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Previously, we have demonstrated that STAT-5B plays a
role in thrombin-induced vascular smooth muscle cell
(VSMO) growth and motility. To learn more about the
role of STAT-5B in vessel wall remodeling, we examined
its involvement in platelet-derived growth factor-BB
(PDGF-BB)-stimulated VSMC growth and motility and
balloon injury-induced neointima formation. PDGF-BB
activated STAT-5B as measured by its tyrosine phos-
phorylation, DNA binding, and reporter gene activity.
PDGF-BB induced cyclin D1 expression, CDK4 activity,
and Rb protein phosphorylation, leading to VSMC
growth and motility, and these responses were sup-
pressed by the blockade of STAT-5B. Increased cyclin D1
levels, CDK4 activity, and Rb protein phosphorylation
were observed in 1-week balloon-injured arteries com-
pared with uninjured arteries, and these responses
were also suppressed by adenovirus-mediated expres-
sion of dnSTAT-5B. In addition, adenovirus-mediated
expression of dnSTAT-5B attenuated balloon injury-in-
duced smooth muscle cell migration from media to in-
tima and their proliferation in intima, resulting in re-
duced neointima formation. These observations indicate
that STAT-5B plays an important role in PDGF-BB-in-
duced VSMC growth and motility in vitro and balloon
injury-induced neointima formation in vivo. (Am J
Patbol 2007, 171:1381-1394; DOI: 10.2353/ajpath.2007.061258)

Increased vascular smooth muscle cell (VSMC) mass is a
major contributing factor in atherosclerosis and neointima
formation after percutaneous transluminal angioplasty. '
A broad spectrum of molecules including cytokines,
growth factors, hormones, and oxidants that are pro-
duced by a variety of cell types at the sites of vascular

injury have been reported to influence the growth of
VSMCs in vitro.*~'° Because a large number of molecules
are apparently involved in these vessel wall diseases,
understanding the biochemical mechanisms that are
common to the mitogenic effects of many of these sub-
stances may lead to the development of better therapeu-
tic agents against the progression of these vascular le-
sions. Indeed, approaches that target the inhibition of
VSMC proliferation have been found to be more promising
in arresting the development of neocintima.™'* Toward elu-
cidation of signal transduction mechanisms that are ubiqui-
tously involved in the mitogenic actions of various VSMC
agonists, we have shown previously that both receptor ty-
rosine kinase (RTK) and G protein-coupled receptor
(GPCR) agonists such as platelet-derived growth factor-BB
(PDGF-BB) and thrombin, respectively, activate nuclear
factor of activated T cells (NFATs) and signal transducer
and activator of transcription-3 (STAT-3) in stimulating
VSMC growth and/or motility.> 58

Early studies from various laboratories have shown that
STATs play an important role in the regulation of cytokine-
induced gene expression.''" However, subsequent
studies have revealed their involvement in a variety of
cellular responses including cell differentiation, prolifera-
tion, and apoptosis.?*?® In addition, selectivity among
various STATs in mediating these cellular effects has
been observed.?>*® Specifically, whereas STAT-1 has
been found to be involved in the modulation of apopto-
sis,?”?® STAT-3 and STAT-5 were reported to play a role
in the regulation of cell growth and differentiation.??-24
Recently, we have observed a role for STAT-5B in GPCR
agonist thrombin-induced VSMC growth and motility.?°
PDGF-BB is the most potent VSMC mitogen and che-
moattractant.”2'¢17 Therefore, to understand the role of
STAT-5B in vascular wall remodeling further, in the
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present investigation we have studied its involvement in
VSMC growth and motility in response to PDGF-BB in vitro
and balloon injury in vivo. Here, we report for the first time
that PDGF-BB stimulates STAT-5B activation leading to
induction of cyclin D1 expression, CDK4 activity, and Rb
protein phosphorylation in VSMCs and thereby the
growth and motility of these cells. In addition, increases in
cyclin D1 levels, CDK4 activity, Rb protein phosphoryla-
tion, smooth muscle cell (SMC) migration from media to
intima, and their proliferation in intima were observed in
arteries after balloon injury as compared with uninjured
arteries, and these responses were suppressed by ade-
novirus-mediated expression of dnSTAT-5B resulting in
reduced neointima formation. Together, these results
point to a potential role for STAT-5B in vessel wall remod-
eling in response to injury.

Materials and Methods

Reagents

Aprotinin, phenylmethyl sulfonyl fluoride, sodium orthovana-
date, leupeptin, HEPES, B-glycerophosphate, and sodium
fluoride were purchased from Sigma Chemical Company
(St. Louis, MO). Recombinant human PDGF-BB (220-BB)
was from R&D Systems Inc. (Minneapolis, MN). Anti-STAT-3
antibodies (SC-482), anti-STAT-5 antibodies (SC-835, SC-
836), anti-STAT-5B antibodies (SC-1656), anti-CDK4 anti-
bodies (SC-260), and STAT-5 consensus-binding oligonu-
cleotides (5’-AGATTTCTAGGAATTCAATCC-3') (SC-2565)
were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). Anti-phospho STAT-3 antibodies (9145),
anti-phospho STAT-5 antibodies (9351), anti-PY20 antibod-
ies (9411), and anti-phospho pRb antibodies (9307) were
supplied by Cell Signaling Technology (Beverly, MA).
Anti-cyclin D1 antibodies (RB-010-P), anti-STAT-5B an-
tibodies (RB-096-P1ABX), and anti-proliferating cell
nuclear antigen (PCNA) antibodies (MS-106-P) were
from NeoMarkers (Fremont, CA). Anti-STAT-5B anti-
bodies (06-969) were also obtained from Upstate (Lake
Placid, NY). Monoclonal anti-histone antibodies (MAB
1276) were from Chemicon (Temecula, CA). The in situ
cell death detection kit, TMR Red, was purchased from
Roche Diagnostics (Indianapolis, IN). Truncated Rb pro-
tein (3109) was obtained from QED Bioscience, San Diego,
CA. Rat cyclin D1 short interfering RNA (siRNA) duplexes
(siRNA3: sense, 5-GCGCGUACCCUGACACCAAUU-3’;
antisense, 5’-UUGGUGUCAGGGUACGCGCUU-3'; siRNA4:
sense, 5-CCGAGAAGUUGUGCAUCUAUU-3'; antisense,
5"-UAGAUGCACAACUUCUCGGUU-3'); scrambled control
siRNA (5’-UAGCGACUAAACACAUCAA-3") were made by
Dharmacon (Lafayette, CO). T4 polynucleotide kinase was
obtained from Promega (Madison, WI). [y*2P]ATP (3000
Ci/mmol), ['*C]chloramphenicol (59 mCi/mmol), and pro-
tein-A-Sepharose (CL-4B) were from Amersham Bio-
sciences (Piscataway, NJ). Thymidine [methyl-*H] (20
Ci/mmol) was obtained from Perkin-Elmer (Boston, MA).
All of the primers and the putative STAT-binding oligonu-
cleotides from rat cyclin D1 promoter were made by IDT
(Coralville, 1A).

Cell Culture

Rat VSMCs were isolated and subcultured as described
previously.2® VSMCs were used between 4 and 12 pas-
sages. Human aortic smooth muscle cells (HASMCs)
were obtained from Cascade Biologics, Inc. (Portland,
OR) and subcultured in Medium 231 containing smooth
muscle growth supplements, 10 ug/ml gentamicin, and
0.25 png/ml amphotericin B. Cultures were maintained at
37°C in a humidified 95% air and 5% CO, atmosphere.
HASMCs were growth-arrested by incubating in Medium
231 without smooth muscle growth supplements for 48
hours and used to perform the experiments unless oth-
erwise stated. HASMCs were used between 6 and 10
passages.

DNA Synthesis

VSMC DNA synthesis was measured by pulse-labeling
cells with 1 uCi/ml [®H]thymidine for the last 12 hours of
the 24-hour incubation period as described previously.?®

Cell Number

VSMCs at 72 hours of appropriate treatments were
trypsinized, rinsed with and suspended in 1 ml of phosphate-
buffered saline (PBS), and counted using hemocytometer.

Cell Migration

VSMC motility was measured using a wounding assay as
described previously.?®

In Vivo SMC Migration Assay

Although migration is difficult to quantify in vivo, the ac-
cumulation of cells in the intima early (~4 days) after
injury is considered to be mostly attributable to the mi-
gration of SMCs from the injured media.®° Therefore, the
in vivo SMC migration was determined as described by
Bendeck and colleagues.®! In brief, 4 days after balloon
injury, the carotid arteries were fixed in vivo with 10%
buffered formalin at physiological pressure. The middle 1
cm of the denuded (injured) and uninjured common ca-
rotid arteries were cut and fixed in ice-cold acetone for 10
minutes. The arteries were then opened longitudinally
and pinned down onto an agar plate with the luminal
surface facing upward. The arteries were rinsed in PBS
and then placed in 3% H,O, to block endogenous per-
oxidase activity. Nonspecific protein binding was blocked by
incubating the arteries in 5% normal goat serum in PBS
for 30 minutes. The arteries were incubated with anti-
histone monoclonal antibody diluted 1:100 in PBS for 1
hour, followed by incubation in biotinylated goat anti-
mouse IgG for 30 minutes. Peroxidase labeling was per-
formed by using the ABC kit (Vector Laboratories, Bur-
lingame, CA), and the signals were visualized by using
the DAB kit (Vector Laboratories). After each step, the
slides were rinsed three times for 5 minutes each in PBS.
Finally, the opened arteries were placed intimal side up



on glass slides with coverslips. As a negative control,
samples of the same specimens without the primary an-
tibody were used. The intimal surface of the vessel was
examined under a light microscope at X200, and the total
number of intimal cell nuclei per square millimeter of
surface area were counted.

Electrophoretic Mobility Shift Assay

After appropriate treatments, VSMC nuclear extracts
were prepared and analyzed for STAT-5 DNA binding
activity as described previously.?®

CAT Assay

VSMCs were transfected with 1X pSp1GLECAT plas-
mid in serum- and antibiotic-free Dulbecco’s modified
Eagle’s medium using FUGENE 6 reagent (Invitrogen,
Carlsbad, CA). The 1X pSp1GLECAT contains STAT-
5-responsive sequence of the human Sp2.1 promoter
and thereby drives the CAT reporter gene expres-
sion.®? Cells were then quiesced and treated with and
without PDGF-BB (20 ng/ml) for the indicated times,
and cell extracts were prepared. In the case of testing
the role of STAT-5B, cells were transduced first with the
control Ad-GFP or Ad-dnSTAT-5B virus followed by
transfection with pSp1GLECAT plasmid DNA. Cell ex-
tracts were normalized for protein and assayed for CAT
activity using ['*C]chloramphenicol and acetyl coen-
zyme A as substrates as described previously.'®

Chromatin Immunoprecipitation (ChlIP) Assay

ChIP assay was performed on VSMCs by using the ChIP
assay kit following the supplier’'s protocol (Upstate Bio-
technology). STAT-5B-DNA complexes were immunopre-
cipitated using anti-STAT-5B antibodies (catalog no.
SC-1656 from Santa Cruz Biotechnology or catalog no.
06-969 from Upstate Biotechnology). Preimmune serum
(SC-2338) was used as a negative control. Precipitated
DNA was extracted using phenol-chloroform, and the DNA
fragments from the aqueous phase were purified using
QIAquick columns (catalog no. 28104; Qiagen, Valencia,
CA). The purified DNA was used as template for polymer-
ase chain reaction (PCR) amplification using primers (for-
ward, 5'-CAACGAAGCCAATCGGGAAGCTTC-3'; reverse,
5’-CACCCTATACTTAAGCGGAGAGAA-3") flanking the
putative STAT-binding site located at —978 in rat cyclin
D1 promoter region.®® The PCR products were resolved
on 2% agarose gel and stained with ethidium bromide.

CDK4 Assay

After appropriate treatments, protein extracts from
cells or tissues were prepared using lysis buffer (20
mmol/L HEPES, pH 7.4, 150 mmol/L NaCl, 1% Nonidet
P-40, 10 ug/ml aprotinin, 10 ug/ml leupeptin, 50
mmol/L glycerophosphate, 10 mmol/L NaF, and 1
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mmol/L sodium orthovanadate). An equal quantity of
total protein (200 ng) from each sample was immuno-
precipitated with anti-CDK4 antibodies (2 ng) over-
night at 4°C followed by incubation with protein-A-
Sepharose beads for 1 hour at room temperature.
CDK4 activity in the immunocomplexes was assayed at
30°C in a kinase reaction mix that contained 25 mmol/L
HEPES, pH 7.4, 10 mmol/L MgCl,, 1 mmol/L EGTA, 200
wg/ml truncated Rb protein, 1 uCi of [y*2P]ATP, and 50
pwmol/L ATP. After 30 minutes of incubation, the kinase
reaction was stopped by the addition of sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis sample
buffer and subsequent boiling for 5 minutes. After heat
denaturation, the reaction products were separated by
electrophoresis on 0.1% sodium dodecyl sulfate and
10% polyacrylamide gels. The *?P-labeled Rb protein
was visualized by autoradiography, and the band in-
tensities were quantitated using NIH Image J (National
Institutes of Health, Bethesda, MD).

Construction of GFP, dnSTAT-5A, and
dnSTAT-5B Adenoviral Vectors

DnSTAT-5A and dnSTAT-5B expression plasmids were
constructed by deletion of their C-terminal regions start-
ing from amino acids 713 to 793 in the case of the former
one and from amino acids 718 to 793 in the case of the
latter one.* Construction of Ad-GFP, Ad-dnSTAT-5A,
and Ad-dnSTAT-5B were described previously.'®2°

Delivery of Adenoviruses into Injured Arteries

After balloon injury, solutions (100 wl) of Ad-GFP (10'°
pfu/ml) or Ad-dnSTAT-5B (10'° pfu/ml) were infused into
the ligated segment of the common carotid artery for 30
minutes as described previously.'® Viral transductions
were evaluated at 1 week after balloon injury by isolation
of arteries followed either by cryostat cross-sectioning
and examining for green fluorescence protein expression
or by preparing tissue extracts and Western blot analysis
of GFP levels using its specific antibodies.

Carotid Artery Balloon Injury

All of the animal protocols were performed in accordance
with the relevant guidelines and regulations approved by
the Internal Animal Care and Use Committee of the Uni-
versity of Tennessee Health Science Center. Balloon in-
jury was performed essentially as described previously
by us.'® In brief, rats weighing 250 to 300 g were anes-
thetized by injecting (intraperitoneally) ketamine (60 mg/
kg) and xylazine (5 mg/kg). Under a stereomicroscope,
the right common, external and internal, carotid arteries
were exposed by a longitudinal midline cervical incision,
and blood flow was temporarily interrupted by ligation of
the common and internal carotid arteries using vessel
clips. External carotid artery was ligated permanently. A
2F Fogarty arterial embolectomy catheter was introduced
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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 mus-
cle to the carotid bifurcation. 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 inspection to
ascertain adequate pulsation of the common carotid ar-
tery, the surgical incision was closed, and the rats were
allowed to recover from anesthesia in a humidified and
warmed chamber for 2 to 4 hours. At 1 or 2 weeks after
balloon injury, the animals were sacrificed with an over-
dose of pentobarbital (200 mg/kg), and the carotid arter-
ies were collected for protein isolation, PCNA staining,
and morphometric analysis.

Histochemistry

After dissecting out, arteries were fixed in 10% formalin
and embedded in paraffin. Sections were cut with 5-um
thickness and immunostained for PCNA using specific
antibodies or stained with hematoxylin and eosin (H&E).
SMC proliferation was measured by counting PCNA-pos-
itive cells. The intimal (I) and medial (M) areas in H&E-
stained sections were measured using NIH Image J pro-
gram, and the I:M ratios and lumen sizes were calculated.

Terminal dUTP Nick-End Labeling (TUNEL)
Assay

VSMCs after appropriate treatments were fixed with para-
formaldehyde and examined for cell death using in situ
cell death detection kit essentially as per the instructions
of the manufacturer. Similarly, cryostat cross sections of
2-week balloon-injured and Ad-GFP- or Ad-STAT-5B-
transduced arteries were used to evaluate cell death
using the above-mentioned Kit.

Western Blot Analysis

Equal amounts of protein from VSMCs or tissue extracts
were analyzed by Western blotting for the protein of
interest using its specific antibodies as described
previously.?®

Statistics

All of the experiments were repeated several times with
similar results. Data are presented as mean * SD. The
treatment effects were analyzed by Student’s t-test. P
values <0.05 were considered to be statistically signifi-
cant. In the case of CAT activity, electrophoretic mobility
shift assay, and Western blotting, one representative set
of data is shown.

Results
PDGF-BB Activates STAT-5B in VSMCs

To understand the role of STAT-5 in vessel wall remod-
eling, we studied its involvement in PDGF-BB-induced
VSMC growth and motility. Quiescent VSMCs were
treated with and without PDGF-BB (20 ng/ml) for various
times, cell extracts were prepared, and an equal amount
of protein from control and each treatment was analyzed
by Western blotting for STAT-5 phosphorylation using its
phosphospecific antibodies. PDGF-BB stimulated the ty-
rosine phosphorylation of STAT-5 (Tyr694) in a time-de-
pendent manner with a maximum increase at 10 minutes
and declining thereafter, reaching basal levels by 2 hours
(Figure 1A). Anti-phosphospecific STAT-5 antibodies rec-
ognize both the tyrosine-phosphorylated STAT-5A and
-5B. Therefore, to ascertain that PDGF-BB stimulates ty-
rosine phosphorylation of STAT-5B, an equal amount of
protein from control and various times of PDGF-BB (20
ng/ml)-treated VSMCs was immunoprecipitated with
monoclonal anti-STAT-5B antibodies (SC-1656), and the
immunocomplexes were subjected to immunoblotting
analysis using anti-PY20 antibodies. Immunoblotting
analysis of anti-STAT-5B immunocomplexes with anti-
PY20 antibodies revealed a time-dependent increase in
tyrosine phosphorylation of STAT-5B in response to
PDGF-BB (Figure 1B). Together, these results indicate
that PDGF-BB stimulates STAT-5B in VSMCs. To find
whether the increased tyrosine phosphorylation of
STAT-5B leads to its transcriptional transactivation ca-
pacity, nuclear extracts were prepared from various
times of PDGF-BB (20 ng/ml)-treated and untreated
VSMCs, and an equal amount of nuclear protein from
control and each treatment was analyzed for STAT-5
DNA-binding activity using its 3?P-labeled consensus
double-stranded oligonucleotides as a probe. PDGF-BB
induced STAT-5-DNA binding activity compared with
control (Figure 1C). Maximum increase in its DNA binding
activity occurred at 1 hour after PDGF-BB treatment. To
gain additional support for these findings, VSMCs were
transfected with a reporter gene, pSp1GLECAT, quiesced,
and treated with and without PDGF-BB (20 ng/ml) for vari-
ous times, and cell extracts were prepared and assayed for
CAT activity. Consistent with its effect on STAT-5-DNA bind-
ing activity, PDGF-BB induced Sp1GLE-mediated CAT ac-
tivity (Figure 1D). Because both STAT-5A and -5B are able
to bind to STAT-5 consensus-binding oligonucleotides and
drive Sp1GLE-mediated reporter gene activity, we next
used a dominant-negative mutant approach to test the role
of STAT-5B in these responses. Adenovirus-mediated ex-
pression of dnSTAT-5B suppressed PDGF-BB-induced
Sp1GLE-mediated CAT activity (Figure 1E). Together, these
results suggest that PDGF-BB stimulates STAT-5B-depen-
dent transcriptional transactivation in VSMCs.

STAT-5B Mediates PDGF-BB-Induced VSMC
Growth and Motility

To learn the role of STAT-5B in PDGF-BB-induced VSMC
growth and motility, we studied the effects of dnSTAT-5A
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Figure 1. PDGF-BB activates STAT-5B in VSMCs. Quiescent VSMCs were treated with and without PDGF-BB (20 ng/ml for the indicated times, and either
cell or nuclear extracts were prepared. A: Cell extracts containing an equal amount of protein from control and each treatment were analyzed by Western
blotting for pSTAT-5 using its phosphospecific antibodies. The blot was reprobed with anti-STAT-5B antibodies for normalization. The bar graph at the
bottom represents the quantitative analysis of three independent experiments. B: An equal amount of protein (500 ug) from control and PDGF-BB-treated
VSMCs was immunoprecipitated with 3 ug of anti-STAT-5B antibodies, and the immunocomplexes were subjected to immunoblotting analysis using anti-
PY20 antibodies. C: The nuclear extracts containing an equal amount of protein from control and each treatment were assayed for STAT-5 DNA-binding
activity using its **P-labeled consensus double-stranded oligonucleotides as a probe. D: VSMCs were transfected with 1X pSplGLECAT plasmid DNA,
quiesced, and treated with and without PDGF-BB (20 ng/mbD for the indicated times, and cell extracts were prepared and assayed for CAT activity using
["Clchloramphenicol and acetyl coenzyme A as substrates. E: VSMCs were transduced first with Ad-GFP (control) or Ad-dnSTAT-5B at a MOI of 80, and 24
hours later they were transfected with 1X pSp1GLECAT plasmid DNA and quiesced. Cells were treated with and without PDGF-BB (20 ng/ml) for 8 hours,
and cell extracts were prepared and assayed for CAT activity as described in D.
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and dnSTAT-5B. Quiescent VSMCs that were transduced
with adenovirus [80 multiplicity of infection (MOI)] harboring
either GFP, dnSTAT-5A, or dnSTAT-5B were treated with
and without PDGF-BB (20 ng/ml) for 24 hours, and DNA
synthesis was measured by pulse-labeling cells with 1
wCi/ml [2H]thymidine for the last 12 hours of the 24-hour
incubation period. PDGF-BB induced VSMC DNA synthesis
by several fold as compared with Ad-GFP-transduced
control cells, and adenovirus-mediated expression of
dnSTAT-5B but not dnSTAT-5A suppressed this effect (Fig-
ure 2A). To substantiate the role of STAT-5B in PDGF-BB-
induced VSMC growth, cells that were transduced with
Ad-GFP (80 MOQI), Ad-dnSTAT-5A (80 MOI), or Ad-
dnSTAT-5B (80 MOI) were treated with and without
PDGF-BB (20 ng/ml) for 72 hours, and cell numbers were
measured. Consistent with their effects on DNA synthesis,
adenovirus-mediated expression of dnSTAT-5B but not
dnSTAT-5A inhibited PDGF-BB-induced VSMC numbers
(Figure 2B). To test the role of STAT-5B in PDGF-BB-in-
duced VSMC motility, cells were transduced with Ad-GFP
(80 MOQI), Ad-dnSTAT-5A (80 MQI), or Ad-dnSTAT-5B (80
MOQI), quiesced, and subjected to PDGF-BB-induced mo-
tility using wounding assay. PDGF-BB (20 ng/ml) induced
VSMC motility by fourfold compared with control, and this
effect was suppressed by dnSTAT-5B but not dnSTAT-5A
(Figure 2C). To exclude that the decreased cell numbers
and motility are not attributable to apoptosis induced by
blockade of STAT-5B, we tested the effect of dnSTAT-5B on
VSMC death using TUNEL assay. Very few TUNEL-stained
positive cells were observed in Ad-GFP-transduced cells in
response to PDGF-BB treatment, and blockade of STAT-5B
signaling had no additional effect on the induction of apo-
ptosis (Figure 2D). These results suggest that the de-
creased cell numbers and their migration by blockade of
STAT-5B signaling are not attributable to an increase in
apoptosis but attributable to a role of STAT-5B in PDGF-BB-
induced VSMC growth and motility.

STAT-5B Mediates PDGF-BB-Induced Cyclin D1
Expression, CDK4 Activity, and Rb Protein
Phosphorylation in VSMCs

Earlier it was reported that STAT-5 plays a role in the regu-
lation of cytokine-induced cyclin D1 expression in hemato-
poietic cells.® Therefore, to understand the molecular mech-
anisms by which STAT-5B is involved in PDGF-BB-induced
VSMC growth, we first tested the effect of PDGF-BB on cyclin
D1 expression. PDGF-BB induced the expression of cyclin D1
in a time-dependent manner with a maximum increase of
approximately threefold at 8 hours of treatment as compared
with control and these levels were sustained at least for 16
hours (Figure 3). Cyclin D1 forms a complex with and exerts a
positive effect on CDK4 activity.*® To test whether PDGF-BB-
induced increases in cyclin D1 levels led to up-regulation of
CDK4 activity, quiescent VSMCs were treated with and without
PDGF-BB (20 ng/ml) for various times, and cell extracts were
prepared. An equal amount of protein from control and each
treatment was immunoprecipitated with anti-CDK4 antibodies,
and the kinase activity in the immunocomplexes was mea-
sured using truncated recombinant retinoblastoma protein
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Figure 2. PDGF-BB-induced VSMC growth and motility require activation of
STAT-5B. VSMCs that were transduced with Ad-GFP (control), Ad-dnSTAT-5A,
or Ad-dnSTAT-5B with a MOI of 80 were quiesced and subjected to PDGF-BB-
induced DNA synthesis and cell numbers and motility. A: DNA synthesis was
measured by [*Hlthymidine incorporation. B: Cell numbers were counted by
hemocytometer. C: Cell motility was determined by wounding assay. D: Apo-
ptosis was measured by TUNEL assay. DNase I treatment was used as a positive
control. *P < 0.01 versus control; **P < 0.01 versus PDGF-BB treatment alone.
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Figure 3. PDGF-BB induces cyclin D1 expression, CDK4 activity, and Rb
protein phosphorylation in VSMCs. Quiescent VSMCs 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 by Western blotting for cyclin D1 expression, Rb protein phosphor-
ylation, and CDK4 levels using their specific antibodies. For CDK4 assay, an
equal amount of protein from control and each treatment was incubated with
anti-CDK4 antibodies, and the kinase activity in the immunocomplexes was
measured using recombinant retinoblastoma protein and [y*?PJATP as sub-
strates. The bar graph at the bottom represents the quantitative analysis of
three independent experiments. *P < 0.01 versus control.

and [y**P]ATP as substrates. As expected, PDGF-BB in-
duced CDK4 activity in a time-dependent manner with a
maximum effect of twofold increase at 8 hours (Figure 3).
CDK4 phosphorylates and inactivates Rb protein.®” The
phosphorylated Rb protein, in turn, dissociates from E2Fs
and thereby facilitates the activation of the latter transcrip-
tional factors, which in their turn, influence the transcription
of genes required for DNA synthesis.®®3° Therefore, to test
whether PDGF-BB-induced CDK4 activity correlates with
increased phosphorylation of its substrate(s), we measured
Rb protein phosphorylation. Quiescent VSMCs were treated
with and without PDGF-BB (20 ng/ml) for various times, cell
extracts were prepared, and an equal amount of protein
from each condition was analyzed by Western blotting for
phosphorylated Rb protein levels using its phosphospecific
antibodies. PDGF-BB stimulated Rb protein phosphoryla-
tion (Ser780) in a time-dependent manner with a maximum
effect of fivefold increase at 8 hours (Figure 3). Thus, the
time course study showed a correlation between PDGF-BB-
induced cyclin D1 expression, CDK4 activity, and Rb pro-
tein phosphorylation in VSMCs. To test the role of STAT-5B
in PDGF-BB-induced cyclin D1 expression, CDK4 activity,
and Rb protein phosphorylation, we next tested the effect of
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Figure 4. STAT-5B mediates PDGF-BB-induced cyclin D1 expression, CDK4
activity, and Rb protein phosphorylation in VSMCs. A: The conditions were the
same as in Figure 3 except that cells were transduced with either Ad-GFP
(control) or Ad-dnSTAT-5B with a MOI of 80 and quiesced. Cells were then
treated with and without PDGF-BB (20 ng/ml) for 16 hours and analyzed for
cyclin D1 expression, CDK4 activity, Rb protein phosphorylation, and CDK4
levels as described above in Figure 3. The bar graph at the bottom represents the
quantitative analysis of three independent experiments. B: Nuclear extracts were
prepared from quiescent control and various times of PDGF-BB (20 ng/mD-
treated VSMCs, and an equal amount of protein from each condition was
analyzed for DNA binding activity using a **P-labeled putative STAT-binding
sequence from rat cyclin D1 promoter as a probe. To detect the presence of
STAT-5B in the protein-DNA complexes, anti-STAT-5B antibodies (2 ug) were
added to the reaction mix and incubated for an additional 3 hours on ice. C: ChIP
was performed with control and various time periods of PDGF-BB-treated
VSMCs using anti-STAT-5B antibodies, and the resulting DNA fragments were
subjected to PCR amplification using primers spanning —1013 to —411 region of
rat cyclin D1 promoter. *P < 0.01 versus control; *P < 0.01 versus PDGF-BB
treatment alone.

dominant-negative STAT-5B on these responses. PDGF-BB
induced cyclin D1 expression, CDK4 activity, and Rb pro-
tein phosphorylation in Ad-GFP-transduced control VSMCs,
and these responses were completely suppressed in cells
that were transduced with Ad-dnSTAT-5B (Figure 4A).
TRANSFAC analysis of the cloned rat cyclin D1 promoter®®
revealed the presence of one putative STAT-binding site
spanning from —978 to —986 (5'-TTCCTGGAA-3"). To find
whether STAT-5B binds to cyclin D1 promoter, we have
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performed both electrophoretic mobility shift and ChIP as-
says. A threefold increase in STAT-5B DNA-binding activity
was observed with rat cyclin D1 promoter sequence, 5'-
TCTGGTTCCTGGAAGGGCAA-3', encompassing the pu-
tative STAT-binding site as a **P-labeled probe in response
to PDGF-BB (Figure 4B). In addition, anti-STAT-5B antibodies
caused a supershift of this protein-DNA complex, suggesting
the presence of STAT-5B. ChlIP of control and various time
periods of PDGF-BB-treated VSMCs with anti-STAT-5B an-
tibodies followed by PCR amplification using primers span-
ning —1013 to —411 region of cyclin D1 promoter revealed
the binding of STAT-5B to this region in response to
PDGF-BB treatment only (Figure 4C). These results clearly
indicate that STAT-5B is indeed involved in PDGF-BB-in-
duced cyclin D1 expression in VSMCs. To find whether
cyclin D1 expression is required for PDGF-BB-induced
VSMC growth and motility, we used an siRNA approach.
VSMCs were transfected with scrambled control or cyclin
D1 siRNA (100 nmol/L), quiesced, treated with and without
PDGF-BB (20 ng/ml) for 16 hours, cell extracts were pre-
pared and analyzed for cyclin D1 levels, CDK4 activity, and
Rb protein phosphorylation as described above. Compared
with the effects of scrambled control siRNA, cyclin D1
siRNA inhibited PDGF-BB-induced increases in cyclin D1
expression, CDK4 activity, and Rb protein phosphorylation
(Figure 5, A and B). Similarly, cyclin D1 siRNA also inhibited
PDGF-BB-induced VSMC DNA synthesis, their numbers,
and motility (Figure 5, C-E).

STAT-5B Mediates Balloon Injury-Induced
Cyclin D1 Expression, CDK4 Activity, Rb Protein
Phosphorylation, SMC Migration from Media to
Intima, and Their Proliferation in Intima in Rat
Carotid Artery

SMC migration from media to intima and their proliferation
in intima play an important role in neointima formation.®~
5,13,14,30,31,40 Maximum aortic SMC proliferation occurs
between 3 and 7 days after balloon injury with peak DNA
synthesis in the media and intima after the 2nd and
4th days, respectively.'®1440-43 Because blockade of
STAT-5B suppressed both PDGF-BB- and thrombin-in-
duced VSMC growth and motility (present study),?® we
next examined its role in SMC migration and proliferation
in response to injury in vivo. Because cyclin D1 expres-
sion appears to be linked to VSMC growth and motility,
we first studied a time course effect of balloon injury on
cyclin D1 levels. At various times after balloon injury, the
left uninjured and the right injured common carotid arter-
ies were isolated, and an equal amount of protein from
these tissues was analyzed by Western blotting for
STAT-5 phosphorylation level and cyclin D1 expression
using their specific antibodies. Balloon injury induced
tyrosine phosphorylation of STAT-5 in arteries with three-
fold to fourfold increases at 24 hours and 1 week after
injury (Figure 6). At 2 weeks after balloon injury, the
STAT-5 tyrosine phosphorylation levels returned almost
to basal levels in injured arteries. A fivefold increase in
cyclin D1 expression was observed at 1 week after bal-

loon injury, and by 2 weeks these levels returned to basal
levels (Figure 6). In another time course experiment that
includes 3-day and 1-week time points, a twofold in-
crease in cyclin D1 expression was observed at 3 days
after balloon injury as compared with its levels in control
uninjured arteries. These results reveal that balloon
injury-induced STAT-5 tyrosine phosphorylation pre-
cedes cyclin D1 expression. Based on these findings, we
have chosen 1-week time point to test the role of STAT-5B
on balloon-injured cyclin D1 levels. To ensure that ade-
novirus-mediated gene transfer leads to its sustained
expression, balloon-injured arteries were transduced with
Ad-GFP (10'° pfu/ml) and isolated 1 week after injury,
and then either cryostat cross sections were made and
examined for green fluorescence protein expression or
extracts were prepared and analyzed by Western blotting
for GFP using its specific antibodies. As shown in Figure
7A, transduction of Ad-GFP into balloon-injured arteries
led to substantial expression of GFP even after 1 week of
injury. Based on this observation, we next studied the
effect of Ad-dnSTAT5B on balloon injury-induced vascu-
lar wall remodeling. One week after balloon injury, the left
uninjured and the right injured Ad-GFP- or Ad-dnSTAT-
5B-transduced common carotid arteries were isolated,
extracts were prepared, and an equal amount of protein
from each condition was analyzed for tyrosine-phospho-
rylated STAT-5 levels, cyclin D1 expression, CDK4 activ-
ity, and Rb protein phosphorylation as described above
in VSMCs. Tyrosine phosphorylation of STAT-5 was found
to be increased in balloon-injured and Ad-GFP-trans-
duced arteries compared with uninjured arteries, and
adenovirus-mediated expression of dnSTAT-5B blunted
this effect (Figure 7B). Similarly, increases in cyclin D1
expression, CDK4 activity, and Rb protein phosphoryla-
tion were observed in injured Ad-GFP-transduced arter-
ies as compared with uninjured arteries, and adenovirus-
mediated expression of dnSTAT-5B significantly
suppressed these effects (Figure 7C). To test the role of
STAT-5B in injury-induced SMC migration from media to
intima and their proliferation in intima, 4 days and 2
weeks after balloon injury, the right injured and Ad-GFP-
or Ad-dnSTAT-5B-transduced arteries and the left unin-
jured common carotid arteries were isolated and fixed. To
measure SMC migration, arteries were opened longitudi-
nally, stained with anti-histone antibodies, and the his-
tone-positive cells were counted. For determination of
SMC proliferation, cross sections were made, stained
with anti-PCNA antibodies followed by counter staining
with hematoxylin, and the ratio of the PCNA-positive cells
was determined. Increased SMC migration from media to
intimal region occurred in response to balloon injury, and
this effect was inhibited by dnSTAT-5B to ~30% (Figure
8A). In regard to SMC growth, ~35% of cells were found
to be PCNA-positive in the neointimal region of balloon-
injured and Ad-GFP-transduced arteries (Figure 8B). In
contrast, only ~15 to 18% of cells were found to be
PCNA-positive in neointimal region of injured and
Ad-dnSTAT-5B-transduced arteries, suggesting a 50%
decrease in SMC growth (Figure 8B). To determine
whether the decrease in the PCNA-positive cells in neo-
intimal region is attributable to increased cell death by
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Figure 5. Cyclin D1 siRNA attenuates PDGF-BB-induced cyclin D1 expression, CDK4 activity, and Rb protein phosphorylation in VSMCs and their growth and
motility. VSMCs were transfected with scrambled control or cyclin D1 siRNA, quiesced, and treated with and without PDGF-BB (20 ng/mD for 16 hours to measure
cyclin D1 expression, CDK4 activity, Rb protein phosphorylation, and CDK4 levels: 24 hours to measure DNA synthesis, 72 hours to count cell numbers, and 24
hours to measure cell migration. A and B: Cyclin D1 expression (A), CDK4 activity (A), Rb protein phosphorylation (B), and CDK4 levels (A and B) were measured
as described above in Figure 3. C and D: DNA synthesis (C) and cell numbers (D) were measured as described in Figure 2. E: Cell motility was determined by
wounding assay. The bar graphs represent the quantitative analysis of three independent experiments. *P < 0.01 versus control; **2 < 0.01 versus PDGF-BB

treatment alone.

the suppression of the STAT-5B signaling, we next
mea'sured apoptosis in the cryostat cross sections of
balloon-injured and Ad-GFP- or Ad-dnSTAT-5B-trans-
duced arteries using a TUNEL assay. TUNEL-positive
cells were present in balloon-injured, Ad-GFP- and
Ad-dnSTAT-5B-transduced arteries, but the difference in

the number of positive cells between Ad-GFP- and
Ad-dnSTAT-5B-transduced arteries was statistically in-
significant (Figure 8C). This finding clearly infers that
suppression of STAT-5B signaling by adenovirus-medi-
ated expression of its dominant-negative mutant did not
cause an additional effect on the observed cell death
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Figure 6. Balloon injury induces STAT-5 tyrosine phosphorylation and cyclin
D1 expression in a time-dependent manner in rat carotid artery. At various
times after balloon injury, rats were sacrificed, the injured right common
carotid arteries and uninjured left common carotid arteries were dissected
out, and tissue extracts were prepared. An equal amount of protein from
each sample was analyzed for STAT-5 tyrosine phosphorylation and cyclin
D1 levels using their specific antibodies. The blots were reprobed with
anti-B-tubulin antibodies for normalization. For time points, six rats were
used, and arteries from two rats were pooled.

while causing significant blockade of cell proliferation
and motility. Together, these results demonstrate that
blockade of STAT-5B signaling inhibits SMC migration
from media to intima and their neointimal proliferation by
~30% and 50%, respectively.

STAT-5B Mediates Injury-Induced Neointima
Formation

We next studied the effect of dnSTAT-5B on balloon
injury-induced neointima formation. Right common ca-
rotid arteries that were balloon-injured and transduced
with Ad-GFP or Ad-dnSTAT-5B (10'° pfu/ml) were dis-
sected out 2 weeks after injury, fixed, sectioned, and
stained with H&E, and the intimal (I) to medial (M) area
ratios and the lumen size were determined by morphomet-
ric analysis. As shown in Figure 9A, substantial neointima
formation occurred in injured and Ad-GFP-transduced ar-
teries. Infusion of adenovirus harboring dnSTAT-5B into in-
jured arteries inhibited neointima formation by ~50% as
measured by |:M ratio and increased lumen size by 24%
(Figure 9A). These results suggest that STAT-5B is involved
in vascular wall remodeling in response to injury and plays
an important role in neointima formation. To extrapolate the
relevance of these findings to vascular wall remodeling in
humans, we have also studied the effect of PDGF-BB on
activation of various STATs in HASMCs. Western blot anal-
ysis of an equal amount of protein from control and various
time periods of PDGF-BB (20 ng/ml)-treated HASMCs using
phosphotyrosine-specific antibodies of STAT-3 and STAT-5
showed a time-dependent increase in their phosphorylation
(Figure 9B). This result clearly suggests the existence of a
similar mechanism of activation of STAT-5 in HASMCs
as well.

Discussion

The major findings of the present study are as follows. i)
PDGF-BB activated STAT-5 in VSMCs as measured by its
tyrosine phosphorylation, DNA binding, and reporter
gene activity. ii) PDGF-BB induced cyclin D1 expression,
CDK4 activity, and Rb protein phosphorylation in VSMCs
as well as the growth and motility of these cells. iii)
Blockade of STAT-5B but not STAT-5A by adenovirus-
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Figure 7. Blockade of STAT-5B signaling suppresses balloon injury-induced
STAT-5B phosphorylation, cyclin D1 expression, CDK4 activity, and Rb
protein phosphorylation in the arteries. Soon after balloon injury, the rats
received adenovirus expressing either GFP or dnSTAT-5B by infusion into
the injured arteries. One week after balloon injury, rats were sacrificed, and
the injured right common carotid arteries and uninjured left common carotid
arteries were dissected out; either cryostat cross sections were made, or tissue
extracts were prepared. A: Cryostat cross sections were fixed and examined
for green fluorescence protein expression (top), or an equal amount of
protein from the same group of arteries was analyzed by Western blotting for
GFP using its specific antibodies. B: An equal amount of protein from
uninjured and balloon-injured Ad-GFP- or Ad-dnSTAT-5B-transduced arter-
ies was analyzed for STAT-5 phosphorylation using its phosphospecific
antibodies. The blot was reprobed with anti-tubulin antibodies for normal-
ization. C: An equal amount of protein from the samples described in B was
analyzed for cyclin D1 expression, CDK4 activity, and Rb protein phosphor-
ylation as described in Figure 3. The bar graph in C represents the quanti-
tative analysis of three independent experiments. *P < 0.01 versus control;
P < 0.01 versus PDGF-BB treatment alone (12 = 8).

mediated expression of their dominant-negative mutants
suppressed PDGF-BB-induced cyclin D1 expression,
CDK4 activity, and Rb protein phosphorylation in VSMCs
as well as the growth and motility of these cells. iv)
siRNA-targeted depletion of cyclin D1 expression also
inhibited PDGF-BB-induced CDK4 activity and Rb pro-
tein phosphorylation, growth, and motility of VSMCs. v)
Increased cyclin D1 expression, CDK4 activity, and Rb
protein phosphorylation occurred in balloon-injured arter-
ies compared with uninjured control arteries. vi) Similarly,
increased SMC migration from media to intima, and their
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Figure 8. Blockade of STAT-5B signaling suppresses balloon injury-induced SMC migration from media to intima and their neointimal proliferation without
affecting cell death. All treatment conditions were the same as in Figure 6 except that 4 days and 1 week after balloon injury rats were sacrificed, arteries were
isolated and fixed, and SMC migration from media to intima, SMC neointimal proliferation, and apoptosis were measured as described in Materials and Methods.
A: For the measurement of SMC migration, arteries were opened longitudinally, stained for nucleus using anti-histone antibodies (top), and the histone-positive
cells in the luminal region were counted (bottom). B: Top panel shows the representative pictures of balloon-injured Ad-GFP- or Ad-dnSTAT-5B-transduced
carotid artery sections that were stained for PCNA. The bar graph at the bottom 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-dnSTAT-5B-transduced arteries. C: Top panel shows the representative
pictures of balloon-injured Ad-GFP- or Ad-dnSTAT-5B-transduced artery cross sections that were stained with TUNEL kit for detection of apoptosis. The bar graph
at the bottom shows the quantitative analysis of the TUNEL-positive cells counted in 12 randomly selected fields of the balloon-injured Ad-GFP- or
Ad-dnSTAT-5B-transduced arteries. *P < 0.05 versus Ad-GFP (7 = 6).

proliferation in intima resulting in neointima formation, intima and their proliferation in intima resulting in reduced
was observed after balloon injury. vii) Transduction of neointima formation.

adenovirus harboring dnSTAT-5B into arteries immedi- STAT-5 has been reported to be involved in the regu-
ately after balloon injury attenuated injury-induced in- lation of epithelial cell survival and proliferation.?® It has
creases in cyclin D1 expression, CDK4 activity, Rb pro- been reported that, by mediating cyclin D1 expression,

tein phosphorylation, and SMC migration from media to STAT-5 plays a role in cytokine-induced hematopoietic
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Figure 9. A: Blockade of STAT-5B signaling in-
hibits balloon injury-induced neointima formation.
All treatment conditions were the same as in Fig-
ure 6 except that 2 weeks after balloon injury, rats
were sacrificed, arteries were isolated and fixed,
and cross-sections were made and stained with
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H&E. After morphometry analysis, I:M ratios and
lumen sizes were calculated. Top shows the rep-
resentative pictures of balloon-injured Ad-GFP- or
Ad-dnSTAT-5B-transduced carotid artery cross
sections that were stained with H&E. The bar
graphs at the bottom show the quantitative analy-
sis of the I/M ratios and lumen sizes of the balloon-
injured Ad-GFP- or Ad-dnSTAT-5B-transduced rat
carotid arteries. *P < 0.05 versus Ad-GFP (7 = 0).
B: PDGF-BB stimulates tyrosine phosphorylation
of both STAT-3 and STAT-5 in HASMCs. Quiescent
HASMCs were treated with and without PDGF-BB
(20 ng/ml) for the indicated time periods, and cell
extracts were prepared. Cell extracts containing an
equal amount of protein from control and each
time period of PDGF-BB treatment were analyzed
by Western blotting for tyrosine phosphorylation
of STAT-3 and STAT-5 using their phosphospecific
antibodies.
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cell growth.3® Cyclin D1 association is required for CDK4
activity,®”*® and CDK4, in turn, phosphorylates Rb pro-
tein.®® The phosphorylated Rb protein dissociates from
and thereby facilitates activation of transcriptional fac-
tors, E2Fs, which in their turn influence the expression of
genes required for cell-cycle progression.3®3° The find-
ing that blockade of STAT-5B completely suppresses the
most potent vascular mitogen, PDGF-BB-induced cyclin
D1 expression, CDK4 activity, and Rb protein phosphor-
ylation, indicates that STAT-5B plays an important role in
the regulation of VSMC growth. A large number of mole-
cules account for increased SMC growth in the neointimal
region.'"3131* Because suppression of STAT-5B signal-
ing abolishes injury-induced cyclin D1 expression, CDK4
activity, and Rb protein phosphorylation in the arteries, it
is likely that STAT-5B is also an important regulator of
SMC growth in vivo.

The other notable finding is that blockade of STAT-5B
signaling inhibits PDGF-BB-induced VSMC motility. Sim-
ilarly, down-regulation of cyclin D1 levels attenuated
PDGF-BB-induced VSMC migration. A role for cyclin D1
in the regulation of cell migration has also been demon-
strated.**“% In addition, we recently reported that cyclin
D1 mediates SMC migration induced by interleukin-6 and
balloon injury.*® These findings suggest that cyclin D1, in
addition to its role in cell-cycle regulation, is involved in
the modulation of cell motility. Although cyclin D1 seems

Ad-GFP-BI

Ad-dnSTAT-5B-BI

to be one of the molecules required for cell-cycle pro-
gression, and possibly cell migration, other molecules
whose actions are required for cell proliferation and mi-
gration may also be targets of STAT-5B in VSMCs. Re-
cent work from our laboratory showed that STAT-5B me-
diates thrombin-induced Hsp27 and FGF-2 expression
leading to VSMC growth and motility.?® In fact, PDGF-BB
also increased FGF-2 expression in a STAT-5B-depen-
dent manner in VSMCs (V.K.-S. and G.N.R., unpublished
observations). These observations may lead to the specu-
lation that STAT-5B influences the transcription of several
genes whose products may be involved in the signaling
events underlying cell proliferation and/or migration. Some
recent studies have reported that cyclin D1 interacts with
transcriptional factors and influences gene regulation.*” 8
Therefore, the other scenario by which cyclin D1 could be
involved in the regulation of SMC motility is via its possible
role in the transcriptional induction of FGF-2 expression in
response to PDGF-BB in vitro and injury in vivo. However,
further studies are required to address these assumptions.

Earlier studies from other laboratories have shown that
STAT-3 plays a role in balloon injury-induced neointima
formation.*® Previously, we have demonstrated that
STAT-3, via targeting the expression of cPLA,, mediates
PDGF-BB-induced VSMC growth and motility.*®'” Our
work also revealed a role for STAT-3-cPLA, axis in throm-
bin-induced VSMC maotility.'® In addition, the recent stud-



ies from our laboratory showed that thrombin-induced
VSMC growth and motility require the activation of
STAT-5B and its association with STAT-3.2° Based on
these observations, it is also possible that STAT-5B in
association with STAT-3 targets the induction of expres-
sion of a number of genes such as cPLA,, cyclin D1, and
FGF-2 and thereby influences the growth and motility of
SMCs in response to PDGF-BB in vitro and balloon injury
in vivo. Because PDGF-BB activated STAT-5 and STAT-3
in HASMCs, a similar role for these transcriptional factors
can also be extrapolated to human vascular wall remod-
eling. Therefore, therapeutics targeting both STAT-5B
and STAT-3 may be more effective in the treatment of
proliferative vascular lesions such as restenosis.
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