cells using Lipofectamine LTX (Invitrogen).
Twenty-four hours later, cells were infected with AdGFP or

AdPGC-1� for 2 h and then stimulated with PDGF-BB for 24 h.
Luciferase activity wasmeasured with the dual luciferase reporter
assay system (Promega) with a luminescence counter (Perkin-
Elmer Life Sciences,Waltham, CA). The AP-1 luciferase reporter

FIGURE 1. PGC-1� is down-regulated by growth factors and during neointima formation. A and B, rat VSMCs grown to 60 –70% confluence underwent
mitogenic quiescence by serum deprivation for 48 h and were subsequently stimulated with 10 ng/ml PDGF-BB or angiotensin II (Ang II) (10�7

M) for 6 h.
qRT-PCR for PGC-1� expression was performed, and 18 S RNA was used for normalization of cDNA. n � 3. C, qRT-PCR for PGC-1� expression was performed in
cDNA from VSMCs treated with 10 ng/ml PDGF-BB at the indicated time points. n � 3. D, nuclear proteins extracted from VSMCs treated with 10 ng/ml PDGF-BB
for the specified times were immunoblotted for the indicated proteins. E, expression of PGC-1� was determined by qRT-PCR in samples from balloon-injured
carotid arteries harvested at the indicated times post-injury. n � 3 rats at each time point. *, p � 0.05; **, p � 0.01.

FIGURE 2. Effect of PGC-1� loss on artery remodeling. PGC-1�-deficient mice (PGC-1��/�) and littermate WT mice were implanted subcutaneously with
osmotic minipumps to infuse angiotensin II at 500 ng/kg/min. Shown is the histological analysis with hematoxylin and eosin staining of aorta (A) and the
third-order mesenteric artery (C) from wild-type and PGC-1��/� mice, respectively, after 4 weeks of infusion. Also shown is the quantification of the aortic wall
thickness (B) and third-order mesenteric artery wall thickness (D) from WT and PGC-1��/� mice. n � 5 in each animal group. Scale bars � 20 �m. **, p � 0.01.
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plasmid was purchased from Stratagene. Thymidine kinase-
driven Renilla luciferase served as the internal control.
ChIP—ChIP assays were performed using the EZ ChIP kit

(Millipore) with minor modifications (38). In brief, VSMCs
were treated for 10minwith 1% formaldehyde at room temper-
ature for cross-linking. Cells were lysed, and chromatin extracts
were sonicated for obtaining DNA fragments between 500–
1000 bp. The sonicated extracts were incubated overnight at
4 °C with 5 �g of anti-c-Jun antibody (Santa Cruz Biotechnol-
ogy, Inc.) or normal-rabbit IgG. The immunoprecipitated
DNA-protein complex was incubated with protein G-agarose
for 1 h at 4 °C. After centrifugation the complexes werewashed,
and the protein-chromatin cross-linking in the immunopre-
cipitated complexes was reversed at 65 °C overnight. Proteins
were eliminated using proteinase K for 30min at 45 °C. Purified
DNAwas used as a template for real-time PCR. The PCR prim-
ers used for the analysis of MCM4 promoters are listed in sup-
plemental Table 1.
RNA Isolation and Real Time Quantitative RT-PCR—Total

RNAwas extracted by RNeasy mini kit (Qiagen, Valencia, CA).
cDNA was synthesized and subjected to PCR amplification
with primers specific for proliferation-related rat genes. mRNA
levels were analyzed in triplicate and normalized to 18S RNA,
using the comparative CT method. PCR primers are described
in supplemental Table 1.
Angiotensin II Infusion Protocol in Mice—C57BL/6J male

mice homozygous for PGC-1� gene disruption (PGC-1��/�)
and littermate WT control animals, age 8–10 weeks, were uti-
lized. Under anesthesia with ketamine/xylazine (80/5 mg/kg
intraperitoneally), mice were implanted subcutaneously with
osmotic minipumps (Alzet Corp., Palo Alto, CA) set to infuse
AngII (Sigma) at 500 ng/kg/min.Mice were treated for 4 weeks.
Aortas andmesenteric arteries were isolated fromWTor PGC-
1��/� mice and frozen in liquid N2 for histological experi-
ments. Cross-sections fromaortas andmesenteric arterieswere
stained with hematoxylin and eosin for vascular remodeling
analysis.
Rat Carotid Artery Balloon Injury Model and Adenovirus-

mediated Gene Transfer—Rat carotid artery balloon injury and
adenovirus-mediated gene transfer were performed in male
Sprague-Dawley rats (250–300 g) as described in our previous
studies (5, 33). Briefly, rats were anesthetized with ketamine/
xylazine. A 2F Fogarty catheter (Baxter Edwards Life Sciences)
was inserted into the common carotid artery via the external
carotid artery, and the balloon was inflated for 1 min three
times. After balloon injury, 50 �l of AdPGC-1� (4 � 1010
plaque-forming units/ml) or AdGFP (4 � 1010 plaque-forming
units/ml) were infused into the ligated segment of the common
carotid artery and incubated for 15 min. The external carotid
artery was then permanently ligated with a 6-0 silk suture, and
blood flow in the common carotid artery was restored. All ani-
mal work was performed in accordance with the University of
Michigan Animal Care and Use Committee.
Immunohistochemistry and LesionAssessment—The animals

were sacrificed, and carotid arteries were perfused and fixed
with 4% (v/v) paraformaldehyde in PBS, harvested, and embed-
ded in paraffin. Six sections (5 �m thick) of injured carotid
artery cut at equally spaced intervals were used. Cross-sections

were stained with hematoxylin and eosin for lesion assessment.
For immunohistochemistry, cross-sections were stained using
mouse monoclonal anti-PCNA antibody (Santa Cruz Biotech-
nology, Inc., 1:200) and avidin-biotin-horseradish peroxidase
for detection (Vectastain Elite ABC kit, Vector Laboratories).
The intimal/medial cross-sectional area was quantified with
ImagePro Plus software (University ofMichigan). Total PCNA-
positive cells were counted in a blinded manner manually at
high magnification. The total cell number was counted after

FIGURE 3. PGC-1� overexpression inhibits neointimal hyperplasia and
cell proliferation. A, representative sections from balloon-injured carotid
arteries treated with AdGFP or AdPGC-1� harvested at day 21 after injury and
stained with hematoxylin and eosin. Scale bars � 100 �m. NI, neointima; M,
media. B and C, decreased intima area and intima/media ratio in the AdPGC-
1�-treated group. n � 9 rats in each group. **, p � 0.01. D, representative
sections of balloon injured-arteries in AdGFP and AdPGC-1� group were
immunostained for PCNA at day 7 after injury. Scale bars � 100 �m. Arrows
show PCNA-positive cells. E, percentage of the total cells in the media of
carotid arteries showing PCNA-positive nuclei. n � 5 rats in each group.
**, p � 0.01. F, the sections adjacent to those used for PCNA-staining were
labeled with DAPI and total cells in neointima were counted manually at high
magnification in a fluorescence microscope. **, p � 0.01.
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DAPI staining in the adjacent sections. The proliferation index
was calculated as the mean number of PCNA-positive cells
divided by the mean total number of cells and expressed as a
percentage.
Statistical Analysis—Data are expressed as mean � S.E. Sta-

tistical significance was analyzed by Student’s t test comparing
one group with the control group. To compare two or more
groups with the control group, one-way analysis of variance
followed by a Student-Newman-Keuls multiple comparison
testwas performedusingGraphPadPRISMTM software version
5. p � 0.05 was considered statistically significant. All experi-
ments were performed independently at least three times.

RESULTS

PGC-1� Expression Is Significantly Decreased in PDGF-
treated VSMCs and in the Balloon-injured Arteries—To inves-
tigate whether nuclear receptor coregulatorsmight be involved
in modulation of VSMC proliferation, we first selectively
assessed expression levels of well known nuclear receptor
coregulators in primary rat aortic SMCs.mRNAexpression lev-
els of most coregulators, including PGC-1�, P300, small het-
erodimer partner, PPAR-binding protein, PPAR�-interacting
protein, silencing mediator of retinoid and thyroid hormone
receptor, and dosage-sensitive sex reversal adrenal hypoplasia
congenital critical region on X chromosome, gene 1 (DAX1),

remained unchanged between PDGF-treated VSMCs and qui-
escent VSMCs. In contrast, VSMC mRNA of PGC-1� was
significantly repressed in PDGF-treated VSMCs (Fig. 1A).
PGC-1�mRNAwas decreased by 80%4h after PDGF-BB treat-
ment. A similar reduction in PGC-1� expression was also
observed in angiotensin II-treated VSMCs (Fig. 1B). Time
course experiments demonstrated that PGC-1� showed an
early (2 h) significant decrease in mRNA levels in proliferating
VSMCs compared with quiescent VSMCs that was sustained
during the 24 h documented (Fig. 1C), whereas mRNA levels
increased for PGC-1� and PRC in the first 1 and 2 h post-
treatment, respectively, and then returned to basal levels (data
not shown). Consistently, PGC-1� protein levels were signifi-
cantly reduced in nuclear extracts after PDGF-BB treatment,
whereas the levels of PCNA, a cell proliferation-relatedmarker,
were increased dramatically (Fig. 1D).
To test whether PGC-1� is involved in proliferative vascular

disease, we examined the expression of PGC-1� in the balloon-
injured carotid artery model, which is characterized by VSMC
proliferation and neointima formation. PGC-1� mRNA
expression was markedly down-regulated in arteries after bal-
loon injury compared with sham controls during a 28-day time
course (Fig. 1E). These data support our hypothesis that the
expression of the nuclear receptor coregulator PGC-1� is

FIGURE 4. PGC-1� inhibits VSMC proliferation in vitro. VSMCs were infected with adenoviruses encoding GFP or PGC-1�. A and B, results from flow cytometry
analysis to measure the DNA content in AdGFP- or AdPGC-1�-treated VSMCs after serum starvation for 24 h followed by stimulation with 10 ng/ml PDGF-BB for
18 h. Data are expressed as the percentage of the total cells. n � 3. C, VSMCs were seeded in 96-well plates and infected with the indicated adenovirus. Cell
proliferation was measured by BrdU incorporation. n � 10. D, cell proliferation was measured by counting cell numbers at each time point. VSMCs were
infected with adenoviruses encoding GFP or PGC-1� and changed to growth medium containing 10% FBS. n � 4. E, AdGFP- or AdPGC-1�-treated VSMCs were
serum-starved for 24 h and stimulated with PDGF-BB at 10 ng/ml for 12 and 24 h. Total cell lysates were analyzed by Western blot analysis using the indicated
antibodies. Tubulin served as the internal loading control. The blot shown is one representative of three independent experiments. * p � 0.05; **, p � 0.01
versus AdGFP group.
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impaired in proliferative disorders, suggesting that PGC-1�
may be an antiproliferative factor in VSMCs.
PGC-1�Deficiency Aggravates Angiotensin II-induced Artery

Remodeling—Weanalyzed the effect of PGC-1� on angiotensin
II-induced vascular remodeling upon loss of function in
PGC-1� knockout mice. After 4 weeks infusion with angioten-
sin II, the artery wall thickness of aortas increased markedly in
PGC-1��/� mice compared with WT mice (Fig. 2, A and B).
The lumen areas were not different between the groups (data
not shown). We observed mesenteric resistance artery remod-
eling and found that the thickness of third-order mesenteric
arteries was also significantly increased in PGC-1�-deficient
mice compared with control mice (Fig. 2, C and D). These
observations suggest that PGC-1� plays a critical role in vascu-
lar remodeling.
Overexpression of PGC-1� Prevents Neointima Formation in

Balloon-injured Carotid Arteries in Rats—To determine
whether PGC-1�modulates the development of neointima for-
mation, PGC-1� was overexpressed in the common carotid
artery immediately after balloon injury by adenovirus-medi-
ated gene delivery (5, 33). As depicted in Fig. 3, A–C, overex-
pression of PGC-1� was capable of attenuating neointimal
lesion formation significantly without affecting the thickness of
the media, thus resulting in a reduced intimal/medial ratio in

the AdPGC-1�-treated group compared with the AdGFP-
treated group.
Immunohistochemical staining for PCNA (Fig. 3D) was per-

formed to examine the effect of PGC-1� on VSMC prolifera-
tion in vivo. There is a 60% reduction in PCNA-positive cells in
the media of AdPGC-1�-treated animals (Fig. 3E) and a 75%
reduction in the number of cells in the neointima (F).
PGC-1� Inhibits PDGF-BB-induced VSMC Proliferation by

Arresting Cells in the G0/G1 Phase—In cultured rat aortic vas-
cular smooth muscle cells, PGC-1� overexpression caused cell
cycle arrest with a 23% increase in the G0/G1 population and an
83% reduction in cells in the S phase compared with AdGFP-
treated VSMCs (Fig. 4, A and B). Overexpression of PGC-1�
significantly suppressedVSMCproliferation and reducedDNA
synthesis detected by cell counting and BrdU incorporation,
respectively (Fig. 4, C and D). Furthermore, overexpression of
PGC-1� in VSMCs caused amarked inhibition of cyclinD1 and
PCNA protein levels, two proliferation markers, as shown by
Western blot analysis (Fig. 4E).
To confirm the antiproliferative role of PGC-1� in VSMCs,

an adenovirus containing an shRNAdesigned to target PGC-1�
(AdshPGC-1�) was used (35). Infection with AdshPGC-1�
decreased the content of PGC-1� mRNA by 73%, without sig-
nificantly affecting PGC-1� and PRC mRNA (Fig. 5, A–C).
Treatment of VSMCs with AdshPGC-1� significantly pro-
moted PDGF-BB-induced cell proliferation and increased
cyclin D1 and PCNA (Fig. 5, D–E).
PGC-1� Blocks Accumulation of MCM Proteins and Their

Loading onto Chromatin—To begin addressing the molecular
mechanisms underlying the inhibitory effect of PGC-1� on
VSMC proliferation, we evaluated global gene expression pro-
files to determine the effect of PGC-1� on target genes by
cDNA microarray analysis in total mRNA from human aortic
smooth muscle cells infected with AdGFP or AdPGC-1�. Of
the genes involved in cell cycle/DNA replication, six genes
showed elevated expression levels, whereas two genes were
reduced in expression, as further verified by qRT-PCR.
MCM proteins, including six highly conserved subunits,

MCM2 to MCM7, are essential regulators of initiation and
elongation of DNA replication in all eukaryotes (39, 40). The
mammalian MCM protein family exists in two forms, chroma-
tin-bound and unbound, in the nuclei. The former is generally
believed to function as a helicase during DNA replication (39,
40). Cyclin D1 is a key regulator of the G1 phase progression,
and it is expressed to amaximum in themid-G1 phase of the cell
cycle when cells are stimulated with growth factors (41). We
show that MCM2, MCM4, and MCM7 mRNA levels are
increased in VSMCs during G1 phase, as indicated by increased
Cyclin D1 levels (Fig. 6, A–D). In AdPGC-1�-treated VSMCs,
we observed selective down-regulation of MCM4 mRNA and
protein levels (Fig. 7, B and I) concomitant with reduced cyclin
D1 expression (A), whereas the levels of MCM2 and MCM7
remained unaltered (C,D, and I). Conversely, down-regulation
of endogenous PGC-1� with AdshPGC-1� resulted in
increased mRNA levels of cyclin D1 and MCM4 with no effect
on MCM2 or MCM7 expression (Fig. 7, E–I). We also deter-
mined chromatin-bound MCM2 and MCM4 levels in VSMCs
by Western blot analysis. As shown in Fig. 7J, both chromatin-

FIGURE 5. Knockdown of PGC-1� increases VSMC proliferation. A–C,
knockdown efficiency of adenovirus-mediated shRNA against PGC-1� on
PGC members in VSMCs. VSMCs were infected with adenoviruses AdshLacZ
or AdshPGC-1� and maintained in 10% FBS medium for 48 h. PGC-1� (A),
PGC-1� (B), and PRC (C) mRNA expression levels were analyzed by qRT-PCR.
D, VSMCs were seeded in 6-well plates and infected with the indicated ade-
novirus. Cell proliferation was measured by cell counting at the specified time
points. n � 4. E, AdshLacZ- or AdshPGC-1�-treated VSMCs were serum-
starved for 24 h and stimulated with PDGF-BB at 10 ng/ml for 12 h. Total cell
lysates were analyzed by Western blot analysis using the indicated antibod-
ies. Tubulin served as the internal control. **, p � 0.01 versus AdshLacZ-
treated cells.
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bound MCM2 and MCM4 are decreased in PGC-1�-treated
VSMCs, suggesting that down-regulation of MCM4 by
PGC-1� affects MCM complex loading on to chromatin.
AP-1 Is Required for Transcriptional Regulation of MCM4 by

PGC-1�—To further establish whether PGC-1� regulates
MCM4 expression at the transcriptional level, we performed
transient transcriptional assays in vitro using rat MCM4 gene
luciferase reporter constructs that contain DNA fragments in
varying lengths corresponding to the MCM4 promoter
(MCM4-Luc). Treatment of VSMCswith PDGF-BB resulted in
increased activation of the MCM4 promoter (-736/�131 and
�377/�131), an effect readily inhibited by PGC-1� (Fig. 8A).
Because PGC-1� is a transcriptional cofactor lacking a DNA
binding domain, at least one other transcription factor should
be involved in the regulation of MCM4 transcriptional activa-
tion in VSMCs. Analysis of binding sites for transcription fac-
tors with the Genomatix software uncovered a highly con-
served AP-1 site in both human and ratMCM4 promoters. The
putative AP-1 binding site (-274 to �281) was mutated to
determine whether this site is a functional target element. The
MCM4-Luc promoter mutation could not be activated by
PDGF-BB (Fig. 8B), whereas PGC-1� overexpression inhibited
PDGF-BB activation to basal levels comparable with those of
the mutant reporter, suggesting that the AP-1 site within the
MCM4 promoter region is functional and critical for PGC-1�
to control MCM4 expression.
The effect of PGC-1� on AP-1 transcriptional activity was

also confirmed by a reporter plasmid containing isolated AP-1
response elements (pAP1-Luc) from Stratagene. SMCs were
transfected with pAP1-Luc and subsequently treated with

PDGF-BB. AP-1 transcriptional activity increased 2.2-fold in
response to PDGF-BB treatment and was reduced to basal lev-
els when infected with AdPGC-1� (Fig. 8C).
Next, ChIP assays were performed to further determine the

effect of PGC-1� on AP-1 binding to the MCM4 promoter
region. Consistent with the data shown above, we demon-
strated that c-Jun can directly bind to the putativeAP-1 binding
site (-274 to �281) in the MCM4 promoter upon PDGF-BB
treatment and that PGC-1� potently inhibits the binding of
c-Jun to this AP-1 binding site in VSMCs infected with Ad
PGC-1� in the same conditions (Fig. 8D).
To determine whether PGC-1� interacts with AP-1, we per-

formed a coimmunoprecipitation assay and found that PGC-1�
physically interacts with c-Jun in VSMCs (Fig. 8E). To further
establishwhether PGC-1� affects theAP-1 complex formation,
we determined c-Fos levels in a c-Jun pull-down complex and
found decreased c-Fos levels in AdPGC-1�-treated VSMCs
(Fig. 8F), indicating that PGC-1� could suppress the binding of
AP-1 to theMCM4 promoter by interaction with c-Jun, a com-
ponent of the AP-1 complex resulting in reduced c-Fos/c-Jun
interaction. These findings suggest that the inhibitory effect of
PGC-1� on VSMC proliferation is at least partially carried out
by inhibition of AP-1 transcriptional activity.
PGC-1� Is Required for the Antiproliferative Effect of Met-

formin in VSMCs—In addition to our discovery that PGC-1� is
an effective regulator of VSMC proliferation, we determined
that the expression of PGC-1� is up-regulated by metformin,
one agent used for treatment of themetabolic syndrome or type
2 diabetes (42, 43). Metformin significantly up-regulated
PGC-1� mRNA levels �3-fold in VSMCs (Fig. 9A). Metformin

FIGURE 6. Cyclin D1, MCM2, MCM4, and MCM7 expression are increased during the S phase in VSMCs. Rat VSMCs grown to 60 –70% confluence
underwent mitogenic quiescence by serum deprivation for 48 h and were subsequently stimulated with 10 ng/ml PDGF-BB for the indicated time points. The
expression of cyclin D1 (A), MCM4 (B), MCM2 (C), and MCM7 (D) were analyzed by qRT-PCR. 18 S RNA served as the internal control. n � 3. *, p � 0.05; **, p � 0.01.

PGC-1� Inhibits Neointimal Lesion Formation

FEBRUARY 15, 2013 • VOLUME 288 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 4631



induces activation of AMP-activated protein kinase (42). Con-
sistently, we also determined that 5-aminoimidazole-4-carbox-
amide-1-b-4-ribofuranoside, another AMP-activated protein
kinase activator, resulted in up-regulation of PGC-1� (Fig. 9B).
Conversely, compound C, a selective inhibitor of AMP-acti-
vated protein kinase, completely prevented the up-regulation
of PGC-1�mRNAbymetformin and 5-aminoimidazole-4-car-
boxamide-1-b-4-ribofuranoside in smooth muscle cells (Fig. 9,
A and B), suggesting that PGC-1� may be a mediator of the
metformin inhibitory effects in VSMC proliferation.
Metformin has demonstrated antiproliferative effect in

VSMCs and some cancer cells by causingG0/G1 cell cycle arrest
(43–47). Treatment of VSMCs with metformin resulted in
decreased DNA replication and enhanced the antiproliferative
effect of PGC-1� as measured by BrdU incorporation (Fig. 9C).
Importantly, knockdown of PGC-1� reversed the inhibitory
effect of metformin on VSMC proliferation (Fig. 9C). These
data suggest that the metformin-associated potent antiprolif-
erative activity in VSMCs is at least partially dependent on
PGC-1�. The antiproliferativemechanisms of PGC-1� by inhi-
bition of the expression of MCM4 and MCM complex loading
onto chromatin in VSMCs is summarized in Fig. 9D.

DISCUSSION

This study sheds light on the functional importance of PGC-
1�, a transcriptional cofactor, inmodulating SMCproliferation
and neointima formation. First, we found that PGC-1� is
expressed in VSMCs and is down-regulated by mitogens,
including PDGF-BB and angiotensin II. PGC-1� deficiency
aggravates angiotensin II-induced artery remodeling. Addi-
tional in vivo data show that PGC-1� is down-regulated in the
arteries after balloon injury and overexpression of PGC-1�
inhibited neointimal lesion formation. Second, after perform-
ing a microarray analysis to identify the effect of PGC-1� on
target genes, we demonstrated that PGC-1� inhibits VSMC
proliferation by down-regulating MCM4 expression and
reducingMCM complex loading to chromatin. We also identi-
fied that PGC-1� inhibits AP-1 transcriptional activity in the
rat MCM4 promoter in VSMCs. Furthermore, we identified
that metformin up-regulates PGC-1� expression and estab-
lished PGC-1� as a key mediator in the metformin-mediated
inhibitory effect onVSMCproliferation.Our findings provide a
novel mechanism of controlling SMC proliferation and prolif-
erative vascular diseases.

FIGURE 7. PGC-1� inhibits PDGF-induced MCM4 expression and MCM complex chromatin loading in VSMCs. A–F, VSMCs were infected with AdPGC-1�,
AdGFP, AdshPGC-1�, or AdshLacZ, maintained in 0.2% FBS medium for 24 h, and then stimulated with 10 ng/ml PDGF-BB for 8 h or 18 h. Cyclin D1 (Ccnd1),
MCM4, and MCM2 mRNA levels were analyzed by qRT-PCR. 18 S RNA served as internal control. n � 3. G and H, VSMCs were infected with AdPGC-1�, AdGFP,
AdshPGC-1�, or AdshLacZ, maintained in 0.2% FBS medium for 24 h, and then stimulated with 10 ng/ml PDGF-BB for 12 h. VSMCs were collected and separated
into total cell lysates or chromatin-bound extracts. Immunoblotting with the indicated antibodies was performed on lysates from equal cell numbers loaded
onto each lane. *, p � 0.05; **, p � 0.01 versus AdGFP-treated group; #, p � 0.05; ##, p � 0.01 versus AdshLacZ-treated group.
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It is well known that SMC proliferation in response to vascu-
lar injury is central to neointima formation. In the eukaryotic
cell cycle, DNA replication is precisely controlled and is initi-
ated at specific sites on chromosomes (48–50). MCM proteins
are loaded onto the chromatin by forming a stable ring struc-
ture around the DNA and provide the helicase activity neces-
sary for unwinding double-stranded DNA and loading of DNA
polymerase (40, 51, 52). Several studies have reported that
MCM proteins are highly expressed in human malignant can-
cer cells, indicating that MCM proteins are essential for DNA
replication and may serve as cell proliferation markers in
cycling cells (39, 40, 53). Data in this study demonstrate that
expression ofMCM4 is induced in response to PDGF-BB stim-
ulation in VSMCs. Bruemmer et al. (32) also found that the
expression of MCM6 and MCM7 was up-regulated by
PDGF-BB via the ERK/MAPK signal transduction pathway in
smooth muscle cells. Overexpression of PGC-1� specifically
down-regulates the expression of MCM4 but not MCM2 or
MCM7, and lack ofMCM4 at the origins abolishesMCM com-
plex loading onto chromatin, resulting in the inhibition ofDNA
synthesis and cell proliferation. Kikuchi et al. (53) reported that
knockdown of MCM4 reduces proliferation in lung cancer
cells. The exact underlying the effects of PGC-1� on prolifera-
tive vascular disease may be pleiotropic and involve different

molecular mechanisms. Here we focused on cell proliferation
and found that PGC-1� inhibited DNA replication in VSMCs,
indicating that the PGC-1�/MCM pathway plays a key role in
controlling cell proliferation.
The PGC cofactors, including PGC-1�, PGC-1�, and PRC,

are important components of the transcriptional machinery
(16, 17, 47). PGC-1� and PGC-1� are recruited by a large num-
ber of activated transcription factors such as PPAR, estrogen
receptor, mineralocorticoid receptor, and other transcription
factors (18, 23, 24, 26). In transiently transfected cells, tran-
scriptional activity of these transcription factors was signifi-
cantly increased upon overexpression of PGC-1� and PGC-1�
(18, 23, 24, 26). PGC-1� also serves as a corepressor by inhibit-
ing tumor necrosis factor �-induced NF-�B transcriptional
activity in human aortic smooth and human aortic endothelial
cells (55, 56). The inhibitory effect of PGC-1� on NF-�B tran-
scriptional activity was also confirmed by a reporter plasmid
containing isolatedNF-�B response elements in our study (data
not shown). Our studies identified MCM4 as a putative novel
target for PGC-1� inhibitory effects as evidenced by reduced
endogenousmRNA levels in response to up-regulation of PGC-
1�. Genomatix software analysis identified a highly conserved
AP-1 binding site position (-274 to �281) in human and rat
MCM4 promoters. Our data demonstrated that PGC-1� nega-

FIGURE 8. PGC-1� inhibits PDGF-induced AP-1 transcriptional activity. A, serial deletion constructs of the rat MCM4 promoter were transfected into VSMCs.
After 12 h, cells were infected with AdPGC-1� or AdGFP and stimulated with PDGF-BB for an additional 24 h. Luciferase activity was measured with the dual
luciferase reporter assay system. Cotransfected thymidine kinase-driven Renilla luciferase served as the internal control. The numbers indicate the distance in
nucleotides from the transcription start site (�1) of the rat MCM4 gene. B, VSMCs were transfected with the MCM4 promoter (-377/�161) or MCM4 (-377/�161)
mut-luciferase constructs, and luciferase activity was measured as above. C, VSMCs were transiently transfected with AP-1-Luc and infected with AdGFP or
AdPGC-1�. Cells were stimulated with PDGF-BB (10 ng/ml) for 24 h, and luciferase activity was measured as above. D, VSMCs were infected with AdGFP or
AdPGC-1� and treated with 10 ng/ml PDGF-BB for 8 h. ChIP assays were performed using antibodies against c-Jun and normal rabbit IgG. Data shown are from
three independent experiments. E, Coimmunoprecipitation was performed with an antibody against PGC-1� in VSMCs. Normal rabbit IgG served as a negative
control. Input samples were loaded as 10% of total cell extracts. Blots were probed with antibodies as indicated in each panel. IP, immunoprecipitation.
F, coimmunoprecipitation was performed with an antibody against c-Jun in VSMCs treated with AdGFP or AdPGC-1�. Normal rabbit IgG served as a negative
control. Input samples were loaded as 10% of total cell extracts used for the coimmunoprecipitation. Blots were probed with antibodies as indicated in each
panel. *, p � 0.05; **, p � 0.01.
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tively regulates PDGF-BB-induced transcription through this
functional AP-1 binding site in the MCM4 promoter region by
the use of a reporter plasmid containing isolated AP-1 response
elements and site-directed mutagenesis as well as coimmuno-
precipitation with c-Jun. The inhibition of AP-1 activity by
PGC-1� might constitute the basis for new treatment
rationales.
In this study, we found that metformin up-regulates the

expression of PGC-1� via the AMP-activated protein kinase
pathway. It has been well known for decades that metformin
can inhibit vascular complications in type 2 diabetic patients
(46, 47, 57). Many studies also have shown that metformin has
significant and diverse anticancer activity and that the admin-
istration of metformin prolongs survival (44, 54). The antipro-
liferative mechanisms of metformin action are not well under-
stood. Here we identified that the inhibitory effect of
metformin on VSMC proliferation is dependent on PGC-1�.
Knockdown of PGC-1� totally blocked the suppressive effect of
metformin in VSMCs. These findings suggest that the met-
formin-associated potent antiproliferative activity in VSMCs is
at least partially mediated by PGC-1�.

In summary, we have shown that the transcription cofactor
PGC-1� is decreased in response to pro-proliferative stimula-
tion and that PGC-1� specifically down-regulates the expres-
sion ofMCM4 and blocks DNA replication (Fig. 8D). Knockout
of PGC-1� enhanced angiotensin II-mediated vascular remod-
eling, whereas increased PGC-1� expression attenuated
neointima formation after vascular injury. This coregulator fac-
tor thus may emerge as an important therapeutic target rele-
vant for the treatment of proliferative vascular disorders.
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