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Abstract

Wehave used antisense phosphorothioate oligonucleotides to
define the role played by proliferating cell nuclear antigen
(PCNA) in neointimal accumulation of smooth muscle cells in
a rat carotid artery injury model. The short-term extraluminal
delivery of 250 nmol of antisense oligonucleotides, but not con-
trol oligonucleotides, immediately after arterial injury produces
a 77% suppression of PCNAmRNAafter 24 h and a 52%
decrease in the frequency of medial smooth muscle cells ex-
pressing PCNAafter 72 h. This reduction in PCNAexpression
is accompanied by a 59%decrease in the frequency of prolifer-
ating medial smooth muscle cells at 3 d as measured by BudR
staining and an 80% decrease in neointimal accumulation as-
sessed morphometrically at 2 wk. Thus, the expression of
PCNAis required for medial smooth muscle cell growth in vivo
and for neointimal formation after arterial injury. (J. Clin. In-
vest. 1994. 93:2351-2356.) Key words: smooth muscle cells.
proliferation - animal models * restenosis - polymer gels

Introduction

The proliferation of smooth muscle cells in vitro is stimulated
by various mitogens such as PDGF, IGF- 1, basic fibroblast
growth factor, EGF, IL-1, and TGF-f3 (1-3). The binding of
growth factors to specific receptors on smooth muscle cells initi-
ates a complicated series of biochemical reactions which in-
volve protein kinase C, receptor-linked tyrosine phosphoryla-
tion, and cAMP-dependent kinases (4). The detailed molecu-
lar events which immediately follow receptor activation are
currently under examination in many laboratories.

The various signal transduction mechanisms stimulated by
the activation of different growth factor receptors are likely to
intersect with a commonpathway of intracellular components
required for smooth muscle cell proliferation/migration. In-
deed, the growth response in a number of cell types, including
smooth muscle cells, to serum mitogens in vitro is suppressed
by antisense oligonucleotides directed against c-myc, c-myb,
proliferating cell nuclear antigen (PCNA),' cyclins, and non-
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1. Abbreviations used in this paper: PCNA, proliferating cell nuclear
antigen; SV40LT-SMC, smooth muscle cell line immortalized with
SV40 large T antigen.

muscle myosins (5-1 1). Thus, antisense oligonucleotides are
useful in defining key intracellular regulatory components
which may be critical for the proliferation/migration of
smooth muscle cells in vitro.

The biologic role of several growth factors has been estab-
lished in vivo by suppressing the action of these mitogens in the
rat carotid artery injury model and ascertaining the conse-
quences of this experimental manipulation. The results ob-
tained have lead to unexpected conclusions. The intravenous
administration of polyclonal neutralizing antibody against
PDGFin the above model produces a 40% reduction of neoin-
timal smooth muscle cell accumulation which is mainly due to
the suppression of cell migration ( 12). The intravenous infu-
sion of polyclonal neutralizing antibody against basic fibroblast
growth factor in the same model prevents the first wave of
smooth muscle cell growth but does not affect the final extent
of neointimal smooth muscle cell accumulation ( 13).

Until recently, it has been difficult to show that intracellu-
lar regulatory components necessary for smooth muscle cell
proliferation/migration in vitro are also essential for this pro-
cess in vivo. This issue is of obvious importance because the
characteristics of smooth muscle cells are altered in tissue cul-
ture and mitogenic factors in the in vivo setting may include
components presently unknown. Wehave used antisense oligo-
nucleotides to specifically inhibit the synthesis of intracellular
regulatory macromolecules in the rat carotid artery model and
showed that the protooncogene, c-myb, is critically involved in
the proliferation/migration of smooth muscle cells in vivo
( 14). In the present investigation, we use a similar experimen-
tal approach to demonstrate that the expression of PCNAis
essential for neointimal smooth muscle cell accumulation. The
data also indicate that this cell cycle-dependent protein is nec-
essary for the first wave of proliferation of medial smooth mus-
cle cells.

Methods

Synthetic oligonucleotides. The two antisense phosphorothioate
PCNA oligonucleotides (antisense 1 [GATCAGGCGTGCCTC-
AAA], nucleotides 4-21 of rat PCNAand antisense 2 [(CTTCAGGAT-
GGAGCCCTG],nucleotides 22-39 of rat PCNA) as well as the sense
and scrambled control phosphorothioate PCNA oligonucleotides
(sense 1 [ TTTGAGGCACGCCTGATC]and scrambled 2 [CAGACC-
GCAGGACTGTAT]) were synthesized in the Massachusetts Institute
of Technology Biopolymers Laboratory. The oligonucleotides were de-
protected on the column, dried down, resuspended in Tris-EDTA (10
mmTris, pH 7.4; 1 mmEDTA, pH 8.0), and quantified by spectropho-
tometry.

Tissue culture growth assay. All experiments were carried out with
a vascular smooth muscle cell line ( 15) immortalized with SV40 large
T antigen (SV40LT-SMC) kindly provided by Dr. Christopher Reilly
(Merck Sharpe & Dohme, West Point, PA). Cells were cultured in
DMEsupplemented with 10%FBSheat inactivated at 65°C for 45 min
(10% FBS-DME). Smooth muscle cells were plated at 25,000 cells/
well in a cluster 6 plate (Bellco Biotechnology, Vineland, NJ) and
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allowed to attach in 10%FBS-DME. The cells were then washed twice
with PBS, and the medium was changed to 0.25% FBS-DME(growth
arrest medium). After 96 h, the cells were shifted to 10%FBS-DMEin
the presence of various concentrations of antisense or control PCNA
oligonucleotides. The cells were then allowed to grow for an additional
72 h, trypsinized, and counted (Coulter Corp., Hialeah, FL). All exper-
iments were carried out in triplicate and repeated twice.

Rat injury model. Sprague-Dawley rats (average weight 360 g) were
anesthetized with ketamine (40 mg/kg) and xylazine ( 10 mg/kg), and
the left carotid arteries of the animals were isolated via a midline cervi-
cal incision. A 2F Fogarty catheter (Baxter Diagnostics, Inc.) was intro-
duced through the left external carotid artery of each rat and advanced
to the aortic arch; the balloon was inflated to produce moderate resis-
tance to catheter movement and then was withdrawn gradually to the
entry point. The entire procedure was repeated three times for each
animal. The oligonucleotides were added at a concentration of 1 Mmol/
ml to 25% (wt/vol) solutions of Pluronic F-127 prepared as outlined
by the manufacturer (BASF-Wyandotte Corp., Wyandotte, MI) and
maintained at 4VC. The solutions were applied immediately to the
exposed segment of the artery using prechilled pipettes and pipette tips.
The solution was allowed to gel, the wounds were closed, and the ani-
mals were returned to their cages. In control animals, the injury was
carried out as described above, but no gel was applied.

After 2 wk, the animals were killed by an overdose of ketamine and
xylazine and then perfused with 150 cm3 of normal saline under a
pressure of 120 mmHg.The left carotid arteries were removed, fixed in
10% formalin, and then processed for light microscopy in a standard
manner. The cross sections of four separate left carotid arterial seg-
ments from each animal were examined (six cross sections, 5 gmapart
for each arterial segment). Morphometric measurements were carried
out by a single observer who used an automated computer-based image
analysis system and was blinded to the nature of the specimen as de-
scribed previously ( 16).

RNAanalysis. The animals were killed 24 h after injury, perfused
with normal saline, and injured and contralateral carotid arteries were
rapidly removed and snap-frozen in liquid nitrogen. The tissue was
then pulverized in a liquid nitrogen-cooled metal chamber, taken up in
5 Mguanidine thiocyanate, and then sonicated in a blender. Total
RNAwas then extracted using an RNAextraction kit (Stratagene, La
Jolla, CA), and 20 Ag/well of total RNAwas loaded on a Hybond-N
nylon membrane (Amersham Corp., Arlington Heights, IL) using a
slot blot apparatus (Schleicher & Schuell, Inc., Keene, NH). The RNA
was then cross-linked to the membrane with ultraviolet irradiation
(Stratalinker; Stratagene) and prehybridized at 65°C with QuikHyb
solution (Stratagene) supplemented with 100 Mg/ml of sonicated sal-
monsperm DNAfor 2 h. Murine PCNAcoding sequence (courtesy of
Dr. R. Baserga, Temple University, Philadelphia, PA) and human ,B-
actin cDNA were radiolabeled to a specific activity of 109 cpm/Mg
using a random priming kit (Boehringer Mannheim Corp., Indianapo-
lis, IN), purified on G-25 spin columns (Boehringer Mannheim
Corp.), and added to QuikHyb solution. The hybridization was carried
out at 65°C for 2 h. The blots were then washed twice in 2x SSC/0. 1%
SDSsolution at room temperature, twice in 0.2X SSC/ 1% SDSsolu-
tion at 65°C, visualized by autoradiography, and quantified by Beta-
scope 603 blot analyzer (Betagen, Waltham, MA).

Immunocytochemical analysis. In an additional group of experi-
ments, immunocytochemical staining for BudR and PCNA was
carried out in six animals killed 72 h and in six animals killed 14 d after
balloon injury. For the purpose of BudR staining, rats were injected
intraperitoneally with BudR (50 mg/kg) (Sigma Immunochemicals,
St. Louis, MO) 1 h before killing. The animals were then killed as
described above, and the left carotid arteries were fixed in 10% forma-
lin. The cross sections from two separate arterial segments of each
animal (six cross sections for each arterial segment) were incubated
with anti-PCNA (Signet Laboratories, Inc., Dedham, MA) or anti-
BudR (Sigma Immunochemicals) antibodies used in 1:200 and 1:50
dilutions, respectively, as described previously ( 17). The stained nuclei
were counted by an investigator blinded to the nature of the specimen

and were averaged for each animal. The percentage of stained nuclei
(PCNA or BudR) was determined as a ratio of stained nuclei to the
total number of nuclei in the section used for analysis.

In vitro migration assay. The smooth muscle cell migration assay
was carried out in a modified Boyden chamber (Costar Corp., Cam-
bridge, MA) with an 8-Mm pore size (diameter) polycarbonate filter
(Costar Corp.) dividing upper and lower well chambers. Cultured
SV40LT-SMC were trypsinized and suspended at a concentration of
120,000 cells/ml in DMEsupplemented with 0.25% FBS. A volume of
100 Ml of cell suspension (- 12,000 cells) with 25 MMantisense or
scrambled PCNAoligonucleotides or no oligonucleotides (control)
was placed in an upper chamber, and 1.2 ml of DMEsupplemented
with 10%FBSwas placed in the lower chamber. After 6 h of incubation
at 370C in 5%C02-supplemented room air atmosphere, the filter was
removed from the chamber, and the number of cells attached to the
lower surface of the filter was determined by averaging the number of
cells present in five high power fields. This assay system is virtually
identical to that used by other investigators to document the action of
antisense c-myc oligonucleotides on chemotaxis (8). Each assay was
carried out in duplicate, and the experiments were repeated twice. The
results are given as percentage of control±SD.

Results

Wehave used antisense oligonucleotides to PCNAto define the
role played by this cell cycle-dependent protein in neointimal
smooth muscle cell accumulation in a rat carotid artery injury
model. The effect of antisense oligonucleotides in suppressing
smooth muscle cell proliferation was tested initially in vitro.
The antisense 1 PCNAoligonucleotide produced dose-depen-
dent inhibition of the growth of SV40LT-SMC, while sense 1
control oligonucleotide had no significant effect on cell prolifer-
ation (Fig. 1). These data are virtually identical to those re-
ported previously by others for primary vascular smooth mus-
cle cells ( 11 ). Wealso examined the effect of antisense PCNA
oligonucleotides on smooth muscle cell migration in an in vitro
assay (Boyden chamber). The addition of 25 MMantisense 1 or
sense 1 control oligonucleotides did not influence the number
of migrating cells after 6 h of exposure (80±8.7% of control vs
88±6. 1% of control, P = NS).

Given the inhibition of smooth muscle cell proliferation by
antisense PCNAoligonucleotide in vitro, we next ascertained
the action of two nonoverlapping antisense PCNAoligonucleo-
tides on neointimal accumulation in a rat carotid artery injury
model. To this end, the left commoncarotid artery of rats was
subjected to balloon angioplasty, which initiates a highly repro-
ducible intimal proliferation/migration of smooth muscle cells
over the entire length of the effected blood vessel. The antisense
oligonucleotides or the sense or scrambled control oligonucleo-
tides were added to pluronic solutions at 1 mmol/ml. After
balloon angioplasty, 250 Ml of solution (250 nmol of oligonucle.'
otide) was applied to the injured carotid artery in the neck. On
contact with the artery, the solution gelled immediately, gener-
ating a translucent layer which enveloped the treated region.
The wounds were closed after application of the gel, and the
rats were returned to their cages. As noted previously, the plur-
onic gel is no longer visible 1-2 h after application.

To assess the efficacy of oligonucleotide-induced suppres-
sion of PCNAmessage, we killed at 24 h two animals treated
with antisense 1 PCNA oligonucleotide and two animals
treated with sense 1 control oligonucleotide. RNAanalysis re-
vealed significantly decreased amounts of PCNAmRNAin the
antisense oligonucleotide-treated animals as compared with
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Figure 1. In vitro effect of PCNAoligonucleotides on vascular smooth
muscle cell proliferation. Growth-arrested SV40LT-SMCwere stimu-
lated with 10%FBS-DMEin the presence of 25 or 50MgMantisense 1
phosphorothioate PCNAoligonucleotide (AS-PCNA) or 25 or 50 zM
sense 1 phosphorothioate oligonucleotide (S-PCNA) or in the absence
of oligonucleotide (Control). The bar graph shows cell counts ob-
tained 72 h later. The data are displayed as mean±SD.

the sense oligonucleotide-treated or untreated controls. Hy-
bridization with a ,B-actin probe demonstrated relatively equal
RNAloading in both groups (Fig. 2). Quantitative analysis of
the blots showed an approximate 5.5-fold reduction (9,221
cpm in scrambled control vs 1,683 cpm in antisense-treated
animals [lines 1 and 2] and a 3.3-fold reduction (6,545 cpm in
scrambled controls vs 1,959 cpm in antisense-treated animals
[lines 3 and 4]) in PCNAmessage levels normalized for (3-ac-
tin. There was no difference in PCNARNA levels in sense
oligonucleotide-treated and untreated controls (6,418 cpm in
injured untreated arteries vs 6,545 and 9,221 cpm in treated
controls).

The initial wave of medial smooth muscle proliferation
peaks at 72 h after balloon angioplasty in the rat carotid artery
injury model (18). Given the effective suppression of PCNA
message at 24 h, we then investigated the action of antisense 1
PCNAoligonucleotides, as compared with sense 1 control oli-
gonucleotides, on the first wave of medial smooth muscle cell
growth. Immunocytochemical analyses showed a 59% reduc-
tion in the frequency of medial smooth muscle cells labeled
with a single injection of BudR 1 h before killing in antisense
oligonucleotide-treated animals (n = 3) as compared with
sense oligonucleotide-treated controls (n = 3) (Fig. 3). To
ensure representative selection of data, we examined six 5-,um
sections from two different arterial segments in each animal.
The magnitude of medial smooth muscle cell labeling in con-

q._

w: __

1-actin
Figure 2. In vivo effect of PCNAoligonucleotides on PCNARNA
expression in rat carotid arteries. 20 ,g of total RNAfrom balloon-
injured carotid arteries was loaded using a slot blot apparatus on a
Hybond-N membrane. Compare PCNAprobe hybridization in ca-
rotid arteries treated with antisense 1 PCNAoligonucleotide (lines 2
and 4), control sense 1 oligonucleotide (lines I and 3), and uninjured
arteries (lines 5 and 6). Hybridization of the same amount of RNA
to the fl-actin probe is depicted in the right column.

trol oligonucleotide-treated animals is in accordance with data
obtained previously using similar protocols for rat carotid ar-
tery balloon injury and BudR staining ( 16, 17, and Edelman,
E. R., unpublished observations).

Wealso obtained additional evidence to show that the in-
hibitory effect of antisense PCNAoligonucleotides is due to
suppression of this cell cycle-dependent gene product. In this
situation, one might observe a parallel reduction of PCNAex-
pression and BudR staining in medial smooth muscle cells
after arterial injury. The above result should not be expected if
the antisense oligonucleotide inhibited PCNAexpression with-
out a subsequent effect on smooth muscle proliferation and
suppressed cell growth by an independent mechanism. There-
fore, we determined the frequency of PCNAexpression in me-
dial smooth muscle cells 72 h after arterial injury in six ani-
mals. Immunocytochemical analysis revealed a 52% reduction
in the frequency of medial smooth muscle cells expressing
PCNAin antisense oligonucleotide-treated animals (n = 3) as
compared with control oligonucleotide-treated animals (n
= 3) (Fig. 3). There was little difference in the spatial distribu-
tion of stained nuclei from different arterial segments of the
same animal. These data are virtually identical to the fre-
quency of medial smooth muscle cells staining with BudR at
the same point in time (Fig. 3).

Given the above sequence-specific suppression of PCNA
mRNA/protein as well as the reduction in the first wave of
smooth muscle cell proliferation, we then assessed the effect of
oligonucleotide treatment on neointimal accumulation 2 wk
after arterial injury. The administration of antisense PCNA(n
= 14), but not control oligonucleotides (n = 8), produced a
marked decrease in neointimal formation (Fig. 4). No signifi-
cant difference in inhibitory activity was noted with the two
nonoverlapping antisense oligonucleotides (the ratios of inti-
mal to medial cross-sectional areas for antisense 1 and anti-
sense 2 are 0.015+0.09, n = 8 and 0.014±0.16, n = 6, respec-
tively), and sense 1 or scrambled 2 control oligonucleotides
were also identical with regard to the lack of biologic potency
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Figure 3. Immunocytochemical analysis of BudR and PCNAexpres-
sion in medial smooth muscle cells. Rats were subjected to balloon
injury and killed at 72 h, left carotid arteries were perfusion fixed, and
representative sections were stained for BudR and PCNAas described
in Methods. The fraction of labeled cells was determined as a ratio
of cells stained with anti-BudR or anti-PCNA antibody to the total
number of cells in each section. The bar graph shows percentage of
labeled cells in rats treated with antisense 1 oligonucleotide (dark
bars) or sense 1 oligonucleotide (stippled bars). The data are dis-
played as mean±SD. *P = 0.01; **P = 0.03.

CONTROL SCR PCNA

(the ratios of intimal to medial cross-sectional areas for sense 1
control and scrambled 2 control are 0.86±0.16, n = 5 and
1.01±0.18, n = 3, respectively). Therefore, the above data were
combined into antisense PCNAoligonucleotide-treated and
control oligonucleotide-treated groups. The animals treated
with antisense PCNAoligonucleotides exhibit an 80% reduc-
tion in neointimal area as compared with those treated with
control oligonucleotides or those undergoing balloon injury
only (Fig. 5 A). The antisense PCNAoligonucleotide, control
oligonucleotide, and untreated groups of animals were indistin-
guishable with regard to medial area. The animals treated with
antisense PCNAoligonucleotide exhibit an 84% reduction in
the ratio of intima/media cross-sectional areas as compared
with those treated with control oligonucleotides or those sub-
jected to balloon injury only (Fig. 5 B). To determine the likeli-
hood of further intimal proliferation at this point in time, we
carried out immunocytochemical staining for PCNAin three
antisense oligonucleotide-treated rats and in three control oli-
gonucleotide-treated rats. In both sets of animals, there was
only minimal PCNAstaining (< 1%of the cells), indicating a
drop of PCNAlevels in controls and a further decline of PCNA
expression in antisense-treated rats.

Discussion

Wehave demonstrated previously that inhibiting the expres-
sion of the protooncogene, c-myb, arrests smooth muscle cell
growth in vitro and suppresses neointimal smooth muscle cell
accumulation in vivo in the rat carotid artery injury model
( 14). These data suggest that the above protooncogene is a
member of the commonpathway of intracellular components
used by mitogens to facilitate smooth muscle cell proliferation /
migration in vivo. The role played by c-myb in smooth muscle
proliferation/migration is not understood completely, but the
protooncogene appears to be involved in regulating the GI /S
phase transition, possibly by initiating an elevation of calcium
ion at this stage of the cell cycle ( 19, 20). In fibroblast cell lines,
constitutive overexpression of c-myb posttranscriptionally ele-
vates the levels of PCNA, suggesting that this cell cycle-depen-
dent protein maybe a critical link between c-myb and prolifera-
tion/migration of various cell types (21 ).

AS PCNA

Figure 4. The effect of antisense and control PCNAoligonucleotides on neointimal formation in the rat carotid artery injury model. Represen-
tative cross sections from the left carotid artery of a rat treated with pluronic gel containing 250 nmol of antisense 1 phosphorothioate oligonu-
cleotide (AS PCNA, right), a rat treated with pluronic gel containing 250 nmol of sense 1 phosphorothioate oligonucleotide (SCR PCNA, mid-
dle), or an untreated rat (CONTROL, left) (Mason trichrome; X80).
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Figure 5. Morphometric analysis of treated and untreated rat carotid
arteries. Mean cross-sectional areas (Fig. 5 A) of the intimal (black
bars) and medial (stippled bars) regions of rat carotid arteries that
were treated with a pluronic gel that contained 250 nmol of antisense
1 (n = 8) or antisense 2 (n = 6) oligonucleotide (AS PCNA) or a

pluronic gel that contained 250 nmol of sense 1 (n = 5) or scrambled
2 (n = 3) oligonucleotide (SCR PCNA) or were untreated (Control).
B depicts the ratios of intima to media in the same groups of animals.
The data are displayed as mean±SD. *P < 0.01.

PCNAwas described originally as a nuclear antigen but was

identified later as an auxiliary subunit of DNApolymerase
(22-24). This cell cycle-specific protein is thought to function
by coordinating leading and lagging DNAstrand synthesis at
the replication fork (25). PCNAis required for in vitro growth
of several cell lines, including vascular smooth muscle cells, as

suggested by the antiproliferative effect of antisense oligonucle-

otides (5, 1 1 ). However, the ability of the PCNAgene product
to regulate cell proliferation/migration in vivo has not been
established. Therefore, we examined the role of this cell cycle-
specific protein with regard to neointimal smooth muscle cell
accumulation in the rat carotid artery injury model.

Our investigations show that expression of PCNAin medial
smooth muscle cells is required for neointimal smooth muscle
cell accumulation after arterial injury. This conclusion is docu-
mented by the significant decrease in neointimal smooth mus-
cle cell accumulation after administration of antisense PCNA
oligonucleotides, but not control oligonucleotides. At the same
time, antisense or control oligonucleotides have no effect on
medial smooth muscle cell density, suggesting that inhibition
of PCNA expression reduces the proliferation of medial
smooth muscle cells but is not responsible for cell death via a
nonspecific mechanism. The importance of PCNAwith regard
to cell proliferation was established by showing that the fre-
quency of proliferating medial smooth muscle cells 72 h after
arterial injury is decreased significantly in antisense PCNA-
treated animals but not in control oligonucleotide-treated ani-
mals.

Wenote a small discrepancy in antisense PCNA-treated
animals with regard to the 77% reduction in PCNAmessage at
24 h and the 52% reduction in the number of anti-PCNA anti-
body-stained cells at 72 h as compared with the 80% suppres-
sion of neointimal formation at 14 d. These minor discrepan-
cies may be because of the lack of a linear relationship between
the frequency of anti-PCNA antibody-staining cells, the
amount of PCNAprotein in cells, and the ability of cells to
proliferate. Alternatively, the small differences between the ef-
fect of antisense PCNAoligonucleotides on smooth muscle cell
proliferation at 72 h, as measured by staining of cells for BudR
and PCNA, and neointimal formation at 14 d could indicate
that smooth muscle cell migration may also be affected by this
treatment. To evaluate this possibility, we carried out in vitro
motility experiments with Boyden chambers and were unable
to document any effect of antisense PCNAoligonucleotides on
smooth muscle cell migration. Finally, the discrepancy be-
tween these two sets of data may indicate that a moderate inhi-
bition of medial smooth muscle cell proliferation during the
first 3 d after injury is sufficient to produce a more profound
subsequent decrease in smooth muscle cell growth and/or ma-
trix production leading to a major decrease in neointimal for-
mation at a later point in time. This observation is supported
further by the fact that neointimal and medial cell PCNAlevels
declined further in both control and antisense oligonucleotide-
treated animals, reaching essentially undetectable levels, sug-
gesting that further escape from proliferation arrest in anti-
sense-treated animals is unlikely at this point. This is consistent
with the findings of Morishita et al. (26) who showed no
change in neointimal formation after antisense cdc2 kinase/
PCNAtreatment when observation was extended from 2 to
8 wk.

The use of antisense oligonucleotides to delineate the bio-
logic function of specific macromolecules is sometimes criti-
cized because of potential side effects such as cleavage of
homologous mRNAs, nonspecific sequence-dependent effects
of oligonucleotides, or the activation of p68 kinase by cDNA/
mRNAhybrids (27, 28). To exclude these possibilities, we
used two nonoverlapping PCNAantisense oligonucleotides as
well as scrambled and sense control oligonucleotides. The vir-
tually identical extent of inhibition of neointimal smooth mus-
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cle cell accumulation by the two nonoverlapping antisense oli-
gonucleotides and the lack of any decrease in this parameter by
scrambled or sense control oligonucleotides document the spec-
ificity of the result. Furthermore, the antisense PCNAoligonu-
cleotides, but not control oligonucleotides, produced a signifi-
cant decrease in PCNAmRNAas well as a very similar reduc-
tion in the frequency of medial smooth muscle cells which
stain for PCNAand BudR at the stage of maximum cell prolif-
eration. These observations make it unlikely that the antisense
oligonucleotides inhibit PCNA expression without a subse-
quent effect on smooth muscle cell proliferation and suppress
cell growth by an independent mechanism.

The proliferation of vascular smooth muscle cells is respon-
sible for postangioplasty coronary artery restenosis, the failure
of coronary and peripheral arterial bypass grafts, and the dif-
fuse narrowing of coronary arteries after cardiac transplanta-
tion (29, 30). A similar pathologic process probably underlies
development of atherosclerosis and hypertension (31). As
noted above, we have learned much about the numerous
growth factors and cytokines that trigger smooth muscle cell
proliferation, but we know relatively little about intracellular
pathways which mediate the abnormal growth response. Nu-
merous techniques for suppressing smooth muscle cell growth
in vivo have been evaluated, which include methods for inhibit-
ing specific growth factors (for review see reference 32). The
lack of complete success in this endeavor argues that a different
approach may be useful. Wehave reasoned that elucidating
key components in a final commonpathway necessary for the
action of all mitogens could provide a powerful alternative for
controlling vascular smooth muscle cell growth. The investiga-
tions outlined above indicate that inhibition of PCNAexpres-
sion may be useful in this regard and suggest that antisense
oligonucleotides could provide a means to achieve this end.
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