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Abstract

Restenosis after angioplasty is due predominantly to accumula-
tion of vascular smooth muscle cells (VSMCs). The resistance
of restenosis to pharmacological treatment has prompted in-
vestigation of genes involved in VSMCproliferation. Wehave
examined the effect on VSMCproliferation of blocking expres-
sion of the c-myc proto-oncogene with antisense oligodeoxynu-
cleotides, both in vitro and in a rat carotid artery injury model of
angioplasty restenosis. Antisense c-myc oligodeoxynucleotides
reduced average cell levels of c-myc mRNAand protein by 50-
55%and inhibited proliferation of VSMCswhen mitogenically
stimulated from quiescence or when proliferating logarithmi-
cally (IC5o = 10 ug/ml). Corresponding sense c-myc, two-base-
pair mismatch antisense c-myc, antisense a-actin or glyceralde-
hyde phosphate dehydrogenase oligodeoxynucleotides did not
suppress c-myc expression or inhibit VSMCproliferation. An-
tisense c-myc inhibition was relieved by overexpression of an
exogenous c-myc gene. After balloon catheter injury, peak c-
myc mRNAexpression occurred at 2 h. Antisense c-myc ap-
plied in a pluronic gel to the arterial adventitia reduced peak
c-myc expression by 75% and significantly reduced neointimal
formation at 14 d, compared with sense c-myc and gel applica-
tion alone. Weconclude that c-myc expression is required for
VSMCproliferation in vitro and in the vessel wall. C-myc is a
therefore a potential target for adjunctive therapy to reduce
angioplasty restenosis. (J. Clin. Invest. 1994. 93:820-
828.)Key words: angioplasty * antisense * c-myc * smooth
muscle

Introduction

Restenosis after coronary angioplasty remains a significant
clinical problem with > 30% restenosis rates at 6 mo (1). The
restenosis is caused predominantly by an accumulation of vas-
cular smooth muscle cells (VSMC) ( 1 ),1 extracellular matrix,
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and collagen (2). Many pharmacological inhibitors of VSMC
proliferation have been identified in vitro, and some, including
heparin, angiotensin-converting enzyme inhibitors, and inter-
feron-y, have also been found to inhibit the neointima that
leads to restenosis in vivo, in animal models of arterial resteno-
sis (3-8). However, no agent has yet been found that success-
fully inhibits angioplasty restenosis in human trials (see refer-
ence 9 for review). Recent research has therefore examined the
potential of using antisense oligodeoxynucleotides to identify
genes whose expression is important in VSMCproliferation as
a step toward novel therapy. Antisense oligodeoxynucleotides
are short synthetic DNAmolecules whose sequences are com-
plementary to those present in specific target mRNAswithin
cells. Antisense oligonucleotides complementary to sequences
in the proto-oncogene c-myb and the genes for nonmuscle
myosin and proliferating cell nuclear antigen have all been
found to reduce arterial proliferation in vitro ( 10-12 ). In addi-
tion, antisense c-myb oligonucleotides can also reduce neointi-
mal formation in vivo ( 13).

The c-myc oncogene is homologous to the transforming
gene of the avian myelocytoblastosis virus MC29and has long
been implicated in the control of normal and abnormal cell
proliferation ( 14). C-myc encodes a short-lived sequence-spe-
cific DNA-binding nuclear phosphoprotein thought to be in-
volved in transcriptional modulation. Mitogen stimulation of
quiescent VSMCsrapidly induces c-myc with a peak of expres-
sion at 2-4 h ( 15, 16). Subsequently, c-myc expression in
VSMCsis maintained at a constant low level throughout the
first and subsequent cell cycles ( 17). C-myc thus appears to
have a role both in entry into the cell cycle and in the mainte-
nance of cell proliferation. Consistent with this, we have re-
cently shown that c-myc down-regulation is an essential compo-
nent of the antiproliferative action of a variety of VSMC
growth inhibitors ( 18 ). The constant requirement for low level
expression of c-myc in proliferating VSMCsand the short half-
life of c-myc mRNAand protein all conspire to make c-myc an
attractive target for antisense inhibition. Indeed, antisense c-

myc oligonucleotides have previously been shown to reduce
proliferation and/or increase differentiation in a number of
cell lines ( 19-24).

Recently antisense c-myc oligonucleotides have been dem-
onstrated to exert antiproliferative effects on animal and hu-
man VSMCsin vitro (25, 26) but no study has examined the
effects of antisense c-myc oligonucleotides on VSMCsin vivo.
Wehave therefore used an antisense c-myc oligodeoxynucleo-
tide analogue, previously demonstrated to be stable in culture,
to enter cells and form hybrid duplexes, and to reduce c-Myc
protein levels (20), and examined its effects on the prolifera-
tion of VSMCsboth in vitro and in vivo using a rat carotid
artery injury model of restenosis. Wehave also examined the
effects of antisense sequences complementary to sequences in
genes not directly related to the proliferative process (a-smooth
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muscle actin [ a-sm-actin ] and glyceraldehyde phosphate dehy-
drogenase [GAPDH]).

Methods

Cell culture. VSMCswere isolated from thoracic aortic explants of
6-wk-old Sprague-Dawley rats. Cells were cultured in DMEcontaining
10% FCS (Gibco, Grand Island, NY) 20 mMHepes (Flow Laborato-
ries, Melcan, VA) and equilibrated with 95% air and 5%CO2. Subcon-
fluent cells were passaged by trypsinization in 0.05% trypsin in PBSand
reseeded in DME+ 10%FCS(normal culture medium). VSMCswere
identified by their typical "hill and valley" morphology in culture and
by immunocytochemical staining for a-sm-actin (Sigma Chemical Co.
[St. Louis, MO] monoclonal anti-sm-muscle a-actin antibody). Cells
at passage 5 were used for experiments and retroviral infections.

Production of VSM-myc cell lines. The retroviral vectors used to
generate VSMClines that constitutively express elevated c-Myc pro-
tein levels (VSM-myc cells) were constructed by inserting a full-length
human c-myc cDNA into the pDORneo retroviral vector (27). This
vector contains the Moloney murine leukemia virus long terminal re-
peat which drives expression of the c-myc sequence and an internal
Simian virus 40 (SV40) promoter from which the neomycin resistance
gene is expressed. Normal rat VSMCswere plated in 90-mm tissue
culture plates at a density of 2 X I07 cells per plate and left in normal
culture medium for 24 h. The medium was then aspirated and replaced
with 2 ml of medium containing virus (the supernatant of a 90-mm
plate of GP+ E packaging cells harvested at 48 h after infection) di-
luted at 1:50 in media and 8 Ag/ml of polybrene at 37°C for 2 h. This
medium was then aspirated and replaced with 10 ml of normal me-
dium for 24 h. The cells were then trypsinized, split 1:20, and cultured
in normal medium for 24 h. The following day, 500 Ag/ml of G418
(Genticin; Gibco) was added to the growth medium and resistant
clones were selected. Individual clones were picked, plated into individ-
ual flasks, and cultured in medium containing 500 ttg/ml of G418. A
clone of VSM-myc cells was used which constitutively expressed 7
x normal c-Myc protein levels as assessed by c-Myc protein ELISA
(28). Absolute levels of intracellular c-Myc protein expression were
determined using a bacterially expressed c-Myc protein as standard
(28) and see below.

Synthesis and purification of oligodeoxynucleotide. Phosphor-
othioate-derivatised oligodeoxynucleotides were synthesized on an au-
tomated synthesizer (model 380B, Applied Biosystems Inc., Foster
City, CA). After deprotection, oligodeoxynucleotides were dissolved in
water, extracted with phenol/chloroform/isoamyl alcohol (49.5:49.5:1),
precipitated with ethanol, and redissolved in water. Concentrations
were determined spectrophotometrically by assuming 1 A260 unit = 33
Ag RNA. All oligodeoxynucleotides used were 15-mers. The c-myc
sense oligodeoxynucleotide sequence comprised the first 5 codons of
human c-myc mRNA(5' ATGCCCCTCAACGTT3') and antisense
c-myc oligodeoxynucleotides comprised the complementary sequence
AACGTTGAGGGGCAT.Other oligodeoxynucleotides used were (a)
a 2-bp internal mismatch antisense c-myc sequence (2-bp internal mis-
match) (5' AACGTGGAG7IGCAT3'); (b) a sequence complemen-
tary to the first 5 codons of rat (GAPDH) mRNA(5' ACCGACCTT-
CACCAT3'); and (c) a sequence complementary to part of the 5'
noncoding sequence of rat VSMCa-sm-actin mRNA(5' ATGGCG-
ACTGGCTGG3'). The a-sm-actin sequence was chosen on the basis
of minimal complementarity to sequences in either fi- or y-actin gene
isoforms.

Cell proliferation studies. To determine VSMCproliferation,
VSMCswere plated into 24-well plates at 1 x 104 cells/well and cul-
tured in DME+ 0.5% FCS for 72 h (day 0). The medium was then
replaced with DME+ 10% FCSalone or with 5-30 Ag/ml of antisense
c-myc oligodeoxynucleotides or 30 Ag/ml of one of the other oligo-
deoxynucleotide sequences. Triplicate wells were trypsinized to release
cells and the cells counted by trypan blue exclusion on a hemocyto-
meter at appropriate time points. To study proliferation of logarithmic

phase cells, VSMCswere plated into 24-well plates at 1 X 104 cells/well
and cultured in DME+ 10% FCS for 48 h (day 0). 5-30 ,ug/ml of
antisense c-myc or 30 ,g/ml of one of the other oligodeoxynucleotide
sequences were then added to the media of triplicate wells and cell
number counted as above at appropriate time points.

Rat carotid artery model of intimal hyperplasia. Intimal hyperpla-
sia was induced by balloon catheter dilatation of the carotid artery of
the rat. Male rats (300-350 g) were anesthetized by intraperitoneal
injection of fentanyl (Janssen Pharmaceutica) and midazolam
(Roche) and the neck was incised. Left common carotid injury was
induced by the passage of a Fogarty balloon embolectomy catheter
(FG2) (Baxter Healthcare Corp., Deerfield, IL), inserted via the left
external carotid artery and distended with 20 ,1 of saline as described
by Clowes et al. (29). In experiments designed to examine the time
course of c-myc induction after injury, the left commoncarotid artery
was injured, the neck wound was repaired, but the rats were kept under
anesthesia until they were killed by exsanguination 1-4 h later. Injured
left and uninjured right common carotid arteries were removed and
snap-frozen in liquid nitrogen for RNAextraction. In studies examin-
ing the effect of antisense oligodeoxynucleotides on c-myc mRNAex-
pression, antisense c-myc (n = 6) or sense c-myc (n = 6) oligodeoxynu-
cleotides were applied to the adventitial surface of the arterial wall in a
pluronic gel solution. Sense and antisense c-myc oligodeoxynucleotides
were dissolved in a 0.25% pluronic gel solution at 40C (F127, BASF
Corp.) at I mg/ml. 200 ,1 of the gel solution was applied to the distal
third of the commoncarotid artery, immediately after vessel injury, as
described by Simons et al. ( 13 ). The animals were kept under anesthe-
sia and the artery removed 2 h later for RNAextraction. In studies
examining the neointimal response to injury, 200 gg of antisense c-myc
(n = 9) or sense c-myc (n = 5) oligodeoxynucleotides were applied as
above immediately after injury. Pluronic gel alone was applied to fur-
ther injured vessels (n = 5). The neck wounds were then repaired and
the animals allowed to recover. 14 d after injury, the rats were reanesth-
etised and killed by exsanguination through an aortic cannula, and the
carotid artery was fixed in situ by perfusion with 1%paraformaldehyde
and 2% glutaraldehyde at 120 mmHgperfusion pressure for 10 min.
The left and right commoncarotid arteries were excised and placed in
the same fixative for a further 16 h before processing and embedding in
Araldite epoxy resin. 2-tim sections were stained with toluidine blue
and the cross-sectional area of neointima measured for the proximal
(untreated) and distal (treated) thirds of the artery. A cross section of
the artery was examined microscopically and viewed using a X4 objec-
tive. The image was digitized by a ContextVision Gop-302 image analy-
sis computer using the green channel of a JVC-M280 TV camera
mounted on the microscope. The image area corresponded to 2.1 mm2
of the section. Using a mouse-controlled cursor, the boundaries of the
intima and media were traced onto the image display. The area of each
traced region and the mean distance between neighboring boundaries
were calculated.

RNA isolation and Northern hybridization. Total RNAfrom cul-
tured cells was isolated by the method of Chirgwin et al. (30). 107
normal rat VSMCswere grown in DME+ 10% FCS until 50% con-
fluent. 30 ,g/ml of sense c-myc, antisense c-myc, 2-bp mismatch anti-
sense c-myc, antisense a-sm-actin, or antisense GAPDHoligodeoxynu-
cleotides were then added to the medium and RNAisolated from cells
after 24 h. PolyA+ RNAwas isolated from whole rat carotid arteries
using the Micro-Fast Track System (Invitrogen). RNAwas quantified
spectrophotometrically. 15 ,ug of total RNAor 0.5 jig of polyA+ RNA
per time point was electrophoretically fractionated on a 1%agarose gel
containing 2.2 Mformaldehyde in a l x Mops running buffer (200 mM
3-(N-morpholino) propanesulphonic acid, 8 mMsodium acetate, 1
mMEDTA), blotted onto Hybond-N (AAmersham International,
Amersham, Bucks, UK) nylon filters using 20x SSCas a transfer buffer
overnight ( l x SSCis 0.3 MNaCl and 0.3 Mtrisodium citrate), and the
RNAwas bound and cross-linked using UV radiation (Stratalinker-
Stratagene Ltd.). C-myc mRNAwas detected using a riboprobe from a
linearized human c-myc fragment D414-433 ( 31 ) and signals were nor-
malized against a random primed (Amersham Int.) rat GAPDHcDNA
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probe. Filters were prehybridized in 6x SSC, 5 X Denhardt's solution,
5 ,g/ml denatured salmon sperm DNA(Sigma), 0.2% SDS, and 50%
formamide. Prehybridization was performed at 650C (c-myc ribo-
probe) or 420C (GAPDHprobe) for 1 h and hybridization for 16 h at
the above temperatures. The filters were then washed with 6x SSC,
0. 1%SDSand 2x SSC, 0. 1%SDSat 580C, and exposed using a Cronex
intensifying screen (DuPont Co.) and Kodak-X-omatic AR film at
-700C overnight. For repeat hybridizations, the filters were stripped by
boiling in 0.1% SDS for 1 h and exposing overnight to verify loss of
signal. Scanning densitometry was used to determine changes in
mRNAlevels.

Immunocytochemical analysis of c-Myc protein. VSMCs were
plated onto eight-well Tissue-Tek chamber slides (LabTek Ltd.) and
cultured for 48 h in DMEcontaining 10% FCS. The medium was then
replaced with DME+ 10%FCSalone or with 30 ,g/ml of sense c-myc,
antisense c-myc, 2-bp mismatch antisense c-myc, antisense a-sm-actin,
or antisense GAPDHoligodeoxynucleotides. Cells were fixed and pro-
cessed after 24 h using an affinity-purified pan-myc antibody as de-
scribed before (32). Slides were viewed immediately after preparation
on a model MRC500confocal microscope (Bio-Rad Laboratories) us-
ing Nimbus image analysis software (Research Systems) to quantify
relative c-Myc protein fluorescence objectively. Each experiment was
repeated three times and image formation, collection, and quantifica-
tion were performed using the same objective lens aperture, machine
gain, and blackness settings with a Kalman filter averaging the image
characteristics over 30 image scans. 40 cells per treatment group, se-
lected randomly by computer generation of field coordinates, were an-
alyzed in two separate subconfluent fields of cells. The observer was
blinded to the treatment groups. Average intensity of fluorescence was
quantified by the computer for each nucleus, and the mean intensity of
40 nuclei used for data comparison. A similar process was used to
assess cytoplasmic background staining for each cell and these figures
were subtracted from the nuclear signal to yield a net nuclear signal
expressed as the percentage of the signal from control cells.

ELISA. c-Myc protein levels in cells were determined using an
ELISA, as previously described (28). Briefly, protein lysates were ob-
tained from cells proliferating in media containing 10% FCS, treated
with each antisense oligodeoxynucleotide for 24 h at 30 ,g/ml. 2 X 106
cells were lysed in RIPA buffer (50 mMNaCl, 25 mMTris [pH 8.2],
0.5% NP40, 0.5% sodium deoxycholate, 0. 1%SDS, 0. 1%sodium azide,
1% bovine serum albumin, 0.2% aprotinin, 0.5 mMPMSF, 1 mM
DTT, 10 mMiodoacetamide). Lysates were analyzed in duplicate us-
ing affinity-purified polyclonal pan-myc antibody as capture antibody
and the monoclonal anti-c-Myc antibody MYCI-3C7 conjugated to
alkaline phosphatase as detection antibody (28). Signals were devel-
oped using the AMPAK(Dako Corp., Santa Barbara, CA) cyclic sub-
strate system. The absolute mean number of c-Myc protein molecules
per cell was determined by comparison with a bacterially expressed
c-Myc protein standard, assuming a molecular mass for c-Myc protein
of 50 kD.

Statistical analysis. Statistical analysis was performed using Stu-
dent's t test to evaluate differences in cell numbers, fluorescence sig-
nals, and neointimal areas.

myc sequences suppress rat c-myc expression to a similar ex-
tent. As the retrovirally infected VSMCsused as a control con-
tain a human sequence, the human 15-mer antisense c-myc
sequence was used for all other experiments.

Cell proliferation in response to incubation with each oligo-
nucleotide was monitored by cell counting. Quiescent rat
VSMCsstimulated with serum (control cells) exhibited loga-
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Results

Effect of antisense c-myc oligodeoxynucleotides on cell prolifer-
ation. Wefirst investigated the effect of antisense oligodeoxynu-
cleotides on the proliferation of VSMCs. 15-bp oligonucleo-
tides were synthesized corresponding to part of the human c-
myc sense sequence, the corresponding human antisense c-myc
sequence, a 2-bp internal mismatch of antisense human c-myc,
and antisense sequences to a-sm-actin and GAPDH. This se-
quence of human antisense c-myc differs from the rat sequence
by one base at the 5' end. However, preliminary experiments
showed that both human and rat specific 1 5-mer antisense c-

Days

Figure 1. Effect of antisense c-myc oligodeoxynucleotide on mitogenic
stimulation of quiescent VSMCs. The upper panel shows cells treated
with normal culture medium alone (control cells) or with 30 gg/ml
of sense c-myc, antisense c-myc, a 2-bp internal mismatch antisense
c-myc, antisense a-sm-actin, and antisense GAPDHoligodeoxynu-
cleotides. A significant difference was observed (P < 0.05) between
antisense c-myc-treated VSMCsand controls from day 2 onwards.
The lower panel shows the effect of antisense c-myc oligodeoxynu-
cleotides at various concentrations on serum-stimulated quiescent
VSMCsor cells cultured without oligodeoxynucleotides (control
cells).
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in significant reduction in increase in live cell number from day
2 onwards (P < 0.05 versus control cells) and the extent of
inhibition was proportional to the concentration of antisense
oligodeoxynucleotides present (Fig. 1). No significant inhibi-
tion of proliferation was observed in cells incubated with sense
c-myc, a 2-bp internal mismatch antisense c-myc, antisense
a-sm-actin, or antisense GAPDHoligodeoxynucleotides.

Significant reduction of proliferation (P < 0.05) from day 2
onwards was also observed in exponentially proliferating
VSMCsafter antisense c-myc oligodeoxynucleotide treatment
(Fig. 2). Inhibition of proliferation was also proportional to
concentration of the antisense c-myc oligodeoxynucleotide
(Fig. 2). 50% inhibition of proliferation (IC50) occurs at an
oligodeoxynucleotide concentration of 10 ,ug/ml and prolifera-
tion is effectively completely blocked at a concentration of 30
,ug/ml. Inhibition of proliferation by antisense c-myc was con-
firmed flow cytometrically. This was evident as a marked re-
duction in the proportion of cells in S-phase with accumulation
of cells in GO/GI (data not shown). None of the control oligo-
deoxynucleotides had any detectable effect on growth of expo-
nentially proliferating VSMCs.

To determine whether the antiproliferative effect of anti-
sense c-myc oligodeoxynucleotides on VSMCsis specifically
due to suppression of c-myc expression, we examined the ef-
fects of c-myc antisense oligodeoxynucleotides on the growth
of a clone of rat VSMCsthat constitutively expresses high levels
of an exogenous c-myc gene under the control of a retroviral
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Figure 2. Effect of antisense c-myc oligodeoxynucleotide on prolifer-
ation of exponentially proliferating VSMCsand VSM-myc cells. The
upper panel shows normal VSMCsand VSMCsconstitutively ex-

pressing c-myc (VSM-myc cells) treated with normal culture medium
alone (control cells) or with 30 jg/ml of sense c-myc, antisense c-myc,

a 2-bp internal mismatch antisense c-myc, antisense a-sm-actin, and
antisense GAPDHoligodeoxynucleotides. VSM-myc cells were

treated with normal culture medium alone (VSM-myc control) or

with 30 jig/ml of antisense c-myc oligodeoxynucleotides (VSM-myc
AS myc). A significant difference (P < 0.05) was observed between
antisense c-myc-treated normal VSMCsand control cells, but no dif-
ference between VSM-myc control cells or VSM-myc cells treated
with antisense c-myc (VSM-myc AS myc). The lower panel shows
the effect of antisense c-myc oligodeoxynucleotides at various con-

centrations on exponentially proliferating normal VSMCsor cells
cultured without oligodeoxynucleotides (control cells).

rithmic growth by 48 h after serum addition (Fig. 1). In

contrast, incubation of quiescent VSMCswith antisense c-myc

oligodeoxynucleotides during mitogenic stimulation resulted

S''.."k
C-myc

A";
: GAPDH

:'

Figure 3. Effect of antisense c-myc oligodeoxynucleotides on c-myc

mRNAexpression. RNAwas extracted from VSMCsafter incubation
with medium alone (control cells) or with 30 ,ug/ml of sense c-myc,

antisense c-myc, a 2-bp internal mismatch antisense c-myc, antisense
a-sm-actin, and antisense GAPDHoligodeoxynucleotides for 24 h
(all oligodeoxynucleotides at 30 ,ug/ml). RNAswere fractionated on

an agarose gel and c-myc expression determined by Northern blotting
analysis. A reduction in the antisense c-myc-treated group of 50%
is evident, as assessed by scanning densitometry. Equal loading of to-
tal RNAwas ensured by prior spectrophotometric quantification of
RNAand subsequent reprobing for GAPDH.
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B

200

100

0

C SM ASM 2BP AA AG VSMC VSMASM

Oligodeoxynucleotide treatment

Figure 4. Immunofluores-
cence quantitation of c-Myc
protein levels in VSMCsafter
treatment with antisense c-
myc oligodeoxynucleotide.
(A) Indirect immunofluores-
cence of c-Myc protein of
normal VSMCscultured in
medium alone (control cells)
or with 30 ,g/ml of sense
c-myc, antisense c-myc, a 2-
bp internal mismatch anti-
sense c-myc, antisense a-sm-
actin, and antisense GAPDH
oligodeoxynucleotides for 24
h (all oligodeoxynucleotides
were used at 30 Aug/ml). (B)
Histogram of c-Myc protein
immunofluorescence inten-
sity 24 h after each treatment.
Abbreviations: C, control
cells; SM, sense c-myc; ASM,
antisense c-myc; 2 bp, 2-bp
internal mismatch antisense
c-myc; AA, antisense a-actin;
AG, antisense GAPDH.His-
togram also shows fluores-
cence signals from VSM-myc
cells treated without oligo-
deoxynucleotides (VSM C)
or with antisense c-myc oli-
godeoxynucleotides (VSM
ASM). Nuclear fluorescence
signals were quantified in 40
cells per group using image
analysis software, and the
means are expressed as the
percentage of the mean signal
obtained in control cells.
Error bars represent SEMs.

promoter (VSM-myc cells). Due to their high levels of c-myc
expression, VSM-myc cells would be expected to be substan-
tially refractory to the effects of antisense c-myc oligodeoxynu-
cleotides. Weobserved no significant inhibition of prolifera-
tion in VSM-myc cells after treatment with antisense c-myc
oligodeoxynucleotides at concentrations that induced com-

plete growth arrest in normal VSMCs(Fig. 2). Flow cytometry
of VSM-myc cells confirmed no change in S-phase populations
after treatment with antisense c-myc oligodeoxynucleotides
(30 ,ug/ml)(data not shown).

Effect of antisense c-myc oligodeoxynucleotides on expres-
sion of c-myc in cultured vascular smooth muscle cells. To in-
vestigate whether the inhibitory effects of c-myc antisense oli-
godeoxynucleotides on cell proliferation were related to inhibi-
tion of c-myc expression, we measured both c-myc mRNAand
protein in proliferating VSMCstreated with antisense oligo-
deoxynucleotides. At concentrations that effectively inhibit

proliferation of exponentially growing VSMCs, antisense c-

myc oligodeoxynucleotides significantly reduced the expres-
sion of both c-myc mRNA(Fig. 3) and protein (Fig. 4). Scan-
ning densitometry showed that average c-myc mRNAlevel was

reduced by - 50% after 24 h incubation with antisense c-myc

oligodeoxynucleotides. C-Myc protein levels in cells were ex-
amined by quantitative immunofluorescence and showed a
55% (±5%) reduction after 24 h incubation in antisense c-myc

oligodeoxynucleotides. The reduction in c-Myc immunofluo-
rescence occurs in each cell, with a < 10% variability between
cells (Fig. 4). The observed reduction in VSMCc-Myc protein
levels was confirmed in bulk populations of cells by ELISA
(Table I). In contrast to the effects of the antisense c-myc oligo-
deoxynucleotides, we observed no significant reduction in c-

myc mRNAlevels after incubation with sense c-myc, the 2-bp
internal mismatch antisense c-myc, a-sm-actin or antisense
GAPDHcontrol oligodeoxynucleotides (Fig. 3). Levels of c-
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Table I. C-Myc Protein Levels in Molecules per Cell
for Normal VSMCsand VSM-myc Cells after Culture
in Media Containing Oligonucleotidesfor 24 h

Treatment C-Myc protein

molecules/cell

Control 3,700 (350)
Sense c-myc 3,600 (450)
Antisense c-myc 1,650 (300)*
2-bp mismatch antisense c-myc 3,200 (250)
Antisense a-sm-actin 4,150 (350)
Antisense GAPDH 3,950 (400)
VSM-myc cells: control 27,150 (1500)
VSM-myc cells: antisense c-myc treated 25,800 (1650)

Cells were cultured in medium + 10% FCS alone for 48 h to obtain
exponential growth and then oligodeoxynucleotides added. Values
are means (SEM). * P < 0.05.

Myc protein in VSMCswere similarly unaffected by these con-
trol oligodeoxynucleotides, as determined by immunofluores-
cence (Fig. 4) and ELISA (Table I). VSM-myc cells, express-
ing high levels of c-Myc protein, showed no change in c-Myc
protein levels after treatment with antisense c-myc oligodeoxy-
nucleotides (Fig. 4 B and Table I).

Expression of c-myc in arteries after balloon injury. We
examined the induction of c-myc in rat carotid arteries after
injury with a balloon catheter. RNAwas extracted from in-
jured and uninjured arteries at various times, fractionated on
agarose gels, and probed for c-myc expression. After balloon
arterial injury of the left carotid artery we observed a character-
istic temporal sequence of c-myc mRNAinduction. Little de-
tectable c-myc mRNAwas evident at time 0. Injury caused the
rapid induction of c-myc mRNAwhich peaks after 2 h and
which was still detectable, albeit at a lower level, after 4 h (Fig.
5). No such induction of c-myc was detected in the uninjured
right carotid arteries. The application of antisense c-myc oligo-
deoxynucleotides to the adventitial surface of the arterial wall
reduces the 2-h c-myc mRNApeak by - 75% (Fig. 5). No
such reduction in c-myc mRNAwas observed after application
of sense c-myc oligodeoxynucleotides (Fig. 5).

Effect of antisense c-myc oligodeoxynucleotides on arterial
neointima formation. Wenext examined the effect on arterial
neointimal formation of application of antisense c-myc oligo-
deoxynucleotides to the adventitial surface of the arterial wall
immediately after balloon catheter injury. Neointimal areas
were assessed in the distal treated segments and proximal un-
treated segments of the arteries 14 d after injury (Fig. 6 and 7).
Application of antisense c-myc oligodeoxynucleotide signifi-
cantly reduced neointimal formation following balloon injury
(P < 0.05) when compared with either sense c-myc oligodeoxy-
nucleotide or application of gel alone (Fig. 6 and 7). The re-
duction in neointimal area was localized to the areas to which
the gel containing antisense c-myc oligodeoxynucleotides had
been applied: proximal sections of the artery showed similar
neointimal areas in all groups (Figs. 6 and 7). Somedegree of
variability was observed in the amount of neointima present in
the antisense c-myc-treated group. Four out of nine arteries
exhibited virtually no neointima formation in the antisense
c-myc-treated segments, despite a markedly thickened intima
in the proximal, untreated segment of the same vessel (Figs. 6
B and 7).

Discussion

Antisense oligodeoxynucleotides complementary to sequences
in specific genes are useful probes for examining the require-
ment for expression those genes in various biological processes.
Antisense strategies have been successfully used to investigate
single gene function in VSMCproliferation (10-13, 25, 26).
We demonstrate here that antisense oligodeoxynucleotides
complementary to sequences in the c-myc proto-oncogene sup-
press in vitro, in a dose-dependent fashion, the proliferation of
VSMCsstimulated by mitogens from quiescence and also expo-
nential proliferation of VSMCsalready in the cell cycle. At an
antisense oligodeoxynucleotide concentration of 30 ,g/ml, in-
hibition of proliferation is almost complete. The inhibitory ef-
fect of antisense c-myc oligodeoxynucleotides on proliferation
of serum-stimulated quiescent VSMCsand exponentially pro-
liferating VSMCs implies that c-myc expression is required
both for VSMCsto enter the cell cycle and also for continuous
proliferation.

Concentrations of c-myc antisense oligodeoxynucleotides
that significantly inhibit cell proliferation suppress c-myc
mRNAand protein to - 45-50% of the normal levels in proli-
ferating cells. Although incomplete, this suppression of c-myc
expression appears sufficient to inhibit VSMCproliferation
and is consistent with a previous analogous study in HL60
promyelocytic leukaemia cells (20). In contrast to an earlier
study on VSMCs(26) we have observed no significant growth
stimulatory effect from low-dose antisense c-myc oligodeoxynu-
cleotides. The inhibition of proliferation we observe appears to
be a sequence-specific effect of antisense c-myc oligodeoxynu-
cleotides because no growth inhibition or suppression of ex-
pression of c-myc mRNAand c-Myc protein was observed
after incubation of VSMCswith a sense c-myc oligodeoxynu-
cleotide, a 2-bp mismatch antisense c-myc oligodeoxynucleo-
tide, or oligodeoxynucleotides complementary to sequences in
genes for a-sm-actin or GAPDH. It is interesting to note that
antisense GAPDHoligodeoxynucleotides had no observable
effect on GAPDHmessage levels; nor indeed did antisense a-
sm-actin affect corresponding a-sm-actin mRNAlevels (data
not shown). Wesuggest that this is due to the relatively high

RCA LCA LCA
Hours 0 1 2 4 1 2 4 S AS

A"-

GAPDH

Figure 5. Northern blotting hybridisation analysis of c-myc mRNA
expression in whole carotid arteries after balloon injury. Following
injury to the left carotid artery (LCA), RNAwas isolated at 1, 2, and
4 h from both the injured left and the uninjured right carotid arteries
(RCA). A low baseline level of c-myc expression was observed in un-

injured arteries but this did not vary over time. In contrast, rapid
induction of c-myc mRNAoccurred in the injured left artery. This
induction is maximal at around 2 h after injury and is - 75% reduced
by treatment with antisense c-myc (AS) oligodeoxynucleotides (200
big) immediately after injury but not by sense c-myc (S) sequences.
Equal RNA loading was confirmed by reprobing the filter for
GAPDHexpression.

Antisense c-myc Inhibition of Vascular Smooth Muscle Cell Proliferation 825



A

1.4

0
.6-D

._

U
._.

G (D) SM (D) ASM (D) G (P) SM (P) ASM (P)

Oligodoeoxynucleotide treatment

B

L.,II

Figure 6. Inhibition of neointima
formation by antisense c-myc oligo-
deoxynucleotide. (A) Histogram of
the intima to media ratios of distal
(D) (injured and treated) and prox-
imal (P) (injured but untreated)
arterial segments after treatment
with pluronic gel alone (G), sense
c-myc (SM) and antisense c-myc
(ASM) oligodeoxynucleotides. After
injury, oligodeoxynucleotides (200
,qg) in 0.25% pluronic gel were ap-
plied to the distal third of the artery
and vessels were examined morpho-
metrically after 14 d. A significant
difference between antisense c-myc
and both sense c-myc and gel alone
groups (P < 0.05) was observed for
the distal (treated) segments. Error
bars represent SEMs. (B) Sections
of the arterial wall for distal (D)
(treated) and proximal (P) (un-
treated) arterial segments showing
reduction in neointimal area after-
treatment with antisense c-myc oli-
godeoxynucleotides in the distal part
of the artery.

levels of these message species compared with c-myc. Antisense
c-myc suppresses c-myc mRNAin a concentration-dependent
manner and does not suppress c-myc when high mRNAlevels
are expressed, as in VSM-myc cells. Wetherefore feel it is likely
that the concentrations of antisense GAPDHand a-sm-actin
oligodeoxynucleotides used were insufficient to suppress their
cognate mRNAlevels.

The mechanism by which antisense oligodeoxynucleotides
inhibit expression of target genes within cells is incompletely
understood but is thought to involve interference with transla-
tion of the target mRNAand/or induction of cleavage of
DNA/mRNAhybrids by RNAase H (see reference 33 for re-
view). A further possibility is that the mere presence of intra-

cellular DNA/RNAhybrids may induce the production of en-
dogenous antiproliferative cytokines, for example interferon.
This latter mechanism is, however, an unlikely explanation for
the growth inhibition we observe in VSMCsby antisense c-myc
oligodeoxynucleotides since antisense oligodeoxynucleotides
complementary to other genes expressed in VSMCsexert no
inhibitory effect on VSMCgrowth. A more general question as
to the modeand specificity of action of antisense oligodeoxynu-
cleotides arises from the observation that oligodeoxynucleo-
tides as short as 13 bases can sometimes induce nonspecific
degradation of mRNAs(34). Any effects of antisense deoxynu-
cleotides might therefore be due to degradation of nontargeted
mRNAs. To try to eliminate this possibility, and to confirm the
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Figure 7. Microscopic analysis of
artery walls following injury.
Sections of the arterial wall of
(a) normal, uninjured right ca-
rotid artery, (b) antisense c-
myc-treated distal segment of
the left carotid artery (LCA),
(c) pluronic gel alone treated
distal LCA, (d) antisense c-myc
proximal LCA (oligodeoxynu-
cleotide applied only to distal
segment). Arrows indicate
thickness of neointima. There is
a marked reduction in the
neointimal area in the distal seg-
ment of the artery treated with
antisense c-myc. Proximal sec-
tions of the antisense-treated ar-
teries (which did not receive oli-
godeoxynucleotide application)
show similar neointimal areas to
arteries treated with pluronic gel
alone, indicating that the inhibi-
tion of neointimal formation is
restricted to the site of applica-
tion of the antisense c-myc oli-
godeoxynucleotide.

specificity of action of the c-myc antisense oligodeoxynucleo-
tide in our system, we asked whether the inhibition of cell prolif-
eration mediated by antisense c-myc oligodeoxynucleotides is
overcome by elevated expression of exogenous c-myc. We
found that VSMCsthat overexpress c-myc from an exogenous
retrovirus promoter (VSM-myc cells) are not growth inhibited
by concentrations of antisense c-myc oligodeoxynucleotides
that induce almost complete growth arrest in normal VSMCs,
nor are their intracellular levels of c-Myc protein significantly
suppressed. This is consistent with the notion that elevated
c-myc mRNAcan titrate out the growth-inhibitory effect of
antisense c-myc oligodeoxynucleotide and suggests that anti-
sense c-myc oligodeoxynucleotides block VSMCproliferation
by sequence-specific interaction with c-myc mRNA.Nonethe-
less, it remains possible that antisense oligodeoxynucleotides
work by some alternative mechanism that does not involve
sequestration and degradation of c-myc mRNA, for example
by direct interaction with some intracellular protein. Presum-
ably, such an interaction would also be competitively titrated
by overexpression of c-myc.

Following balloon catheter injury, c-myc expression is rap-
idly induced in the arterial wall, with the peak of expression at 2
h (as shown here and in references 35 and 36). This peak
expression is significantly suppressed by the application of an-
tisense c-myc oligodeoxynucleotides to the adventitial surface
of the arterial wall, arguing that the oligodeoxynucleotide pene-
trates the adventitia and acts to suppress c-myc expression in
VSMCsin the media within 2 h. The effect of oligodeoxynu-
cleotide application is not, however, limited to the short term
since it leads to marked reduction in neointima formation
some 14 d later. As the applied oligodeoxynucleotide is un-
likely to persist for very long in vivo, we suggest that the pro-
tracted process of neointima formation is critically dependent
upon mitogenic events that occur very shortly after injury. Pre-
sumably, antisense c-myc oligodeoxynucleotides block entry of

VSMCsinto the cell cycle and suppress proliferation of those
VSMCsalready in cycle. Alternatively, it is possible that the
antisense c-myc oligodeoxynucleotide interferes with VSMC
migration, a process that also contributes to the neointimal
lesion (29). Indeed, antisense c-myc oligodeoxynucleotides
have been shown to reduce VSMCmigration in vitro, and at
somewhat lower doses than those required to reduce prolifera-
tion (26). Our data complement and extend the previous study
of Simons et al. ( 13) which demonstrated inhibition of VSMC
accumulation in arteries in vivo using antisense oligodeoxynu-
cleotides to block expression of the proto-oncogene c-myb.

Although the reduction in neointimal area after injury dem-
onstrates the potential for the use of antisense strategies to mod-
ulate c-myc expression after angioplasty, further studies are
needed to establish whether the suppression of neointima for-
mation is maintained, to determine the minimum effective
dose required for neointima suppression and to investigate
whether the inhibitory effect is primarily on VSMCprolifera-
tion or VSMCmigration. Furthermore, in addition to VSMCs,
arterial walls contain a variety of cell types that may also be
implicated in the neointimal process. Although no effect was
observed on medial thickness or wound healing, it will be neces-
sary to examine the relative uptake and effects of antisense
oligodeoxynucleotides on each cell type. For example, c-myc
expression is likely to be induced in endothelial cells after in-
jury. Antisense c-myc oligodeoxynucleotides may thus sup-
press endothelial cell division and/or migration which would
reduce reendothelialization and could complicate arterial re-
pair. Studies designed to address the above issues are presently
underway.

In conclusion, we have demonstrated that antisense oligo-
deoxynucleotides can be used to suppress c-myc expression in
VSMCsboth in vitro and in vivo and thereby inhibit VSMC
proliferation and formation of neointima after arterial injury.
C-myc is thus an essential component of VSMCproliferation
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and appears to be an excellent target for potential therapies
designed to prevent angioplasty restenosis and its associated
pathologies.
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