
 

Chapter 4
 

Molecular Mechanisms Behind The Regulation Of
 

Cell Cycle Progression In Cardiovascular System

 

Kazushi Urasawa,M.D.,and Akira Kitabatake,M.D.

1. Introduction
 

Percutaneous coronary intervention(PCI)is widely performed as an useful and
 

indispensable technique to treat the patients with ischemic heart diseases such as
 

angina pectoris and acute myocardial infarction. However,a major limitation of
 

this powerful technique is the fact that roughly 40% of patients undergoing balloon
 

angioplasty have developed the coronary restenosis,recurrence of stenosis at the
 

site of angioplasty several months after the procedure . It is well known that the
 

coronary restenosis is composed of several independent vascular events such as
 

elastic recoil, vascular remodeling and smooth muscle cell (SMC) proliferation.

Intra-coronary stents have proven to be effective to reduce the coronary restenosis
 

caused by elastic recoil and chronic vascular remodeling. The restenosis rate after
 

stenting,however,is still as high as 20% . And,in these stent cases,SMC prolifer-

ation is the major cause of restenosis.

Various growth factors and cytokines are playing pivotal roles in the process
 

of coronary restenosis,which includes SMC migration,proliferation,and extracel-

lular matrix production from SMC . In general,growth factors and cytokines are
 

recognized by cell surface receptors, and the activated receptors then trigger
 

several intracellular signaling cascades finaly resulting in cell cycle progression .

Any points within this signaling cascade could be the target to prevent SMC growth
 

in the setting of coronary restenosis. Based on this hypothesis,we introduce two
 

distinct approaches to control SMC growth in this chapter. First, the effect of
 

suramin,a potent anti-growth factor agent with broad spectrum,on the growth of
 

cultured SMC. Secondly, the effect of adenovirus vector containing cyclin-

dependent kinase inhibitor(p57Kip2)gene,on neointimal hyperplasia after vascular
 

injury. Then,a possible mechanism of cell-cycle control in SMC is discussed.

2. Vascular Smooth Muscle Cell Proliferation Was Effectively Suppressed by
 

Non-specific Growth Factor Inhibitor, Suramin.

The purpose of this study is to investigate the effect of non-specific growth
 

factor inhibitor,suramin,on smooth muscle cell proliferation in vitro and in vivo.

Methods
 

Cell isolation and culture:A10 cells,an established smooth muscle cell line which
 

was originated from rat abdominal aorta,were maintained in DMEM supplemented
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with 10% FBS,100mg/ml penicillin and 100mg/ml streptomycin. The A10 cells
 

used for this study were those maintained for less than 60 days. In order to
 

establish the primary culture of rat vascular SMC (RVSMC), abdominal aortae
 

were excised from male Wistar rats (250-400 gram body weight), dissected into
 

small pieces (about 1mm length), then placed on tissue culture dishes containing
 

DMEM supplemented with 20% FBS. Two to three weeks after the tissue prepara-

tion, aortic rings were removed from the dishes, and the RVSMC grown from
 

dissected tissues were passaged by trypsinization. All experiments on RVSMC
 

were performed between passage 3 to 6.

Treatment of vascular smooth muscle cells with suramin:A10 or RVSMC were
 

cultured in DMEM supplemented with 10% FBS until cellular density was reached
 

to 50%. Then,culture medium was exchanged to DMEM containing 0.5% FBS,

and maintained for following 48(or 24)hours in order to synchronize the cell-cycle
 

to G0/1 phase. The synchronized cells were stimulated either by 10ng/ml PDGF-

AA,PDGF-AB,PDGF-BB or 2% FBS for 24 hours. PDGF-or serum-stimulated
 

DNA synthesis was assessed by measuring ［ H］ -thymidine uptake. In detail,

after the growth stimulation by PDGF or serum,cells were washed by DMEM twice,

then incubated with DMEM containing 1mCi/ml ［ H］-thymidine for one hour.

These cells were fixed in 6% trichloroacetic acid at 4°C for 12 hours,treated with
 

1N NaOH at 37°C for 1 hour, then neutralized by adding 6N HCl. Extracted
 

radioactivity was measured by liquid scintillation counter.

Animal model of neointimal formation:Japanese white rabbits(weighing 2.5 to 3.0
 

kg)were anesthetized with sodium pentobarbital(25mg/kg,intravenously). Cath-

eter introducer sheath with 7cm length (4F Super-sheath, Medikit, Japan) was
 

introduced into right femoral artery. A 0.014 inch guide wire(High-Torque Floppy
 

II,ACS,Temecula,USA)was advanced to right common carotid artery through the
 

catheter introducer sheath under fluoroscopic guide. Then,a coronary angioplasty
 

balloon catheter with 3mm diameter and 10mm length (ACX-II,ACS, Temecula,

USA)was advanced over the guide wire to the distal end of right common carotid
 

artery and inflated at 120 psi. Endothelial layer of the common carotid artery was
 

denuded by passing the inflated balloon three times.

Local delivery of suramin in the animal model:After the balloon-mediated vascu-

lar endothelial denudation, an angioplasty balloon catheter was exchanged to a
 

porous balloon catheter (Transport,Cardio Vascular Dynamics.Inc.,Irvine,USA).

This catheter is composed of dual balloons which are located within one another;

inner dilating balloon and outer infusion balloon. The outer infusion balloon has
 

forty-eight small pours (250μm in diameter)circumfearentially across 10mm of its
 

mid section to permit regional infusion of various pharmacological agents. At the
 

site of endothelial denudation,inner balloon of Transport was inflated with 90 psi,

then pressure was reduced to 15 psi. Suramin dissolved in 5% glucose was injected
 

through the drug delivery channel of the Transport catheter at the constant infusion
 

rate of 30ml/hour over 10 minutes using an automatic infusion pump. Two differ-
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ent concentration of suramin solutions(0.5mM and 1.0mM)were injected into three

(low dose group)and six rabbits(high dose group),respectively. In six rabbits,5%

glucose was injected in the same manner (control group).

Evaluation of Intimal Hyperplasia: Three weeks after the procedure, arterial
 

segments between two anatomical makers(mandibula and subclavia)were excised,

washed with PBS, then fixed in 8% formaldehyde. Vascular segments with one
 

centimeter length were excised from the middle portion of each carotid artery,then
 

subdivided into five segments with about 2mm length. All tissue sections were
 

stained by Elastica Vangieson staining. The microscopic images of each trans-

verse tissue section were digitized, and borders of vessel layers were manually
 

traced, then intima to media area ratio (IMAR)was calculated using an image-

processing software,NIH Image. The mean IMAR from five consecutive trans-

verse tissue sections was used as the representative IMAR in each animal.

Data presentation and statistical analysis:All data were expressed as mean±SD,

and analyzed by unpaired t-test. Because of limited number of the low dose group
 

animals,t-test was used instead of one-way ANOVA. Difference was accepted as
 

statistically significant when p value was less than 0.05.

Results
 

Effect of suramin on vascular smooth muscle cells:A10 cells were cultured in
 

DMEM containing 0.5% FBS for 48 hours in order to synchronize the cell-cycle to
 

G0/1 phase. Preliminary experiments revealed that complete removal of FBS
 

rapidly decreased the cell viability(data not shown). Synchronized A10 cells were
 

stimulated by either 10ng/ml PDGF-AB or 2% FBS in the presence of various
 

concentrations of suramin (0 to 400μM) for 24 hours, then DNA synthesis was
 

assessed by［ H］-thymidine uptake. The DNA synthesis stimulated by 2% FBS
 

was partially inhibited by high concentration of suramin. On the other hand,

PDGF-AB stimulated DNA synthesis was inhibited by suramin significantly and
 

dose dependently. The IC50 of suramin for PDGF-AB-stimulated DNA synthesis
 

was 80μM from the dose-response experiments (Figure 1). The suramin’s inhibi-

tory effect for DNA synthesis had a strict correlation with the incubation time.

Longer incubation with suramin resulted in more significant inhibition of DNA
 

synthesis in A10 cells. The inhibition of DNA synthesis in the cells incubated with
 

100μM suramin for 90 minutes was about 60% of that observed in the cells exposed
 

to suramin for 24 hours (Figure 2). The inhibitory effect of suramin on DNA
 

synthesis had a linear correlation with the incubation time up to 90 minutes(Figure
 

2 inset). In order to investigate the isoform specificity of suramin’s anti-PDGF
 

activity,A10 cells were stimulated either by 2% FBS,10ng/ml PDGF-AA,10ng/ml
 

PDGF-AB or 10ng/ml PDGF-BB for 24 hours with (or without)100μM suramin.

Among three PDGF isoforms,PDGF-BB provoked highest DNA synthesis in A10
 

cells,which was almost comparable to that induced by 2% FBS. On the contrary,

the extent of PDGF-AA-stimulated DNA synthesis was very low in A10 cells.
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Although the inhibition of DNA synthesis was statistically significant in all cases,

suramin suppressed the PDGF-AB-induced DNA synthesis far more efficiently than
 

those provoked by the other two PDGF isoforms (Figure 3). RVSMC were also
 

arrested in G0/1 by serum deprivation for 24 hours,then stimulated either by 2%

FBS or 10ng/ml PDGF isoforms for 24 hours in the presence(or absence)of 100mM
 

suramin. PDGF-AA-and PDGF-AB-induced DNA synthesis were significantly
 

inhibited by suramin. FBS-induced DNA synthesis of RVSMC was also suppressed

 

Figure 1 Effect of suramin on serum-or PDGF-stimulated DNA
 

synthesis in A10 cells
 

A10 cells were synchronized to G0/1 by serum deprivation for
 

48 hours, then stimulated by Dulbecco’s Modified Eagle
 

Medium (DMEM)supplemented with 2% fetus bovine serum
 

or DMEM containing 10ng/ml PDGF-AB for 24 hours in the
 

presence of various concentrations of suramin. DNA-

synthesis in A10 cells were assessed by H -thymidine uptake.

Each point represents the mean value of four different experi-

ments.
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by suramin (Figure 4).

Inhibition of intimal hyperplasia by suramin: Three weeks after the balloon-

mediated vascular injury, common carotid arteries of control rabbits showed
 

significant intimal hyperplasia,in which neointimal layer had almost comparable

 

Figure 2 Time-dependency of suramin’s inhibitory effect on PDGF-

stimulated DNA synthesis in A10 cells
 

A10 cells were synchronized to G0/1 by serum deprivation for
 

48 hours, then stimulated by Dulbecco’s Modified Eagle
 

Medium (DMEM)containing 10ng/ml PDGF-AB and 100mM
 

suramin for 24 hours.At indicated time points,medium was
 

exchanged to DMEM containing PDGF-AB only,then incuba-

tion was carried out for the rest of the stimulation period.

Duration of the stimulation period was adjusted to 24 hours
 

in all conditions.DNA-synthesis in A10 cells were assessed by

H-thymidine uptake. The inset shows data at early time
 

points.Each point represents the mean± SD of four different
 

experiments.
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thickness to that of medial layer. Histological examination revealed that one time
 

local infusion of suramin significantly inhibited the neointimal formation at the site
 

of vascular injury(Color fig.14 and 15). Suramin dose dependently inhibited the

 

Figure 3 Suramin’s inhibitory effect on DNA synthesis in A10 cells
 

A10 cells were synchronized to G0/1 by serum deprivation for
 

48 hours, then stimulated by Dulbecco’s Modified Eagle
 

Medium(DMEM)containing 2% fetus bovine serum,10ng/ml
 

PDGF-AA,10ng/ml PDGF-AB or 10ng/ml PDGF-BB,respec-

tively,for 24 hours with (or without)100mM suramin.DNA-

synthesis in A10 cells were assessed by H -thymidine uptake.

Each bar represents the mean＋SD of eight different experi-

ments.
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neointimal formation after vascular injury,and the intima to media area ratios of
 

control group,0.5mM suramin group and 1.0mM suramin group were 48.8±14.9%,

21.0±12.0% and 12.2±6.0%, respectively (p＜0.05 for control group vs. low dose

 

Figure 4 Suramin’s inhibitory effect on DNA synthesis in the pri-

mary culture of rat vascular smooth muscle cells
 

Rat vascular smooth muscle cells obtained by explant
 

method were synchronized to G0/1 by serum deprivation for
 

24 hours, then stimulated by Dulbecco’s Modified Eagle
 

Medium (DMEM)containing either 2% fetus bovine serum,

10ng/ml PDGF-AA, 10ng/ml PDGF-AB or 10ng/ml PDGF-

BB for 24 hours with (or without) 100mM suramin. DNA-

synthesis was assessed by H-thymidine uptake. Each bar
 

represents the mean＋SD of eight different experiments.
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group,p＜0.01 for control group vs.high dose group)(Figure 5).

Discussion
 

Despite the rapid progress of the device technology in the field of coronary
 

intervention,restenosis rate after catheter-based coronary angioplasty is still high.

In fact,nearly 40% of the patients treated by balloon angioplasty alone have shown
 

angiographical restenosis,and roughly half of them needs target lesion revascular-

ization either by re-intervention or coronary artery bypass surgery . To date,

various pharmacological drugs such as anti-platelet drugs,Ca antagonist,angioten-

sin converting enzyme inhibitor,lipid lowering drugs and steroid have been used in

 

Figure 5 Quantitative analysis of the suramin-mediated suppression
 

of intimal thickening after vascular injury
 

The photographs of tissue sections were digitized and the
 

extent of neointimal formation was analyzed by using an
 

image processing software. The intimal hyperplasia was
 

expressed as the intima to media area ratio.Each bar repre-

sents the mean＋SD of six (control and 1mM suramin group)

or three(0.5mM suramin group)rabbits.
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anticipation of their preventive effect against coronary restenosis - . Although
 

most of these drugs suppressed SMC proliferation in vitro and some of them
 

prevented intimal thickening after vascular injury in vivo,they have failed to show
 

clinical benefit except for a few drugs - . Because previous investigations using
 

the atherosclerotic plaques of human coronary arteries have shown that SMC and
 

extracellular matrix were the major components of restenotic tissue,SMC prolifera-

tion should be the target to prevent coronary restenosis. Coronary restenosis is,

however,a fairly complex biological process . A wide variety of growth factors
 

and cytokines, such as PDGF, transforming growth factor β(TGFβ), epidermal
 

growth factor(EGF),are responsible for the migration and proliferation of SMC .

A polyanionic compound, suramin, was originally designed as a drug for
 

trypanosomiasis and onchoceriasis . It is well known that suramin has a unique
 

character as an anti-growth factor agent with broad spectrum. PDGF, EGF,

TGFβ, basic fibroblast growth factor (bFGF), insulin-like growth factor and
 

interleukin-6 (IL-6) are known to be inhibited by suramin - . Not only these
 

growth factors and cytokines but also several key enzymes are suppressed by
 

suramin. These include protein kinase C, phosphatidylinositol kinase, diacylg-

lycerol kinase, DNA polymerase, DNA topoisomerase II, and reverse tran-

scriptase - . These unique pharmacological properties might be the reason why
 

suramin has shown antiproliferative effect on variety of human cancer cell lines,

such as those obtained from rhabdomyosarcoma,multiple myeloma,prostate can-

cer and breast cancer . As such, the pharmacological characteristics of sur-

amin seem to be quite suitable for the prevention of SMC proliferation after
 

vascular injury, a complex cellular response composed of receptor activation,

intra-cellular signaling and DNA replication.

In this study,we examined the antiproliferative effect of suramin by utilizing
 

two different experimental settings;(I)cultured vascular smooth muscle cells and

(II)rabbit vascular injury model. PDGF-stimulated DNA synthesis of SMC was
 

inhibited by suramin significantly and dose-dependently,and its IC50 was calculated
 

to be 80μM (Figure 1). A previous report using radioactive PDGF ligands revealed
 

that suramin’s IC50 for the binding of PDGF with its receptor was 60μM,which is
 

comparable to the value obtained in our experiments . Interestingly, weak
 

growth stimulatory effect was observed at relatively low concentration (25μM)of
 

suramin,though the increase of cellular DNA synthesis at this concentration was
 

not statistically significant. Such pleiotropic action of suramin was also reported
 

previously in an experiment using cancer cells . It was suggested that low
 

concentration of suramin could release membrane-bound transforming growth
 

factor a(TGFα)and increase its potential to activate cell surface epidermal growth
 

factor receptor . Because of such pleiotropic action,it would be appropriate to
 

maintain relatively high concentration of suramin at the site of action. The
 

dose-response experiment suggested that higher local concentration of suramin
 

could provide better antiproliferative effect when suramin was used in vivo situa-
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tion. Although there are several reports suggesting non-specific cytotoxic effect of
 

suramin, the structural features of A10 cells, such as cell size, cell shape and
 

perinuclear structures,did not alter throughout the experiments even at the highest
 

concentration of suramin (400μM)used in this study.

In order to assess the temporal profile of suramin’s antiproliferative effect,A10
 

cells were incubated with 10ng/ml PDGF-AB and 100μM suramin for various time
 

length. At the indicated time points, culture media were exchanged to those
 

containing only PDGF-AB,and growth stimulation was continued for the rest of the
 

incubation period. The entire stimulation period was adjusted to 24 hours in all
 

conditions. As shown in Figure 2,the inhibition of PDGF-stimulated DNA synthe-

sis was strictly dependent to the time length of incubation with suramin. Inhibition
 

of DNA synthesis observed at 90 minutes exposure to suramin was 60% of that
 

observed in the cells exposed to suramin for entire 24 hours. Interestingly, the
 

anti-proliferative effect of suramin had a linear correlation with the incubation time
 

up to 90 minutes (Figure 2 inset). This observation clearly suggested that longer
 

exposure to suramin could provide more significant inhibition of the cellular DNA
 

synthesis.

It was reported that suramin directly interacted with PDGF molecules since
 

suramin inhibited the interaction between PDGF and anti-PDGF antibody . In
 

our experiments,suramin inhibited PDGF-AB -induced growth stimulation much
 

more effectively than PDGF-BB -induced growth stimulation (Figure 3 and 4).

These findings suggested that suramin might have a higher affinity to PDGF-A
 

chain than to PDGF-B chain. It has been reported that established cell lines show
 

different response to various physiological stimuli compared to primary culture
 

cells,even though they were originated from the same tissue. Thus,we tested the
 

effect of suramin using explanted rat aortic SMC (RVSMC). The DNA synthesis
 

triggered by PDGF-AA and PDGF-AB was significantly inhibited by suramin in
 

RVSMCs. On the other hand, PDGF-BB -stimulated DNA synthesis was not
 

affected by suramin. These data also suggested that suramin had a preference to
 

PDGF-A chain. In RVSMCs, PDGF-AA elicited more prominent response than
 

A10 cells,which may suggest distinctive receptor subtype composition in each cell.

Serum -induced DNA synthesis was suppressed by suramin more effectively in
 

RVSMC than in A10 cells,indicating different serum-dependency of these cell lines.

Balloon-mediated removal of endothelial layer from rabbit carotid arteries
 

promoted significant intimal thickening three weeks after the endodenudation
 

procedure. Histological examination proved that neointima was composed of pure
 

smooth muscle cells and that these rabbits were appropriate model of human
 

coronary restenosis (Color Fig.16a,16b). In this study,a porous balloon catheter
 

was used for the local delivery of suramin in order to maintain high local suramin
 

concentration,and at the same time to reduce the total amount of suramin. Based
 

on the findings obtained from in vitro experiments,we used 0.5mM and 1.0mM
 

suramin solution and 10 minutes incubation time. Because blood flow was com-
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pletely interrupted during balloon inflation,the local concentration of suramin was
 

expected to be almost the same as that of the infused solution. As shown in Figure
 

5,neointimal formation after vascular injury was inhibited by suramin significantly
 

and dose-dependently. The intima to media area ratio in high dose group was
 

about 25% of that in control group. It was reported that intravenous injection of
 

suramin attenuated the neointimal formation of rabbit abdominal aorta after the
 

indwelling of polyethylene tubing for 24 hours . Balloon-mediated endothelial
 

denudation might be more appropriate mean to mimic the vascular injury caused by
 

PTCA procedure. In addition,suramin was delivered using a local drug-delivery
 

catheter in our study. Local drug delivery is advantageous to reduce the total
 

amount of suramin,and at the same time,to maintain high local drug concentration
 

at the target lesion. More recently,Gary et al.reported that chronic infusion of
 

suramin inhibited the neointimal formation in rabbit iliac arteries after balloon
 

injury . It should be emphasized that, in our study,one time administration of
 

suramin was shown to be sufficient to inhibit the neointimal formation after balloon
 

injury.

Through many pharmacokinetic studies in human trypanosomiasis patients,it
 

has been reported that suramin is tightly bound to plasma proteins (mostly serum
 

albumin)and has a strikingly long elimination half-life, about 36 days . Most
 

common side effects of suramin were polyneuropathy,allergic skin rash and renal
 

dysfunction. Rare side effects include agranulocytosis, hemolytic anemia and
 

shock. Because most of these side effects were dose-dependent,local drug delivery
 

regimen would be worthwhile to minimize the toxicity of this type of drug.

Although in vivo localization of suramin is still controversial,based on the previous
 

report,some part of locally delivered suramin might be accumulated in vascular
 

endothelial cells and assumably underlying vascular smooth muscle cells .

In summary,an anti-growth factor agent,suramin,significantly inhibited the
 

DNA synthesis in cultured vascular smooth muscle cells. Moreover,one time local
 

infusion of suramin significantly suppressed the neointimal formation after vascu-

lar injury in an animal model. These results clearly suggested that phar-

macological intervention targetting the growth factor’s signaling pathway would be
 

a promising and practical approach to prevent SMC proliferation.

3. Adenovirus-mediated Over-expression of a Cyclin-dependent Kinase Inhibitor
 

p57Kip2 uppressed Vascular Smooth Muscle Cell Growth

 

In this study, we prepared three different replication-deficient adenovirus
 

constructs expressing p21 family members,p21Waf1,p27Kip1 and p57Kip2,respec-

tively,and investigated the effect of p57Kip2 and two other CKI on the proliferation
 

of cultured vascular smooth muscle cells and the neointimal formation in an animal
 

model.
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Materials and Methods
 

Animals:Male Japanese White rabbits (body weight 2 to 2.5 kg)were maintained
 

on a normal chow diet. Anesthesia was induced using pentobarbital sodium injec-

tion (50 mg/kg body weight).

Preparation of Adenovirus Constructs: A cosmid vector with CAG promoter,

pAdexCA1w, was used in this study. In order to make replication-deficient
 

adenovirus constructs expressing CKIs,COS-TPC method was used as described
 

previously . First, mouse p27Kip1 and p57Kip2 cDNA were ligated with
 

pAdexCA1w,then these cosmids were cotransfected into 293 cells with the partially
 

digested parental adenovirus DNA. Homologous DNA recombination between
 

cosmids and adenovirus DNA within the 293 cells provide adenovirus constructs.

In order to enable the detection of CKI protein expression,the nucleotide sequence
 

encoding α-Flag was fused in-frame to 5’end of the p27Kip1 and p57Kip2 cDNA,

respectively. The resultant recombinant adenovirus constructs, designated as
 

Adex-p27 and Adex-p57,were purified by CsCl2 gradient ultracentrifugation foll-

owed by extensive dialysis. Adex-p21 was generously gifted by Dr.Ueno(Kyushu
 

University,Japan). The titer of each adenovirus stock was assessed by a plaque-

formation assay using the 293 cell. A control adenovirus,Adex-LacZ expressing
 

bacterialβ-galactosidase,was prepared in the same way.

Cell Culture:(refer to the method sectopn of II)

Western Blot Analysis: A10 cells infected either with Adex-p21, Adex-p27 or
 

Adex-p57 were treated with lysis buffer (STEP buffer,1% Triton-X,1% SDS)and
 

subjected to 12% sodium dodecil sulfate-polyacrylamide gel electrophoresis(SDS-

PAGE), then electrically transferred onto nitrocellulose membranes. The mem-

brane was probed with a mouse monoclonal antibody against human p21Cip1(6B6,

Pharmingen, San Diego,CA )and a mouse monoclonal antibody against α-Flag

(Anti-FLAG M5, Eastman KODAK, USA) then visualized by using an alkaline
 

phosphatase-conjugated anti-mouse IgG and chromogenic reagents (AP Conjugate
 

Substrate Kit,BIO-RAD,USA).

FACS Analysis:Quiescent A10 cells were prepared by 48 hours serum deprivation.

The quiescent cells were infected with 30 moi of Ad-CKIs(Ad-p21,Ad-p27,Ad-p57)

and then stimulated by exposing to the culture medium containing 10% FBS.

Control cells were infected with 30 moi of Ad-LacZ. These cells were stained by
 

propidium iodido,then analyzed by a COULTER FACScan and EXPO Cytometer
 

software.

Measurement of DNA Synthesis:Effect of Ad-CKIs on cellular DNA synthesis was
 

assessed by H thymidine uptake. In detail,confluent A10 cells in 24-well plates
 

were infected with either Ad-LacZ,Ad-p21,Ad-p27 or Ad-p57 at various moi for 1
 

hour or left uninfected,and incubated in serum-free medium for 24 hours. Culture
 

medium was exchanged to the one containing 10% FBS,and culture was continued
 

additional 24 hours. The cells were, then, pulsed for 1 hour with 1 μCi/ml of

［ H］-thymidine(DuPond NEN,USA). The incorporation of［ H］-thymidine into
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the trichloroacetic acid-insoluble fraction was measured using a scintillation
 

counter.

In Vivo Gene Transfer into Rabbit Carotid Arteries:Carotid arteries of male
 

Japanese White Rabbits were balloon-injured three times using a coronary angio-

plasty catheter (ENDURA, 3.0 mm diameter, 10 mm length;ACS, USA). After
 

balloon-injury,an isolated space was created by clipping the distal end of common
 

carotid artery and inflated balloon at the proximal end of common carotid artery.

Adenovirus in PBS (1.0x10 pfu)was injected into the isolated space through the
 

guide wire lumen of the balloon catheter. After 20 minutes incubation, the
 

adenovirus containing solution was retrieved and blood circulation was restored by
 

releasing the distal clipping and retrieving the proximal balloon catheter. The
 

vessels were harvested 3 weeks later,perfusion-fixed in 10% paraformaldehyde,and
 

tissue sections with Masson staining were prepared for microscopic examination.

The cross-sectional areas of neointima and media were obtained by manual tracing
 

of the boundaries of each vessel layer and an image analyzing software (NIH
 

image).

CDK activity inhibited by p57Kip2:Serum-starved SMCs(A10)were infected with
 

30pfu/cell of either Adex-LacZ or Adex-p57 and then serum-stimulated with 10%

FBS for 0h, 4h, 8h, 12h, 16h, 20h, 24h, 36h. Each of 30μg of protein lysis were
 

applied to 6%SDS.on cellulose membrane over
 

PCR analysis of adenovirus gene sequences in various rabbit tissues:Three days
 

after gene transfer procedure using Ad-LacZ, DNA was extracted from various
 

rabbit tissues including kidney, brain, heart, testis, lung, smooth muscle, spleen,

liver,blood,and carotid artery that was directly exposed to the adenovirus. The
 

partial DNA sequence of adenovirus genom was amplified by using specific primers
 

against adenovirus (sense primer;5’-GGCAACGTG-CTGGTTGTTGT-3’,antisense
 

primer; 5’-ACCTTCTGATAGGCA GCCTG-3’). PCR products were analyzed
 

through 1% agarose gel electrophoresis.

Data presentation and statistical analysis:All data were expressed as mean±SD,

and analyzed by unpaired t-test. Difference was accepted as statistically signifi-

cant when p value was less than 0.05.

Results
 

Adenovirus-mediated overexpression of CKIs in vascular smooth muscle cells:In
 

order to compare the anti-proliferate effect of p21 family members,we prepared
 

three different replication-deficient adenovirus constructs containing the entire
 

coding sequence of CKI gene(p21Waf1,p27Kip1 and p57Kip2)and designated them
 

as Ad-p21,Ad-p27 and Ad-p57,respectively. A10 cells were infected with 10 moi of
 

Ad-p21,Ad-p27 or Ad-p57,and the protein expression of each CKI was evaluated by
 

Western blot analysis three days after infection. As shown in Figure 6,A10 cells
 

infected by each Ad-CKI expressed excess amount of CKI proteins with appropriate
 

molecular weight,respectively.
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We next tested the effects of CKI overexpression on serum-stimulated DNA
 

synthesis. A10 cells were made quiescent by serum deprivation for 48 hours. This
 

treatment reproducibly arrested nearly 90% of the cells in G0/G1 phases of the cell
 

cycle as assayed by flow cytometry. The quiescent A10 cells were incubated with
 

various amounts of Ad-CKI for 12 hours, then re-stimulated by exchanging the
 

culture medium to that containing 10% FBS for additional 24 hours. Control cells
 

were infected with 100 moi of adenovirus containing bacterial Lac Z gene (Ad-

LacZ). Ad-CKI infection significantly suppressed the serum-induced DNA synthe-

sis as measured by H-thymidine uptake. Among three CKIs we tested,p57Kip2
 

showed the most significant suppression of cellular DNA synthesis (Figure 7).

Flow cytometric analysis revealed that Ad-CKI infection induced marked G1 arrest
 

in A10 cells (data not shown).

To test whether forced p57Kip2 expression affects the expression level of other
 

p21 family members and phosphorylation level of Rb class pocket proteins, we
 

harvested A10 cells every 8 hours after serum stimulation and performed Western
 

blot analysis. In Ad-LacZ infected A10 cells, serum stimulation provoked the
 

protein degradation of p27Kip1, and resulting in the increase of phosphorylated
 

p107 and p130. All these serum-induced alterations were completely abolished by
 

Ad-p57 infection (Figure 8).
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Figure 6 Expression of CDK inhibitors (p21Waf1,p27Kip1,p57Kip2)

in vascular smooth muscle cells (A10 cells) infected with
 

Ad-CKIs
 

Vascular smooth muscle cells (A10 cells)were infected with
 

Ad-CKIs(10 moi).Three days later,ten micro grams of total
 

cell lysates were subjected to SDS-PAGE and CKI proteins
 

were detected on Western blot analysis using specific anti-

bodies against each CKI.



Over-expression of CKIs inhibited neointimal hyperplasia in the rabbit carotid
 

artery after vascular injury:We next tested whether local expression of p57Kip2
 

in arterial wall would efficiently suppress neointimal formation after vascular
 

injury. Balloon injury model of rabbit carotid artery represents a well-

characterized and highly reproducible model for vascular proliferative disorder.

Preliminary experiments indicated that three times passage of inflated balloon
 

successfully and reproducibly created massive proliferation of smooth muscle cells

 

119 Molecular Mechanisms Behind The Regulation Of Cell Cycle Progression In Cardiovascular System

 

Figure 7 Effect of CKI on serum-stimulated DNA Synthesis of
 

vascular smooth muscle cells
 

A10 cells were infected with the indicated amount of
 

Ad-CKI.After 24 hours of serum deprivation,cells were
 

stimulated with 10% FBS for following 24 hours, then
 

pulse labeled by ［ H］-thymidine. Incorporated
［ H］-thymidine was extracted and measured by liquid

 
scintillation counter. All data were normalized by the

 
thymidine uptake in the Ad-LacZ infected A10 cells.

Data were expressed as mean±SD (n＝4).



resulting in thick neointimal formation. To assess the effects of p57Kip2 overex-

pression on the neointimal formation in this model, the balloon injured rabbit
 

carotid arteries were infected with 1x10 PFU of either Ad-p57 or Ad-LacZ.

Arteries were harvested 3 weeks after balloon injury and the intima to media area
 

ratio was assessed by using an image analyzing software. A marked reduction in
 

neointimal formation was achieved by adenovirus-mediated overexpression of
 

p57Kip2(Color Fig.11). Intima to media ratio from multiple experiments suggest-

ed that the antiproliferative effect of Ad-p57 was statistically significant(Figure 9).

Discussion
 

In this study,we utilized replication-deficient adenovirus vectors to introduce
 

cyclin-dependent kinase inhibitor genes into cultured VSMC (A10 cells)and rabbit
 

carotid arteries. Western blot analysis using specific antibodies revealed marked-

ly enhanced expression of CKI in A10 cells after the infection of each adenovirus
 

vector. All of the p21 family members significantly suppressed the serum-induced
 

DNA synthesis of A10 cells. Extent of the inhibitory effect was dependent to the
 

amount of virus particles used for the infection. Since nearly 100% of gene transfer
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Figure 8 Effect of p57Kip2 expression on serum-induced degradation
 

of p27Kip1 and phosphorylation level of pocket proteins,

p107 and p130
 

A10 cells were infected with 30moi of Ad-p57.After 48 hours
 

of serum deprivation,cells were stimulated with 10% FBS.

Total cellular lysates were prepared at the indicated time
 

point (0, 8, 16, 24 hours after serum stimulation). Twenty
 

micro grams of protein lysates were subjected to SDS-PAGE
 

and subsequent Western blot analysis using specific anti-

bodies. White arrow: non-phosphorylated protein. Black
 

arrow;phosphorylated protein.



efficiency was obtained by as low as 10 moi of Ad-LacZ,these results suggested that
 

there might be a dose dependency between the extent of CKI protein expression and
 

the inhibition of DNA synthesis. Among three CKI we tested,p57Kip2 showed the
 

highest inhibitory effect on the cellular DNA synthesis especially at low virus doses.

Adenovirus-mediated p57Kip2 overexpression completely abolished the protein
 

degradation of p27Kip1. Previous report suggested that p27Kip1 was removed
 

from nucleus, transferred to proteosome, then degrade through Jab1-dependent
 

mechanism. Because GST-pull down assay using GST-p57Kip2 protein indicated
 

that p57Kip2 did not bind to Jab1(data not shown),competitive inhibition of over
 

expressed p57Kip2 and intrinsic Jab1 resulting in the increase of free p27Kip1 is
 

unlikely. Results obtained in our study suggested p57Kip2 is located upstream of
 

p27Kip1,and proceeding reduction of p57Kip2 is necessary for the degradation of
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Figure 9  Quantitative Analysis of Neointimal For-

mation
 

Three weeks after balloon injury and
 

adenoviral infection (1.0x10 pfu,Ad-LacZ
 

or Ad-p57),right common carotid arteries
 

were excised and tissue sections were
 

prepared by Masson staining. Cross-

section of carotid arteries were digitized,

then the area of intima and media were
 

quantited using image-processing  soft-

ware,NIH image(n＝3).



p27Kip1.

Rabbit carotid artery restenosis model was used in this study to test in vivo
 

effect of p57Kip2 overexpression on the neointimal formation after vascular injury.

In order to minimize the systemic side effect of adenovirus vectors,adenovirus were
 

delivered locally to the closed short segment of the rabbit carotid artery which was
 

created by a distal clump and inflated balloon positioned proximally,and retrieved
 

as much as possible after 20 minutes of incubation period. Preliminary experiment
 

using Ad-LacZ showed that the length of incubation time and the amount of
 

adenovirus particle used in this study were enough to achieve effective gene transfer
 

and subsequent protein production. One time local administration of Ad-p57
 

significantly inhibited the neointimal hyperplasia which was created by balloon-

mediated endodenudation.

Expression pattern of cell cycle regulatory gene after vascular injury was
 

reported by Tanner et al Protein level of p27Kip1 was maintained at high level
 

in uninjured rat carotid arteries, and fell rapidly within 48 hours after vascular
 

injury. Two weeks after the injury, p27Kip1 protein expression was gradually
 

returned to control level. On the contrary,p21Waf1 protein level is kept low in
 

normal arteries and increased in neointima after 7 days from vascular injury.

From these results, it was concluded that reduction of p27Kip1 expression may
 

trigger the cell cycle of VSMC and the accelerated expression of p21Waf1 at later
 

time point may contribute to the re-establishment of the quiescent phenotype of
 

VSMC after vascular injury . In contrast to the ubiquitous expression of p21Waf1
 

and p27Kip1,p57Kip2 is expressed in the tissues which are composed of terminally
 

differentiated cells,suggesting that p57Kip2 is involved in a genetic program to exit
 

cell cycle during differentiation . Furthermore,only p57Kip2 knock-out mice
 

were embryonic lethal while p21Waf1 and p27Kip1 knock-out mice were well
 

survived - . These observations suggested that p57Kip2 has a key role during
 

the development of embryo that can not be compensated by other CKI family
 

members.

In order to obtain sufficient therapeutic effect and minimal side effect,it might
 

be necessary to full-fill two opposite goals;high viral concentration at the site of
 

action and very low (or no, if possible)viral escape to the systemic circulation.

Thus, catheter-based local delivery system was utilized in this study. Injured
 

vascular wall was exposed to adenovirus particles only for 20 minutes within a
 

closed vascular segment, and virus solution was retrieved as much as possible
 

through drug-delivery balloon catheter. PCR analysis, however, demonstrated
 

that adenovirus genome was extracted not only from carotid arterial wall,but also
 

from liver,spleen and heart (data not shown). From the experiments using con-

trast medium,relatively large amount of medium was leaking out from the closed
 

vascular segment to the systemic circulation via vasa vasorum. These results
 

suggest that tissue-specific promoter/enhance sequence might be necessary to be
 

implemented into the adenovirus vector for tissue-specific gene expression.
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