
NFATc1 Targets Cyclin A in the Regulation of Vascular
Smooth Muscle Cell Multiplication during Restenosis*

Received for publication, January 16, 2008, and in revised form, July 17, 2008 Published, JBC Papers in Press, July 29, 2008, DOI 10.1074/jbc.M800423200

Manjula Karpurapu, Dong Wang, Nikhlesh K. Singh, Quanyi Li, and Gadiparthi N. Rao1

From the Department of Physiology, University of Tennessee Health Science Center, Memphis, Tennessee 38163

Platelet-derived growth factor BB (PDGF-BB) induced cyclin
A expression and CDK2 activity in vascular smoothmuscle cells
(VSMC). Inhibition of nuclear factors of activatedT cell (NFAT)
activation by cyclosporinA (CsA) andVIVIT suppressed PDGF-
BB-induced cyclin A expression and CDK2 activity, resulting in
blockade of VSMC in the G1 phase. In addition, CsA- and
VIVIT-mediated inhibition of NFATs and small interfering
RNA-targeted down-regulation of cyclin A levels suppressed
PDGF-BB-induced VSMC DNA synthesis. PDGF-BB also
induced cyclin AmRNA levels in VSMC in anNFAT-dependent
manner. Cloning and bioinformatic analysis of rat cyclin A pro-
moter revealed the presence of NFAT-binding elements, and
PDGF-BB induced the binding of NFATs to these regulatory
sequences in a CsA- and VIVIT-sensitive manner. Chromatin
immunoprecipitation analysis showed that NFATc1 binds to
the cyclin A promoter in response to PDGF-BB in a VIVIT-sen-
sitive manner. Furthermore, PDGF-BB induced cyclin A pro-
moter-luciferase reporter gene activity in VSMC, and it was
inhibited by both CsA andVIVIT. Balloon injury induced cyclin
A expression andCDK2 activity in rat carotid arteries, and these
responseswere also blockedbyVIVIT. In addition,VIVITatten-
uated balloon injury-induced SMC proliferation, resulting in
reduced restenosis. Down-regulation of NFATc1 by its small
interfering RNA inhibited PDGF-BB-induced cyclin A expres-
sion and DNA synthesis both in rat and human VSMC.
Together, these findings demonstrate that the cyclin A-CDK2
complex may be a potential effector of NFATs, specifically
NFATc1, inmediating SMCmultiplication leading toneointima
formation. Therefore, NFATs may be used as target molecules
for the development of therapeutic agents against vascular dis-
eases such as restenosis.

Cyclin-dependent kinases (CDKs)2 play an important role
in cell cycle progression (1–3). The activities of CDKs are

regulated positively by cyclins and negatively by CDK inhib-
itors (4–12). In fact, CDKs require association with cyclins
for their activity (1, 4, 5). For instance, CDK4 requires com-
plex formation with type D cyclins for its activity and so does
CDK2 with either cyclin E or cyclin A (13–15). Although the
levels of CDKs may or may not change in cycling versus non-
cycling cells, cyclin levels tend to increase in response to
mitogenic stimulants (4, 5). Therefore, the availability of
cyclins is a critical factor in the positive regulation of CDKs
(4). Sequential activation of cyclin D-CDK4, cyclin E-CDK2,
cyclin A-CDK2, and cyclin B1-CDK1 appears to be required
for an orderly progression through G1, G1/S transition
through S, and G2/M transition phases of the cell cycle (4, 5).
Cyclins can be divided into two groups as follows: 1) G1
cyclins, and 2) mitotic cyclins (5). G1 cyclins (type D and E)
are important in the modulation of the activity of tumor
suppressors such as retinoblastoma protein (Rb) (16). Rb in
an active form is under-phosphorylated. It binds to and
down-regulates the activity of transcription factors, namely
E2Fs, and thereby prevents replicative DNA synthesis (16).
G1 cyclin-CDKs (CDK4, CDK6, and CDK2), upon activation,
phosphorylate and inactivate Rb. Phosphorylated Rb disso-
ciates from and relieves the inhibitory constraint on E2Fs,
which in turn influence transcription of genes required for
DNA synthesis (17). On the other hand, the mitotic cyclins,
cyclin A and cyclin B, in complex with CDK2 and CDK1,
respectively, play an essential role in the progression of the
cell through the S phase and G2/M transition phase of the
cell cycle (18). Cyclin A also plays a role in G2/M transition
via its association with and regulation of CDK1 activity (19).
Of the two A-type cyclins known thus far, cyclin A, which is
also known as cyclin A2, plays a key role in the regulation of
mammalian cell cycle (18, 19). In contrast, cyclin A1, whose
expression is restricted to testis, plays a role in spermatogen-
esis (20, 21). In recent years, it was demonstrated that knock-
out mice for any single cyclin or CDK survive normally sug-
gesting redundancy in the signaling events of these
molecules fulfilling similar roles (22–24). However, target-
ing the down-regulation of cyclins along with their partner
CDKs leads to blockade of cell proliferation (25, 26). Because
vascular smooth muscle growth is an important contributor
of proliferative vascular diseases, targeting the disruption of

* This work was supported, in whole or in part, by National Institutes of Health
Grant HL069908 (to G. N. R.). The costs of publication of this article were
defrayed in part by the payment of page charges. This article must there-
fore be hereby marked “advertisement” in accordance with 18 U.S.C. Sec-
tion 1734 solely to indicate this fact.

1 To whom correspondence should be addressed: Dept. of Physiology,
University of Tennessee Health Science Center, 894 Union Ave., Mem-
phis, TN 38163. Tel.: 901-448-7321; Fax: 901-448-7126; E-mail:
grao@physio1.utmem.edu.

2 The abbreviations used are: CDK, cyclin-dependent kinase; VSMC, vascular
smooth muscle cell; SMC, smooth muscle cell; PDGF-BB, platelet-derived
growth factor BB; siRNA, small interfering RNA; ChIP, chromatin immuno-
precipitation; SMC, smooth muscle cell; Rb, retinoblastoma protein; PCNA,
proliferating cell nuclear antigen; Ad-GFP, adenovirus-green fluorescent
protein; RT, reverse transcription; FACS, fluorescence-activated cell sorter;

HASMC, human aortic smooth muscle cell; HBSS, Hanks’ balanced salt solu-
tion; m.o.i., multiplicity of infection; TRITC, tetramethylrhodamine isothio-
cyanate; NFAT, nuclear factors of activated T cell; CsA, cyclosporin A; BI,
balloon injury; CsA, cyclosporin A; RTK, receptor tyrosine kinase; SM�-ac-
tin, smooth muscle �-actin.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 39, pp. 26577–26590, September 26, 2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

SEPTEMBER 26, 2008 • VOLUME 283 • NUMBER 39 JOURNAL OF BIOLOGICAL CHEMISTRY 26577



CDK activities via the expression of their inhibitors has been
given attention in the development of approaches to prevent
these vascular lesions (27–29).
The nuclear factors of activated T cells (NFATs) are a

family of transcriptional factors that belong to the Rel group
(30). Among the five members of the NFAT family of tran-
scriptional factors cloned and characterized thus far, the
activation of NFATc1 to NFATc4 is dependent on a serine/
threonine phosphatase, namely calcineurin (30). Although
the initial studies showed their presence in immune cells
mediating immune responses (31), the subsequent investiga-
tions revealed their presence in nonimmune cells, playing a
role in various cellular functions, including cardiac hyper-
trophy, skeletal muscle growth, and osteoclast differentia-
tion (32–35). Furthermore, using gene knock-out mouse
models, the importance of NFATs in the development of the
cardiovascular system has been demonstrated (36–38). In
addition to these functions, work from our laboratory as well
as others showed that NFATs are involved in the regulation
of cell migration and proliferation (39–45). Furthermore,
toward understanding the mechanisms of NFAT involve-
ment in the regulation of VSMC migration, we discovered
that these transcriptional factors mediate interleukin-6
expression as one of the effector of molecules of RTK and
G-protein-coupled receptor agonist-induced VSMC motil-
ity (45). In this study, we have extended our studies toward
identifying the mechanisms of NFATs in mediating RTK
agonist, PDGF-BB-induced VSMC growth. Here we show
that NFATs, specifically NFATc1, mediate the induction of
expression of cyclin A, thereby leading to increased CDK2
activity in VSMC and the progression of these cells through
the cell cycle in response to PDGF-BB. Furthermore, we
demonstrate that BI-induced cyclin A expression and CDK2
activity are also dependent on NFAT activation signaling.

MATERIALS AND METHODS

Reagents—Cyclosporin A (A-195) was bought from
Biomol (Plymouth Meeting, PA). Histone H1 was supplied
by Calbiochem. Recombinant human PDGF-BB (220-BB)
was from R & D Systems Inc. (Minneapolis, MN). Anti-
CDK2 (SC-163) and anti-�-tubulin (SC-9104) antibodies
and mouse normal serum (SC-45051) were purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Anti-cy-
clin A (RB-007-P1 and RB-1548-P0) and anti-PCNA (MS-
106-P) antibodies were obtained from NeoMarkers (Fre-
mont, CA). Anti-NFATc1 (MA3-024) antibodies were
purchased from Affinity BioReagents (Golden, CO). Mono-
clonal anti-SM�-actin antibodies (catalog number A2547)
were obtained from Sigma. Lipofectamine 2000 reagent, pro-
pidium iodide, Taq polymerase, and pCR2.1-TOPO vector
were from Invitrogen. RNase A was purchased from Roche
Applied Science. T4 polynucleotide kinase, T4 DNA ligase, and
the restriction enzymes were obtained from New England
Biolabs (Ipswich, MA). Rat NFATc1 siRNA sequences (sense,
5�-CUA CUA AUG AGC AGC GAA AUU-3�; antisense, 5�-
UUU CGC UGC UCA UUA GUA GUU-3�), human NFATc1
siRNA sequences (catalog numberON-TARGETplus SMART-
pool L-003605-00-0020, human NFATc1, NM_172390),

siCONTROL nontargeting siRNA number 2 (catalog number
D-0012-02-20) and DharmaFECT 1 transfection reagent (cata-
log number T-2001-02) were bought from Dharmacon RNAi
Technologies (Chicago, IL). [�-32P]ATP (3000 Ci/mmol) and
protein-A-Sepharose (CL-4B) were from Amersham Bio-
sciences. All the primers and oligonucleotides were made by
IDT (Coralville, IA).
Cell Culture—Rat VSMC were isolated and subcultured as

described previously (42). VSMC were used between 4 and 12
passages. Human aortic smooth muscle cells (HASMC) were
bought from Cascade Biologics (Portland, OR). HASMC were
grown in medium 231 containing smooth muscle growth sup-
plements, 10 �g/ml gentamycin, and 0.25 �g/ml amphotericin
B. Cultures were maintained at 37 °C in a humidified 95% air
and 5%CO2 atmosphere. HASMCwere quiesced by incubating
in medium 231 for 48 h and used to perform the experiments
unless otherwise indicated.
Construction of GFP and GFPVIVIT Adenoviral Vectors—

Construction of Ad-GFP and Ad-GFPVIVIT was described
previously (42).
Western Blot Analysis—Equal amounts of protein from

VSMC or tissue extracts were analyzed byWestern blotting for
the indicated proteins using specific antibodies as described
previously (42).
CDK2 Assay—Protein extracts from cells or tissues were

prepared using lysis buffer (20 mM HEPES, pH 7.4, 150 mM
NaCl, 1% Nonidet P-40, 10 �g/ml aprotinin, 10 �g/ml leu-
peptin, 50 mM glycerophosphate, 10 mM NaF, and 1 mM
sodium orthovanadate). An equal amount of protein (200
�g) from each sample was immunoprecipitated with anti-
CDK2 antibodies (2 �g) overnight at 4 °C followed by incu-
bation with protein-A-Sepharose CL-4B beads for 1 h at
room temperature. The immunocomplexes were washed
four times with lysis buffer and one time with kinase buffer
and incubated in kinase reaction mix containing 25 mM
HEPES, pH 7.4, 10 mM MgCl2, 1 mM EGTA, 200 �g/ml his-
tone H1, 1 �Ci of [�-32P]ATP, and 50 �M ATP for 30 min at
30 °C. The kinase reactions were stopped by the addition of
SDS-PAGE sample buffer and boiling for 5 min. The reaction
products were separated by electrophoresis on 0.1% SDS and
10% polyacrylamide gels. The 32P-labeled histone H1 protein
was visualized by autoradiography, and the band intensity
was quantified using NIH Image J.
FACS Analysis—Quiescent VSMC that were treated with

andwithout PDGF-BB (20 ng/ml) for 16 hwere trypsinized and
collected by centrifugation at 1000 rpm for 5 min at 4 °C. After
washing with calcium and magnesium-free HBSS containing 1
mMEDTA and 1% (w/v) bovine serum albumin, cells were fixed
by adding 2 ml of ice-cold alcohol and collected by centrifuga-
tion at 1000 rpm for 5 min at 4 °C. Cells were then rinsed twice
with 1ml ofHBSS and suspended in 500�l of propidium iodide
buffer (20 �g of propidium iodide in 1 ml of calcium- andmag-
nesium-free HBSS containing 0.5 mg/ml RNase A) in Falcon
polystyrene round bottom tubes (catalog number 352052, BD
Biosciences) and incubated at 37 °C for 30 min. Cells were kept
in the dark at 4 °C for about 2 h before analyzing for cell cycle
progression using LSR II flow cytometer (BD Biosciences). The
data were analyzed by Modfit.
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RT-PCR—After appropriate treatments, total cellular RNA
was isolated from VSMC using TRIzol reagent as per the man-
ufacturer’s guidelines (Invitrogen). Reverse transcription was
carried outwith Superscript III first-strand synthesis system for
RT-PCR based on supplier’s protocol (Invitrogen). The cDNA
was then used as a template for PCR using specific primers. The
primers are as follows: rat cyclin A (GenBankTM accession
number NM_053702): forward, 5�-GAGCAAAAAGAAACT-
CAGTGTGAA-3�, and reverse, 5�-CAGACATGGAGGAGA-
GGAATCTAT-3�; rat �-actin (GenBankTM accession number
EF156276): forward, 5�-CGTTGACATCCGTAAAGACC-3�
and reverse, 5�-GATAGAGCCACCAATCCACA-3�; human
cyclin A (GenBankTM accession number NM_001237): for-
ward, 5�-TTTAAGGATCTTCCTGTAAAT-3�, and reverse,
5�-ATAGTATGTGGTGATTCAAAA-3�; and human �-actin
(GenBankTM accession number NM_001101): forward, 5�-AGC-
CATGTACGTTGCTAT-3�, and reverse 5�-GATGTCCACGT-
CACACTTCA-3�. The amplification was carried out on Gene-
Amp PCR System 2400 (Applied Biosystems, Foster City, CA),
using the following amplification conditions for the above-
mentioned genes: for cyclin A, 95 °C for 5 min followed by 30
cycles at 95 °C for 45 s, 58 °C for 45 s, and 72 °C for 50 swith final
extension at 72 °C for 7 min; for �-actin, 95 °C for 5 min fol-
lowed by 30 cycles at 95 °C for 45 s, 55 °C for 45 s, and 72 °C for
30 s with final extension at 72 °C for 7 min. The amplified RT-
PCR products were separated on 1.2% (w/v) agarose or 8%
native polyacrylamide gels and stained with ethidium bromide,
and pictures were captured using AlphaEase Digital Imaging
System (Alpha Innotech Corp., San Leandro, CA) and the band
intensities were quantified using NIH Image J.
Electrophoretic Mobility Shift Assay—After appropriate

treatments, VSMC nuclear extracts were prepared and ana-
lyzed for NFAT DNA binding activity as described previously
(29). Double-stranded oligonucleotides from �670 to �633
region of rat cyclin A promoter (5�-CTTTATTAGAGGCGA-
GGAAAAGTTTACTGGAATAC-3� and 3�-GAAATAATCT-
CCGCTCCTTTTCAAATGACCTTATG-5�) were used as
32P-labeled probe to measure NFAT DNA binding activities.
The nucleotide sequence in boldface type was changed to CTT
to make a mutant oligonucleotide probe for testing the speci-
ficity of NFAT DNA binding.
Chromatin Immunoprecipitation (ChIP) Assay—ChIP

assay was performed on VSMC by using ChIP assay kit fol-
lowing the supplier’s protocol (Upstate Biotechnology Inc.,
Lake Placid, NY). NFATc1-DNA complexes were immuno-
precipitated using monoclonal anti-NFATc1 antibodies.
Mouse normal serum was used as a negative control. Immu-
noprecipitated DNA was uncross-linked, subjected to pro-
teinase K digestion, and purified using QIAquick columns
(catalog number 28104, Qiagen, Valencia, CA). The purified
DNA was used as template for PCR amplification using
primers for cyclin A promoter (forward, 5�-GGCATTTTAA-
ATTGTCCCATC-3�, and reverse, 5�-ACTCGTTCGCCTCT-
CCTGTA-3�) regions flanking the putative NFAT-binding
sites. To demonstrate the specificity of NFATc1 binding to the
cyclin A promoter, a set of primers (forward, 5�-TAACATTG-
GTGCTGCCAACTGTCA-3�, and reverse, 5�-GATTTCTGA-
ATCAATTTATTCTTA-3�) in the rat cyclin A cDNA region

spanning from 1561 to 1710, i.e. �2.5 kb away from the
NFAT binding sequence, was used as a negative control. The
PCR products were resolved on 1.2% agarose or 8% native
polyacrylamide gels and stained with ethidium bromide; pic-
tures were captured using AlphaEase Digital Imaging System
(Alpha Innotech Corp., San Leandro, CA), and the band
intensities were quantified using NIH Image J.
Cloning of Rat Cyclin A Promoter—Rat cyclin A promoter

DNA was amplified from rat genomic DNA by PCR with both
forward primer (5�-CAAGTTGGCATTTTAAATTGTCC-
C-3�) and reverse primer (5�-ATC CGT CGG CGG CAGAGC
GTGCAAG-3�) that were designed according to the published
rat cyclin A promoter (46). The PCR consisted of 200 nM for-
ward and reverse primers, 2.5 units of TaqDNA polymerase,

FIGURE 1. PDGF-BB induces cyclin A expression and CDK2 activity in
NFAT-dependent manner in VSMC. A, quiescent VSMC were treated with
and without PDGF-BB (20 ng/ml) for the indicated times, and cell extracts
were prepared. An equal amount of protein from control and each treatment
was analyzed either for cyclin A and CDK2 levels by Western blotting or for
CDK2 activity by immunocomplex kinase assay. B, quiescent VSMC were
treated with and without PDGF-BB (20 ng/ml) in the presence and absence of
CsA (10 �M) for the indicated times, and cell extracts were prepared and
analyzed for cyclin A and CDK2 levels and/or activity as described in A. C, all
the conditions were the same as in B except that cells were transduced with
either Ad-GFP (control) or Ad-VIVIT with an m.o.i. of 80 and quiesced before
treatment with and without PDGF-BB (20 ng/ml) and analyzed for cyclin A
and CDK2 levels and/or activity. The bar graphs represent mean � S.D. values
of three independent experiments. *, p � 0.01 versus control or GFP; †, p �
0.01 versus PDGF-BB or GFP � PDGF-BB treatment alone.
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FIGURE 2. Blockade of NFAT activation prevents cell cycle progression of VSMC from G1 to S phase. A, quiescent VSMC were treated with and without PDGF-BB
(20 ng/ml) in the presence and absence of CsA (10 �M) for 16 h and subjected to FACS analysis. B, VSMC were transduced with either Ad-GFP or Ad-VIVIT at an m.o.i. of
80, quiesced, treated with and without PDGF-BB (20 ng/ml) for 16 h, and subjected to FACS analysis. The bar graphs represent mean�S.D. values of three independent
experiments. C, quiescent VSMC were treated with and without PDGF-BB (20 ng/ml) in the presence and absence of CsA (10 �M) for 24 h, and DNA synthesis was
measured by [3H]thymidine incorporation. D, conditions were the same as in C except that cells were transduced with either Ad-GFP or Ad-VIVIT at an m.o.i. of 80, and
quiesced before subjecting to treatment with PDGF-BB and measuring DNA synthesis. E, top panel, VSMC were transfected with scrambled (Scr) or cyclin A siRNA, and
36 h later cell extracts were prepared, and an equal amount of protein from each condition was analyzed by Western blotting for cyclin A levels. Bottom panel, after
transfection with scrambled or cyclin A siRNA, cells were quiesced and treated with and without PDGF-BB (20 ng/ml) for 24 h, and DNA synthesis was measured as
described in C. *, p � 0.01 versus control, GFP, or TR; †, p � 0.01 versus PDGF-BB or GFP � PDGF-BB or TR � PDGF-BB treatment alone. TR, transfection reagent.
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FIGURE 3. PDGF-BB induces the expression of cyclin A mRNA in NFAT-dependent manner in VSMC. A, quiescent VSMC were treated with and without
PDGF-BB (20 ng/ml) for the indicated times, and total cellular RNA was isolated. An equal amount of RNA was subjected to RT-PCR analysis of cyclin A and
�-actin mRNA levels using their respective primers. B, quiescent VSMC were treated with and without PDGF-BB (20 ng/ml) in the presence and absence of CsA
(10 �M) for the indicated times, and total cellular RNA was isolated and analyzed for cyclin A and �-actin mRNA levels as described in A. C, conditions were the
same as in B except that cells were transduced with either Ad-GFP or Ad-VIVIT at an m.o.i. of 80 and quiesced before subjecting to PDGF-BB treatment and
RT-PCR analysis. The bar graphs represent mean � S.D. values of three independent experiments. *, p � 0.01 versus control or GFP; †, p � 0.01 versus PDGF-BB,
GFP � PDGF-BB treatment alone.
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200 �M dNTPs, 5% (v/v) DMSO, 1.5
mMMgCl2, 10mMTris-HCl, pH8.3,
and 50 mMNaCl. The PCR was per-
formed at 94 °C for 2 min followed
by 25 cycles at 92 °C for 30 s, 55 °C
for 30 s, and 72 °C for 30 s with a
final extension of 10 min at 72 °C.
ThePCR-amplified rat cyclinApro-
moter was cloned into pCR2.1-
TOPO vector, and the final clone
pF3TOPO was verified by DNA
sequencing. The rat cyclin A pro-
moter was released from pCR2.1-
TOPO vector by digestion with SacI
and XhoI and cloned into the SacI
andXhoI sites of pGL3-basic vector.
The final construct of rat cyclin A
promoter carrying luciferase re-
porter gene, pF3Luc, was verified by
DNA sequencing with RV3 primer
(5�-CTA GCA AAA TAG GCT
GTC CC-3�).
Luficerase Reporter Gene Assay—

VSMC were transduced first with
Ad-GFP or Ad-VIVIT and then
transfected with cyclin A promoter-
luciferase construct using Lipo-
fectamine 2000 reagent. The cells
were then quiesced in serum-free
Dulbecco’s modified Eagle’s me-
dium for 36 h. After quiescence,
cells were treated with and without
PDGF-BB (20 ng/ml) for 8 h. In the
CsA experiment, 10 �M CsA was
used instead of adenovirus. After
the treatments, cells were washed
once with ice-cold phosphate-buff-
ered saline and lysed with 200 �l of
lysis buffer, and the cell extracts
were collected into microcentrifuge
tubes. The samples were centri-
fuged for 2min at 12,000� g at 4 °C.
The supernatants were transferred
into new tubes, and 40 �g of the
supernatant was used formeasuring
luciferase activity using Promega
luciferase assay system and Turner
Luminometer (TD-20/20) (Turner
Designs, Sunnyvale, CA).
Carotid Artery Balloon Injury—

All the animal protocols were per-
formed in accordance with the rele-
vant guidelines and regulations
approved by the Internal Animal
Care & Use Committee of the Uni-
versity of Tennessee Health Science
Center. BI was performed essen-
tially as described previously by us
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(42). Briefly, rats weighing 250–300 g were anesthetized by
injecting (intraperitoneally) ketamine (60 mg/kg) and xylazine
(5mg/kg). Under a stereomicroscope, the right common, exter-
nal, and internal carotid arteries were exposed by a longitudinal
midline cervical incision, and blood flowwas temporarily inter-
rupted by ligation of the common and internal carotid arteries
using vessel clips. External carotid artery was ligated perma-
nently. A 2F Fogarty arterial embolectomy catheter was intro-
duced through an arteriotomy in the external carotid artery just
below the ligature and advanced to the common carotid artery.
To produce carotid artery injury, the balloon was inflated with
saline and passed six times with rotation from just under the
proximal edge of the omohyoid muscle to the carotid bifurca-
tion. After this, the balloon was deflated and the catheter was
withdrawn. The external carotid artery was ligated with a 6-0
silk suture, and the blood flow was restored by removing the
clips at the common and internal carotid arteries. After inspec-
tion to ascertain adequate pulsation of the common carotid
artery, the surgical incision was closed, and the rats were
allowed to recover from anesthesia in a humidified andwarmed
chamber for 2–4 h.At 3 days or 2weeks after balloon injury, the
animals were sacrificed with an overdose of pentobarbital (200
mg/kg), and the carotid arteries were collected, and either pro-
tein was isolated or fixed to make cryosections.
Delivery of Adenoviruses into Injured Arteries—After balloon

injury, solutions of 100 �l of Ad-GFP (1010 plaque-forming
units/ml) or Ad-VIVIT (1010 plaque-forming units/ml) were
infused into the ligated segment of the common carotid artery
for 30 min as described previously (42). Viral transductions
were evaluated at 1 week post-BI by isolation of arteries fol-
lowed by either cryostat cross-sectioning and examining for
green fluorescence protein expression under Nikon diaphot
fluorescence microscope with photometrics CH250 CCD
camera (Nikon, Garden City, NY) or by preparing tissue
extracts and Western blot analysis of GFP levels using its
specific antibodies.
Double Immunofluorescence Staining—After dissecting out,

arteries were fixed in 10% formalin and embedded in OCT
compound. Cryo-sections (5 �m)weremade using Leica Kryo-
stat machine (model CM3050S). After blocking in normal goat
serum, the cryo-sections were incubated first with anti-SMC�-
actin antibodies (1:500) followed by TRITC-conjugated sec-
ondary antibodies. After washing with phosphate-buffered
saline and blocking again in normal goat serum, these sections

were incubated with anti-cyclin A (1:100) antibodies followed
by fluorescein isothiocyanate-conjugated secondary antibod-
ies. Fluorescence was observed under a Zeiss inverted micro-
scope (model Axiovert 200 M).
Histochemistry—The cryo-sections (5 �m) of balloon

injured, Ad-GFP, or Ad-VIVIT-transduced carotid arteries
were immunostained for PCNA using its specific antibodies or
stained with hematoxylin and eosin. The stained sections were
observed under a light microscope (model Eclipse 50i, Garden
City, NY). SMC proliferation was measured by counting
PCNA-positive cells in the intimal and medial regions of each
artery using NIH image J. The intimal (I) and medial (M) areas
in hematoxylin and eosin-stained sections were measured
using NIH image J program, and the I/Mratios and lumen sizes
were calculated.
Statistics—All the experiments were repeated several times

with similar results. Data are presented as mean � S.D. The
treatment effects were analyzed by Student’s t test. p values
�0.05 were considered to be statistically significant. In the case
ofChIP analysis, electrophoreticmobility shift assay, andWest-
ern blotting, one representative set of data is shown.

RESULTS

To understand the role of NFATs in vascular wall remodel-
ing, we studied their involvement in cell cycle-dependent gene
expression in VSMC in response to PDGF-BB and in the vessel
wall in response to BI. PDGF-BB (20 ng/ml) induced cyclin A
levels in VSMC in a time-dependent manner with maximum
2–3-fold increases at 8 and 16 h of treatment, respectively (Fig.
1A). On the other hand, it had no effect on CDK2 levels.
Because cyclin A forms a complex with and influences CDK2
activity, we next studied the effect of PDGF-BB on the activity
of this enzyme. Consistent with its effect on cyclin A levels,
PDGF-BB (20 ng/ml) induced CDK2 activity in a time-depend-
ent manner with maximum 3-fold increase at 8 and 16 h (Fig.
1A). Next we tested the effect of CsA on PDGF-BB-induced
cyclin A expression. CsA is a potent inhibitor of calcineurin
(30). Calcineurin by dephosphorylating facilitates the activa-
tion of NFATs (30). CsA (10 �M), while having no effect on the
levels of CDK2, completely inhibited PDGF-BB-induced cyclin
A expression (Fig. 1B). CsA also blocked PDGF-BB-induced
CDK2 activity (Fig. 1B). To confirm these results further, we
tested the effect of VIVIT, an NFAT competing peptide for
binding to calcineurin (47). Adenovirus-mediated expression

FIGURE 4. PDGF-BB induces cyclin A promoter-driven luciferase reporter gene activity in NFAT-dependent manner in VSMC. A, rat cyclin A promoter
region showing the potential transcription factor-binding motifs. B, 1st panel from left, quiescent VSMC were treated with and without PDGF-BB (20 ng/ml) for
the indicated times, and nuclear extracts were prepared. An equal amount of nuclear protein from control and each treatment was analyzed for DNA binding
activity using 32P-labeled NFAT consensus sequences from rat cyclin A promoter as a probe. 2nd panel, 32P-labeled consensus or mutant NFAT probes in the
DNA binding assays using control and 1 h-PDGF-BB (20 ng/ml)-treated nuclear extracts. 3rd panel, all the conditions were the same as in 1st panel except that
cells were treated with and without PDGF-BB (20 ng/ml) in the presence and absence of CsA (10 �M) for 1 h, and nuclear extracts were prepared and analyzed
for NFAT DNA binding activity. 4th panel, conditions were the same as in 3rd panel except that cells were transduced with either Ad-GFP or Ad-VIVIT at an m.o.i.
of 80 and quiesced before subjecting to treatment with PDGF-BB, preparation of nuclear extracts, and measuring NFAT DNA binding activity. C, top panel,
chromatin immunoprecipitation assay was performed with control and various time periods of PDGF-BB-treated VSMC using monoclonal anti-NFATc1 anti-
bodies, and the resulting DNA fragments were subjected to PCR amplification using primers spanning the NFAT consensus sequences from rat cyclin A
promoter. Bottom panel, VSMC were transduced with either Ad-GFP or Ad-VIVIT at an m.o.i. of 80, quiesced, treated with and without PDGF-BB (20 ng/ml) for
2 h, and subjected to ChIP assay as described in the top panel. D, left panel, VSMC that were transfected with cyclin A promoter-luciferase construct and quiesced
were treated with and without PDGF-BB (20 ng/ml) in the presence and absence of CsA (10 �M) for 8 h, and cell extracts were prepared and assayed for
luciferase activity. Right panel, all the conditions were the same as in the left panel except that cells were transduced first with Ad-GFP or Ad-VIVIT at an m.o.i.
of 80 and then transfected with luciferase reporter plasmid DNA followed by quiescence and treatment with and without PDGF-BB and measuring luciferase
activity. *, p � 0.01 versus control or GFP; †, p � 0.01 versus PDGF-BB or GFP � PDGF-BB treatment alone.
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of VIVIT also blocked PDGF-BB-induced increases in cyclin A
levels and CDK2 activity (Fig. 1C). Because cyclin A/CDK2
plays an important role in cell cycle progression, we examined
the effects of CsA and VIVIT on PDGF-BB-induced VSMC cell
cycle progression. Upon exposure to PDGF-BB (20 ng/ml) for
16 h, 30–40% of quiescent cells entered into S phase (Fig. 2, A
and B). CsA and VIVIT completely blocked PDGF-BB-induced
VSMC progression onto S phase (Fig. 2, A and B). To confirm
this result, we tested the effect of CsA andVIVIT on PDGF-BB-
induced DNA synthesis. As measured by [3H]thymidine incor-
poration, bothCsA andVIVIT completely inhibited PDGF-BB-
induced VSMC DNA synthesis (Fig. 2, C and D). Similarly,
cyclin A siRNA also blocked PDGF-BB-induced VSMC DNA
synthesis (Fig. 2E).
To identify the mechanisms underlying the involvement

of NFATs in the regulation of cyclin A expression, we stud-
ied the effect of CsA and VIVIT on its mRNA levels.
PDGF-BB (20 ng/ml) induced cyclin A mRNA levels in a
time-dependent manner with maximum effects at 8 and 16 h
(Fig. 3A). CsA and VIVIT inhibited PDGF-BB-induced
cyclin A mRNA levels (Fig. 3, B and C). To understand the
mechanisms by which NFATs influence cyclin A mRNA lev-
els, we cloned a 696-bp rat cyclin A promoter region using
primers designed on a published sequence (46). Bioinfor-
matic analysis of the cloned rat cyclin A promoter revealed
the presence of NFAT-binding regulatory sequence span-
ning from �655 to �650 region (Fig. 4A). To test whether
NFATs bind to these elements in response to PDGF-BB, we
first performed the time course effect of PDGF-BB on NFAT
DNA binding activity using NFAT regulatory sequence pres-
ent in the cyclin A promoter as a 32P-labeled probe.
PDGF-BB (20 ng/ml) induced NFAT DNA binding activity
in a time-dependent manner with a maximum 3-fold effect
at 1 h using this oligonucleotide sequence as a probe (Fig.
4B). On the other hand, no NFAT DNA binding activity was
observed with a 32P-labeled oligonucleotide probe in which
the NFAT-binding element was mutated from AGG to TCC.
CsA and VIVIT completely inhibited PDGF-BB-induced
NFAT DNA binding activity (Fig. 4B). To obtain additional
evidence for the binding of NFATs to the cyclin A promoter,
we performed ChIP assay using anti-NFATc1 antibodies.
ChIP analysis revealed a time-dependent binding of NFATc1
to the cyclin A promoter in VSMC in response to PDGF-BB
(Fig. 4C). Blockade of NFAT activation with VIVIT com-
pletely inhibited the PDGF-BB-induced binding of NFATc1
to the cyclin A promoter (Fig. 4C). No DNA amplification
was observed with a set of primers designed in the cyclin A
coding region 2.5 kb away from the NFAT regulatory
sequence in the anti-NFATc1 antibody chromatin immuno-
precipitants, a result that demonstrates the specificity of
NFATc1 binding to cyclin A promoter in response to PDGF-
BB. In addition, PDGF-BB (20 ng/ml) induced NFAT-bind-
ing element containing 696-bp cyclin A promoter-driven
luciferase reporter gene activity, and it was blocked by both
CsA and VIVIT (Fig. 4D). To extend the in vitro observations
on the role of NFATs in the regulation of cyclin A to in vivo,
we next studied the role of NFATs in BI-induced expression
of cyclin A. As measured by Western blotting, BI of rat

carotid artery induced the expression cyclin A levels at 3
days post-injury, and adenovirus-mediated transduction of
VIVIT completely suppressed this effect (Fig. 5A). Similarly,
BI induced CDK2 activity, and this response as well was
blocked by VIVIT (Fig. 5A). To test whether BI-induced
NFAT-mediated cyclin A expression occurs in SMC, we per-
formed double immunofluorescence staining for SM�-actin
and cyclin A co-localization. Substantial co-localization of
SM�-actin and cyclin A was observed in the arteries in
response to BI, and adenovirus-mediated expression of
VIVIT reduced this co-immunostaining by about 90% sug-
gesting that NFAT-dependent increases in cyclin A expres-
sion occur in SMC of balloon-injured arteries (Fig. 5B). Con-
sistent with cyclin A/CDK2 activity, BI induced PCNA
expression, and it was blocked by VIVIT (Fig. 6A). Because
blockade of NFAT activation signaling suppressed cyclin
A/CDK2 activity resulting in reduced PCNA expression, we
further tested the effect of VIVIT on neointima formation, as
SMC proliferation is an important contributor of injury-in-
duced vessel wall remodeling. Substantial neointima forma-
tion was observed at 2 weeks post-BI and, consistent with
our earlier observations (42), adenovirus-mediated trans-
duction of VIVIT attenuated this response by about 40%
resulting in decreased I/M ratio and increased lumen size
(Fig. 6B). To identify the NFAT family member mediating
PDGF-BB-induced cyclin A expression and DNA synthesis
in VSMC, we tested the role of NFATc1 using siRNA
approach. Down-regulation of NFATc1 levels by its siRNA
blocked PDGF-BB-induced cyclin A expression at both
mRNA and protein levels and DNA synthesis in rat VSMC
(Fig. 7, A–D). To extend these observations to human vascu-
lar disease, we next studied the role of NFATc1 in the regu-
lation of cyclin A expression in HASMC. Down-regulation of
NFATc1 levels by its siRNA also suppressed PDGF-BB-in-
duced cyclin A expression and DNA synthesis in HASMC as
well (Fig. 8, A–D).

DISCUSSION

Themajor observations of the present study are as follows.
1) PDGF-BB induced the expression of cyclin A resulting in
increased CDK2 activity in VSMC. 2) Inhibition of NFAT
activation signaling by both pharmacological and genetic
approaches suppressed PDGF-BB-induced cyclin A expres-
sion and CDK2 activity in VSMC. 3) Interference with NFAT
activation signaling also blocked the progression of VSMC
from G1 to S phase of the cell cycle. 4) Cloning and bioinfor-
matic analysis of rat cyclin A promoter revealed the presence
of NFAT-binding elements and PDGF-BB-induced NFAT
binding activity to promoter elements in CsA- and VIVIT-
sensitive manner. 5) ChIP analysis revealed that NFATc1
binds to cyclin A promoter in cells in a time-dependent and
NFAT activation signaling-dependent manner in response
to PDGF-BB. 6) Interference with NFAT activation by CsA
and VIVIT also inhibited PDGF-BB-induced NFAT-binding
site containing 700 bp cyclin A promoter-driven luciferase
reporter gene activity in VSMC. 7) BI of rat carotid artery
induced cyclin A expression and its partner CDK2 activity,
resulting in increased SMC proliferation, and these
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responses were completely suppressed by adenovirus-medi-
ated transduction of VIVIT. 8) BI-induced substantial
neointima formation at 2 weeks of post-BI and adenovirus-
mediated transduction of VIVIT attenuated this effect by

about 40%. 9) Down-regulation of NFATc1 via its siRNA
inhibited PDGF-BB-induced cyclin A expression and DNA
synthesis both in RASMC and HASMC. Together, these
observations provide mechanistic evidence for the role of

FIGURE 5. Blockade of NFAT activation suppresses balloon injury-induced cyclin A expression and CDK2 activity in the arteries. Soon after balloon
injury, the rats received adenovirus expressing either GFP or VIVIT by infusion into the injured arteries. Three days after balloon injury, rats were sacrificed, and
the injured right common carotid arteries and uninjured left common carotid arteries were dissected out, and either tissue extracts or sections were made. A,
an equal amount of protein from uninjured and balloon-injured Ad-GFP or Ad-VIVIT-transduced arteries was analyzed for cyclin A and �-tubulin expression and
CDK2 activity by Western blotting and immunocomplex kinase assay, respectively, as described in Fig. 1 legend. The bar graph represents mean � S.D. values
of six animals in three groups. B, double immunofluorescence staining of balloon injured Ad-GFP or Ad-VIVIT transduced carotid artery sections for SM�-actin
and cyclin A. *, p � 0.01 versus UI; †, p � 0.01 versus GFP-BI. UI, uninjured.
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NFATs, specifically NFATc1, in injury-induced vascular
wall remodeling.
Previous studies from our laboratory as well as others have

shown that activation of NFATs is required for VSMC pro-
liferation (39, 42, 48). The studies from our laboratory also
showed a role for NFATs in the regulation of VSMC migra-
tion (45). Toward understanding the mechanisms of NFATs
in the regulation of cell migration, we reported that interleu-
kin-6 is one of the downstream effector molecules of NFATs
inmediating both RTK andG-protein-coupled receptor ago-
nist-induced VSMC migration (45). In this study, we identi-
fied cyclin A, a cell cycle-dependent molecule, as a down-
stream effector of NFATs in mediating VSMC proliferation
in response to a potent vascular mitogen, PDGF-BB. The
observations that VIVIT blocks BI-induced expression of
cyclin A and its partner CDK2 activity in rat carotid arteries
further support the role of NFATs in the regulation of cell
cycle genes even in vivo. In addition, the decreased cyclin
A/CDK2 activity by VIVIT in balloon-injured arteries corre-
lated with diminished DNA synthesis as measured by a
reduction in the expression of PCNA, a cofactor for DNA
polymerases (49). The decreased PCNA levels in balloon-
injured and VIVIT-transduced arteries further correlated
with a reduction in SMC number and neointima formation.
The finding that BI-induced increases in cyclin A expression
occur in SMC as revealed by co-localization of cyclin A with
smooth muscle �-actin and that inhibition of NFAT activa-
tion signaling by adenovirus-mediated expression of VIVIT
suppressed this co-localization further strengthens the role
of NFATs in the regulation of VSMC growth in vivo as well.
Because ChIP analysis revealed that NFATc1 binds to cyclin
A promoter in VSMC in response to PDGF-BB, and siRNA-
mediated down-regulation of NFATc1 suppressed PDGF-
BB-induced cyclin A expression and DNA synthesis both in
rat and human VSMC, it is likely that this member of the
NFAT family of transcriptional factors is involved in the
regulation of VSMC proliferation. In this regard, it should
be pointed out that forced expression of a constitutively
active NFATc1 in murine 3T3-L1 fibroblasts leads to their
transformation (41). NFATc1 has also been shown to play a
role in vascular endothelial growth factor-induced endothe-
lial cell proliferation (40). Furthermore, conditional expres-
sion of NFATc1 enhanced pancreatic �-cell proliferation
(43). In addition to these observations, disruption of
NFATc1 led to impaired myocardial development with
defects in valve formation (36, 37). Despite the role of
NFATs in the regulation of growth and development, partic-
ularly of cardiovascular systems, the underlying mechanisms
are not known. In this regard, this study provides a direct

evidence for the role of NFATs in the regulation of cyclin A,
which plays a crucial role in the regulation of cell prolifera-
tion. A large body of data indicates that cyclin A/CDK2 is
involved in the progression of a cell through the S phase of
the cell cycle (18, 19). In this aspect, the involvement of
NFATs in the regulation of cyclin A/CDK2 activity tightly
links their capacity to regulation of cell proliferation. How-
ever, one study showed that NFATc2�/� lymphocytes grow
faster than wild type cells and express higher levels of cyclins
(50). NFATc2 has also been shown to repress cyclin A and
CDK4 expression in T cells (51, 52). These observations led
to the assumption that NFATs negatively regulate cyclins/
CDKs and thereby cell proliferation. However, based on
these observations as well as the present findings, it appears
that different members of the NFAT family of transcription
factors are involved in differential regulation of cyclins, with
NFATc1 and -c2 as positive and negative regulators, respec-
tively. Recently, it was reported that constitutive expression
of cyclin A in the myocardium leads to a regenerative
response after infarction and prevents heart failure (53). Fur-
thermore, a combinatorial loss of CDK4 and CDK2 led to
embryonic lethality with heart defects (54). Because the
knock out of NFATc1 led to defects in cardiac development
(36, 37) and the present findings revealed that NFATs mod-
ulate the expression of cyclin A in VSMC, it is possible that
the NFAT-cyclin A signaling axis may be an important
player in the development of the cardiovascular system.
It was reported that cyclin A is a target gene for a number

of transcription factors, including AP-1 (activator protein-1)
and ATF-2 (activating transcription factor-2) in mediating
growth in many cell types in response to various growth
factors (55, 56). Many studies showed that NFATs interact
with other transcriptional factors such as AP-1, EGR-1 (early
growth response protein-1), and Sp1 (stimulating protein 1)
in the regulation of cytokine and cell division kinase inhibi-
tor genes (57–59). Although electrophoretic mobility shift
assay and ChIP analysis revealed that NFATc1 binds to
cyclin A promoter in VSMC, it is quite possible that this
interaction could be mediated via a mechanism involving its
interaction with other transcription factors such Sp1 or
ATF-2 whose binding sites are also present in the cyclin A
promoter region. Future studies are required to address
whether NFATc1 interacts with these transcription factors
in the regulation of cyclin A gene in mediating PDGF-BB-
induced VSMC proliferation.
In summary, these results demonstrate for the first time that

NFATs, particularly NFATc1, target cyclin A/CDK2 in the reg-
ulation of VSMC multiplication and thereby in restenosis. In
view of its role in VSMC migration and proliferation, NFATc1

FIGURE 6. Blockade of NFAT activation suppresses BI-induced SMC proliferation and neointima formation. A, all the treatment conditions were the same
as in Fig. 5 except that after BI, rats were sacrificed; arteries were isolated and fixed, and SMC proliferation was measured by PCNA staining as described under
“Materials and Methods.” Top panel shows the representative pictures of balloon-injured Ad-GFP or Ad-VIVIT-transduced carotid artery sections that were
stained for PCNA. The bar graph in the bottom panel shows the quantitative analysis of the PCNA-positive cells counted in 10 randomly selected fields of the
immunostained sections of the balloon-injured Ad-GFP or Ad-VIVIT-transduced arteries. B, all treatment conditions were the same as in A, except that 2 weeks
after BI, rats were sacrificed; arteries were isolated and fixed, and cross-sections were made and stained with hematoxylin and eosin. After morphometry
analysis, the I/M ratios and lumen sizes were calculated. Top panel shows the representative pictures of the balloon-injured Ad-GFP or Ad-VIVIT-transduced
carotid artery cross-sections that were stained with hematoxylin and eosin. The bar graphs in the bottom panel show the quantitative analysis of the I/M ratios
and lumen sizes of the balloon-injured Ad-GFP or Ad-VIVIT-transduced rat carotid arteries. *, p � 0.05 versus GFP-BI (n � 6).
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FIGURE 7. Down-regulation of NFATc1 by its siRNA blocks PDGF-BB-induced cyclin A expression and DNA synthesis in rat VSMC. A, VSMC were
transfected with scrambled (Scr) control or NFATc1 siRNA oligonucleotides, and 36 h later cell extracts were prepared, and an equal amount of protein from
each condition was analyzed by Western blotting for NFATc1 levels using its specific antibodies. B and C, after transfection with scrambled control or NFATc1
siRNA oligonucleotides and quiescence, cells were treated with and without PDGF-BB (20 ng/ml) for 8 h, and either RNA or proteins were isolated and analyzed
for cyclin A mRNA (B) and protein (C) levels by RT-PCR and Western blot analysis, respectively, using its specific primers and antibodies. D, all the conditions were
the same as in B except that after quiescence cells were treated with and without PDGF-BB (20 ng/ml) for 24 h, and DNA synthesis was measured by
[3H]thymidine incorporation. *, p � 0.01 versus TR; †, p � 0.01 versus TR � PDGF-BB treatment alone.
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FIGURE 8. Down-regulation of NFATc1 by its siRNA blocks PDGF-BB-induced cyclin A expression and DNA synthesis in human VSMC. A, VSMC were
transfected with scrambled control or NFATc1 siRNA oligonucleotides, and 36 h later cell extracts were prepared, and an equal amount of protein from each
condition was analyzed by Western blotting for NFATc1 levels using its specific antibodies. The blot was reprobed with anti-NFATc3 antibodies for specificity.
B and C, after transfection with scrambled control or NFATc1 siRNA oligonucleotides and quiescence, cells were treated with and without PDGF-BB (20 ng/ml)
for 8 h, and either RNA or proteins were isolated and analyzed for cyclin A mRNA (B) and protein (C) levels by RT-PCR and Western blot analysis, respectively,
using its specific primers and antibodies. D, all the conditions were the same as in B except that after quiescence cells were treated with and without PDGF-BB
(20 ng/ml) for 24 h, and DNA synthesis was measured by [3H]thymidine incorporation. *, p � 0.01 versus TR; †, p � 0.01 versus TR � PDGF-BB treatment alone.
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may be a potential target for the development of anti-restenotic
agents.
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