Inhibitory Effects of Novel AP-1 Decoy
Oligodeoxynucleotides on Vascular Smooth Muscle Cell
Proliferation In Vitro and Neointimal Formation In Vivo

Jong Deok Ahn, Ryuichi Morishita, Yasufumi Kaneda, Sang-Jun Lee, Ki-Young Kwon,
Se-Young Choi, Ki-Up Lee, Joong-Yeol Park, Ik-Jae Moon, Jong-Gu Park, Masao Y oshizumi,
Y asuyoshi Ouchi, In-Kyu Lee

Abstract—Excessive proliferation of vascular smooth muscle cells (VSMCs) and neointimal formation are critical stepsin
the pathogenesis of atherosclerosis and restenosis after percutaneous transluminal angioplasty. In this study, we
investigated the hypothesis that the activator protein-1 (AP-1) plays an important role in neointimal formation after
vascular injury. A circular dumbbell AP-1 decoy oligodeoxynucleotide (CDODN) was developed as a novel therapeutic
strategy for restenosis after angioplasty. This CDODN was more stable than the conventional phosphorothioate linear
decoy ODN (PSODN) and maintained structural integrity on exposure to exonuclease I11 or serum. Transfection with
AP-1 decoy ODNSs strongly inhibited VSMC proliferation and migration, as well as glucose- and serum-induced
expression of PCNA and cyclin A genes. Administration of AP-1 decoy ODNs in vivo using the hemagglutinating virus
of Japan (HV J)-liposome method virtually abolished neointimal formation after balloon injury to the rat carotid artery.
Compared with PSODN, CDODN was more effective in inhibiting the proliferation of VSMCs in vitro and neointimal
formation in vivo. Our results collectively indicate that AP-1 activation is crucial for the mediation of VSMC
proliferation in response to vascular injury. Moreover, the use of stable CDODN specific for AP-1 activity in
combination with the highly effective HV J-liposome method provides a novel potential therapeutic strategy for the
prevention of restenosis after angioplasty in humans. (Circ Res. 2002;90:1325-1332.)
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eointimal formation that results from the excessive
proliferation and migration of vascular smooth muscle
cells (VSMCs) is a criticad step in the pathogenesis of
restenosis after percutaneous transluminal coronary angio-
plasty (PTCA).12 A number of pharmacologica agents have
been tested for their ability to reduce the incidence and rate of
restenosis after PTCA, but with no satisfactory results. Over
the last decade, antigene therapy focusing on the inhibition of
VSMC proliferation has emerged as a potentialy attractive
strategy for reducing restenosis after PTCA.3-5
Previous studies showed that extracellular signal-regulated
kinase (ERK) and the c-Jun NH,termina kinase (INK)
(members of the mitogen-activated protein kinase [MAPK]
family) are rapidly and transiently activated after balloon
injury.5~7 ERK2 and JNK 1 activitiesin theinjured vessel wall
rapidly increase and reach high levels by 5 minutes after
injury. Furthermore, a sustained increase in ERK2 kinase
activity is observed in the arterial wall over a 7-day period

and in neointima for 14 days after injury.8 JNK and ERK
tranglocate to the nucleus and activate c-Jun and c-Fos, which
dimerize to form the activator protein-1 (AP-1) complex.
AP-1 binds specific DNA sequences present in a large
number of genes associated with cell proliferation and ECM
production.®-1° These results suggest that enhanced AP-1
binding is critical in VSMC proliferation in response to
vascular injury. However, it is not known whether inhibition
of AP-1 binding prevents neointimal formation.
Transfection of a double-stranded cis-element oligode-
oxynucleotide (decoy ODN) results in the remova of al
trans-factors from the endogenous cis-element of the same
sequence, with subsequent inhibition of gene expression.1-13
We hypothesized that transfection of VSMCs with a suffi-
cient amount of decoy ODN containing the AP-1 binding site
should effectively result in binding to AP-1, consequently
preventing the trans-activation of essential genes associated
with cell proliferation and inhibiting neointimal formation.
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The use of decoy ODNSs for reducing the trans-activity of
transcription factors is an innovative and attractive strategy
for gene therapy. However, in vivo usage of decoy ODN is
hampered by nuclease digestion. Consequently, chemical
modification procedures, such as phosphorothioation and
methylphosphonation, were used to increase the stability of
ODNSs against nucleases. A number of problems were en-
countered with these modified ODNs, including insensitivity
to RNaseH, lack of sequence specificity, and immune acti-
vation.14-18 To overcome these limitations, covalently modi-
fied ODNs were developed by the enzymatic ligation of 2
identical molecules, thereby preventing degradation by exo-
nucleases. These novel ODNs possess increased nuclease
resistance and are transported more efficiently into cells than
their chemically modified linear counterparts.9.20

In the present investigation, novel AP-1 decoy ODNs with
acircular dumbbell structure (CDODN) were developed and
transfected into VSMCs using the hemagglutinating virus of
Japan (HVJ)-liposome method to clarify the role of AP-1
activation in balloon injury. Moreover, we evaluated the
stability and effectiveness of CDODN, both in vitro and in
vivo. Our data indicate that AP-1 activation plays a critical
role in VSMC proliferation in response to injury and that
transfection of a novel CDODN, before the balloon injury
procedure, almost completely prevents neointimal formation
in the injured rat artery.

Materials and Methods

Animals

Nine- to ten-week-old male Sprague-Dawley (SD) rats (Hyochang,
Taegu, Korea) weighing 280 to 320 g were used in the experiments.
All procedures used were in accordance with the institutional
guidelines for animal research.

Cell Culture

Human VSMCs were isolated from thoracic aortas of donors during
heart transplant by the explant method.2* Tissue collection was
approved by thelocal Ethics Committee. Rat VSMCs were harvested
from the thoracic aorta of adult male SD rats, using the explant
method. VSMCs were cultured in DMEM (Gibco BRL) containing
20% FBS (Gibco BRL). VSMC purity was characterized by positive
staining with smooth muscle—specific a-actin monoclonal antibodies
(Sigma). Cells from the third and fifth passages were used in all the
experiments.

Construction and Stability of CDODN

The sequences of dumbbell-shaped, phosphorothioated AP-1 decoy
(PSODN) and mismatched AP-1 decoy ODN (MODN) are as follows:
CDODN (note: consensus sequences are underlined), 5'-
GGATCCATGACTCAGAAGACGACACACGTCTTCTGAGTCAT-
3’; PSODN, 5'-AGCTTGTGACTCAGAAGCT-3'; MODN, 5'-
GGATCCAAATCTCAGAAGACGACACACGTCTTCTGAGATTT-
3'. ODNswereannedled for 2 hours with asteady temperature descent from
80°C to 25°C. T4 DNA ligase (1 unit) was added to the mixture, followed
by incubation for 24 hours a 16°C to generate a covdently ligated
dumbbelI-shaped decoy ODN molecule. CDODN comprises 2 loopsand 1
stem containing two AP-1 consensus sequences in tandem (Figure 1A). To
determine the stability of CDODN, 1 ug nonligated phosphodiester ODN,
PSODN, and CDODN were incubated with human serum, FBS, fetd calf
serum, exonuclease 111 or S1 nuclease, as described previoudy. 24

Effects of AP-1 Decoy ODN on VSMC Growth
VSMCs were seeded onto 96-well tissue culture plates. At 30%
confluence, VSMCs were rendered quiescent by 24 hours incubation
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Figure 1. Structure and molecular stability of AP-1 decoy ODN.
A, Structure of AP-1 decoy ODN, which comprises 2 identical
stem loops covalently ligated to form the CDODN molecule.
CDODN contains 2 binding sites for AP-1 in the stem region. B,
Stability of decoy ODNs in the presence of exonuclease Ill (left),
S1 nuclease (left), or serum (right) is shown. Exo Ill indicates
decoy ODN treated with exonuclease lll; S1, decoy ODN treated
with S1 nuclease; CS, calf serum; D, CDODN; P, PSODN; and
L, the annealed form of CDODN before ligation.

in defined serum-free medium. Next, lipofectin containing 100
nmol/L decoy ODN was added to the wells. After 2 to 3 days, the cell
proliferation index was determined with a WST cell counting kit
(Wako).

Cell Migration Assays

Migration assays were performed as described previously,?2 using
modified Boyden's chamber method with an 8-um pore size poly-
carbonate membrane separating the 2 chambers. VSMCs suspended
in control medium were added to the upper chamber (2X10° cells),
and samples to be tested were placed in the bottom chamber.
Recombinant VEGF (10 ng/mL, R&D System) was added to the
lower chamber as a chemotactic stimulus. After 24 hours incubation
at 37°C, cells adhering to the upper side of the membrane were
scraped away, whereas the cells on the lower side were fixed and
stained with hematoxylin and eosin. The average number of cells
from 4 randomly chosen high-power (200x) fields on the lower
surface of filters was recorded.

Electrophoretic Mobility Shift Assay (EM SA) and
Northern Blot Analysis

Total RNA extraction, Northern analysis, and preparation of nuclear
extracts from VSMCs and EMSA were performed as described
previously.23

Luciferase Assay

AP-1 luciferase [pAP1(PMA)-TA-Luc (Clontech)] and cyclin A
promoter luciferase constructs were used.2* To analyze luciferase
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expression, transfected cells were washed twice with PBS and lysed
with 200 uL 1X Reporter lysis buffer (Promega). Each lysate (50
L) was examined for luciferase activity.

Balloon Injury and In Vivo Gene Transfer

HV Jliposomes were prepared as described previously.2® A 2 French
Fogarty catheter was used to induce vascular injury in male SD rats.
Rats were anesthetized with pentobarbital and the left common
carotid artery was surgically exposed. After the introduction of a
cannulainto the common carotid artery, vascular injury was induced
by the passage and inflation of a balloon catheter through an
arteriotomy in the externa carotid artery 3 times. The injured
segment was transiently isolated with temporary ligatures. Before or
after balloon injury, 20 uL HV J-liposome complex containing AP-1
decoy ODN or HV Jliposome aone was incubated within the lumen
for 10 minutes at room temperature. After transfection, blood flow to
the common carotid artery was restored with ligature release, and the
wound was subsequently closed.

Histological Analysis

After transfection, rats were euthanized, and vessels were perfusion-
fixed with 4% paraformaldehyde. Intimal and medial areas were
measured with a digitizing system (model INTUOS 6x8, Wacom).
Sections were incubated with rabbit anti—proliferating cell nuclear
antigen (PCNA) antibody (1:200 dilution, Santa Cruz Biotechnol-
ogy) and processed for immunohistochemistry using standard
techniques.

Statistical Analyses

Results are expressed as mean=SEM. Variance anadysis with a
subsequent Duncan’s test was used to determine significant differ-
ences in multiple comparisons. A value of P<<0.05 was considered
statistically significant. All experiments were performed at least 3
times.

Results

Construction of Dumbbell AP-1 Decoys With
Enhanced Stability

The structural stability of various decoy ODNs was initialy
determined by examining the ability to resist degradation by
nucleases. CDODN was resistant to exonuclease |11, whereas
both PSODN and annealed decoy ODN were completely
degraded after 2 hours incubation with the enzyme (Figure
1B). The molecular characteristics of CDODN were further
examined using S1 nuclease, which digests single-stranded
regions of DNA. The stem regions of both the dumbbell
decoy (72 bases) and PSODN (38 bases) were protected from
the action of S1 nuclease, although annealed decoy ODN was
not (Figure 1B).

Both PSODN and annealed decoy ODN were significantly
hydrolyzed on 24 hours incubation with either human serum,
FBS or fetal calf serum. However, CDODN remained largely
intact after 24 hours incubation with these sera, suggesting
significantly enhanced stability, compared with PSODN and
annealed decoy ODN (Figure 1B).

Specific Binding of AP-1 to Dumbbell Decoy ODN
Containing the AP-1 Target Site

In vitro competitive binding assays were performed to exam-
ine sequence-specific interactions between decoy ODN and
the AP-1 protein. An increase in concentration of unlabeled
AP-1 decoy ODN was accompanied by a corresponding
decrease in the intensity of the retarded band. This indicates
the presence of an ODN-AP-1 protein complex (Figure 2A).
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Figure 2. Effects of CDODN on the DNA binding activity of AP-1.
A, Varying amounts of AP-1 complexes were formed between the
labeled probe and AP-1 protein in the presence of different con-
centrations of unlabeled oligonucleotides. B, Typical gel shift assay
is shown for VSMCs transfected with AP-1 decoy ODN. The
experiment was repeated 5 times. C, Dose-dependent effects of
CDODN on the DNA-binding activity of AP-1. After treatment of
VSMCs with increasing concentrations of CDODN (20, 100, or 200
nmol/L), DNA binding activity was determined. D, Effects of
CDODN on TNF-a—induced NF-«B DNA binding activity. Cells
were incubated in the presence or absence of TNF-« (10 ng/mL)
for 2 hours. Additionally, cells were treated with 10 umol/L A77
1726 (TNF-a—induced NF-«B specific inhibitor) for 2 hours before
the addition of TNF-ca. E, Effect of CDODN on serum-induced E2F
DNA binding activity. NG indicates normal glucose (5.5 mmol/L
D-glucose); HG, high glucose (25 mmol/L p-glucose); Decoy ODN,
VSMCs transfected with 100 nmol/L AP-1 decoy ODN; P, PSODN;
D, CDODN; and M, mismatched AP-1 decoy ODN. EMSA results
are expressed as the mean+=SEM of 5 independent experiments.
Statistical significance was determined as *P<0.001 compared
with NG, 1P<0.01 compared with HG, §P<0.001 compared with
NG+10% serum, or JP<<0.01 compared with HG+10% serum.

A 1000-fold molar excess of unlabeled PSODN amost
completely out-competed AP-1 binding to the labeled probe.
However, only a 100-fold molar excess of unlabeled CDODN
was required to completely inhibit AP-1 binding to the
labeled probe.

As expected, treatment with high glucose resulted in a
significant increase in binding of AP-1to DNA, compared with
binding at low glucose concentrations ( P<<0.001; Figure 2B).
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Similarly, the addition of serum aso led to a dose-dependent
increase in the DNA binding activity of AP-1 (P<<0.001; Figure
2B). Transfection of both PSODN and CDODN significantly
atenuated AP-1 binding to DNA induced by high glucose or
serum (P<<0.01), with CDODN exhibiting more potent inhibi-
tory activity (P<0.001; Figure 2B).

Next, the effects of CDODN on AP-1, NF-«B, and E2F
binding activity were evaluated to confirm that CDODN
specifically inhibits AP-1 binding to DNA. CDODN trans-
fection significantly reduced high glucose- and serum-
induced AP-1 binding activity in a dose-dependent manner
(Figure 2C). However, TNF-a (10 ng/mL)—induced NF-«B
(Figure 2D) and serum-induced E2F binding activity (Figure
2E) remained unaffected by CDODN transfection.

Effect of AP-1 Decoy ODN on VSMC

Gene Expression

Reporter gene constructs containing the AP-1 binding site in
their promoter regions were used to investigate the effects of
the AP-1 decoy ODN on promoter activity. To determine the
specific role of the AP-1 binding site on cyclin A promoter
activity induced by high glucose levels, we transfected a
series of |uciferase reporter gene plasmids containing various
lengths of the human cyclin A 5" flanking sequence into
VSMCs treated with high glucose. Of these constructs, 2
plasmids (pCA—266/+205 mt and pCA—133/—205 mt)
containing mutated sequences in the activating transcription
factor site that interacts with AP-1 transcription factor in
cyclin A gene expression,2s exhibited significantly decreased
luciferase activity (P<0.001, compared with pCA—266/
+205 and pCA —133/+205; Figure 3A). Therefore, our data
suggest that the AP-1 decoy ODN downregulates the pro-
moter activity of cyclin A in VSMCs induced by high
glucose.

Next, we examined the effects of AP-1 decoy ODN on the
glucose- and serum-induced activities of luciferase reporter
plasmids (ie, pAP1(PMA)-TA-Luc and the cyclin A promoter
luciferase construct (pCA —266/+205) containing the AP-1
binding site). As expected, cotransfection of luciferase report-
ers with both PSODN and CDODN markedly attenuated high
glucose- and serum-stimulated luciferase gene expression
(P<0.01; Figures 3B and 3C), with CDODN being more
effective than PSODN. The effect of AP-1 decoy ODNs on
the endogenous expression of cell cycle regulatory genes in
vitro was a so investigated. For these experiments, expression
levels of the PCNA and cyclin A genes required for cell cycle
progression from G1 to S phase were determined by Northern
blotting. As shown in Figure 3D, high glucose and serum
stimulated PCNA and cyclin A mRNA expression in human
and rat VSMCs. Transfection of AP-1 decoy ODN (but not
mismatched ODN) led to a reduction in glucose- and serum-
induced expression of these genes. Moreover, the inhibitory
effect of CDODN on gene expression was more significant
than that of PSODN.

Effect of AP-1 Decoy ODN on VSMC Growth and
Migration In Vitro

Treatment with high glucose and serum stimulated the growth
of cultured primary human and rat VSMCs, compared with
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Figure 3. Effects of CDODN on VSMC gene expression. A,
VSMCs were cotransfected with decoy ODN and serial deletion
or mutant constructs of the cyclin A promoter under high glu-
cose conditions. Statistical significance was determined as
*P<0.001 compared with pCA—266/+205 or 1P<0.001 com-
pared with pCA—133/+205. Cells were cotransfected with
decoy ODN and either AP1(PMA)-TA-Luc (B) or pCA—266/+205
(C). The activity of decoy ODNs is reflected in their ability to
downregulate luciferase activity. Values are presented as
mean=+=SEM of 6 independent experiments. Statistical signifi-
cance was determined as *P<<0.01 compared with NG, 1P<0.01
compared with HG+10% serum, or $P<<0.001 compared with
HG+10% serum. D, Representative Northern blot analysis on gene
expression of cyclin A (top) and PCNA (bottom) in rat (left) or
human VSMCs (right). N indicates normal glucose (5.5 mmol/L
D-glucose); H, high glucose (25 mmol/L b-glucose); Decoy ODN,
VSMCs transfected with 100 nmol/L AP-1 decoy ODN; P, PSODN;
D, CDODN; and M, mismatched AP-1 decoy ODN.

control levels (Figures 4A and 4B). Transfection of AP-1
decoy ODN resulted in significant inhibition of the cell
growth stimulated by high glucose or serum (P<0.05).
Notably, CDODN amost completely inhibited VSMC
growth (P<<0.05, compared with PSODN). Similarly, the
increase in VSMC migration in the presence of high levels of
both glucose and serum (P<<0.05; Figures 4C and 4D) was
considerably suppressed by AP-1 decoy ODN (P<0.01). The
inhibitory effect of CDODN on VSMC migration was greater
than that of PSODN (P<<0.01).

Effects of CDODN on Neointimal Formation in
Rat Balloon-Injured Carotid Artery

To determine transfection efficiencies, PSODN and CDODN
were labeled using the Label IT fluorescein nucleic acid
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Figure 4. Inhibitory effects of CDODN on
human (A) and rat (B) VSMC proliferation were
examined. Results are presented as
mean*=SEM of 6 independent measurements.
Effects of CDODN on glucose- and serum-
potentiated migration of cultured human (C)
and rat (D) VSMCs stimulated with 10 ng/mL
VEGF for 24 hours. Average numbers of cells
from 4 randomly chosen high-power (200X)
fields on the lower surface of the filter are
shown. Results are presented as mean=SEM
of 4 separate experiments. Statistical signifi-
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labeling kit (Mirus). We tested the efficiency of ODN
transfection into the rat carotid artery with the HV J-liposome
method using fluorescein-labeled AP-1 decoy ODN (see
online Figure found in the online data supplement available at
http://www.circresaha.org). Transfection of labeled ODN re-
sulted in a strong fluorescent signal (Figures 5A and 5B),
which was readily detected in all layers of the artery. No
significant differences were observed between the transfec-
tion efficiencies of fluorescein-labeled PSODN and CDODN
with the HV J-liposome method (data not shown).

Next, we examined the effects of AP-1 decoy ODN on
neointimal formation in the rat carotid balloon-injury model.
As shown in Figure 5, neointimal formation resembling that
in injured vessels was detected in vessels transfected with
mismatched ODN, 2 weeks after transfection. In contrast, a
single administration of PSODN or CDODN resulted in
significantly reduced neointimal formation (P<<0.01). In
agreement with the abovein vitro data, the inhibitory effect of
CDODN on neointimal formation was more potent than that
of PSODN (P<0.05, compared with PSODN).

The process of neointimal formation is largely dependent
on the expression of immediate early genes.6-8 Therefore, we
compared the effects of pretreatment and posttreatment with
AP-1 decoy ODN on the inhibition of neointimal formationin
injured carotid arteries. As shown in Figure 6, pretreatment of
the rat carotid artery with AP-1 decoy ODN before balloon
injury was more effective than posttreatment (P<<0.0001
compared with balloon injured vessels, P<<0.01 compared
with posttreatment with CDODN) in inhibiting neointimal
formation.

cance was determined as *P<<0.01 compared
with NG, 1P<0.05 compared with HG+10%

serum, or $P<<0.01 compared with HG+10%
serum.

Effects of AP-1 Decoy ODN on the DNA-Binding
Activity of AP-1 and Gene Expression In Vivo

To determine whether AP-1 decoy ODN effectively blocks
the DNA binding activity of AP-1 in vivo, we performed gel
mobility shift assays, using cells from injured arteries. As
shown in Figure 7A, the DNA binding activity of AP-1
increased 30 minutes after injury and peaked at 3 hours after
injury. This increase in binding activity was inhibited by
treatment with CDODN. Furthermore, pretreatment with
decoy ODN was more effective than posttreatment in the
attenuation of AP-1 activity.

PCNA staining (a widely used marker of cell proliferation
in both normal and diseased states) was used to confirm the
inhibitory effects of AP-1 decoy ODN on cell proliferation.
As shown in Figure 7B, no PCNA staining was detected in
uninjured arteries. However, 2 weeks after injury, a marked
increase in PCNA staining was observed in both neointimal
and regenerated endothelia cells. Significantly, the level of
cells stained with PCNA in vessels treated with AP-1 decoy
ODN was much lower than that in untransfected vessels.

Discussion
Accumulating evidence indicates that activation of MAP
kinase and AP-1 cascades are key events in the proliferation
and growth of VSMCs in response to injury.6-8 However,
direct evaluation of the role of AP-1 in the pathogenesis of
neointimal formation is hampered by the lack of specific and
potent pharmacological AP-1 inhibitors. To test our hypoth-
esis that AP-1 plays a critical role in the pathogenesis of
VSMC proliferation and neointimal formation, we used a
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Figure 5. Effects of AP-1 decoy ODN on neointimal formation
occurring after balloon injury to rat carotid artery. Fluorescent
microscopy image of the left common carotid artery treated only
with fluorescein-labeled CDODN (A) or fluorescein-labeled
CDODN with HVJ-liposomes (B). Cross-section of the left com-
mon carotid artery of control rat (C) is shown 14 days after bal-
loon injury (D), 14 days after balloon injury with MODN using the
HVJ-liposome method (E), with the HVJ-liposome method and
PSODN (F), or with the HVJ-liposome method and CDODN (G).
Average ratio of intimal/medial area of the left carotid artery in
groups transfected with HVJ-liposomes containing AP-1 decoy
ODN is shown (H). Bars signify the neointima/media ratio of
common carotid arteries after balloon injury from each group of
animals studied (n=10). Values are presented as mean+SEM,
with statistical significance determined as *P<0.01 compared
with balloon-injured arteries or 1P<0.05 compared with PSODN
treated arteries. Original magnification: X100 (A and B) and X25
(C-G). Scale bar=200 pum.

novel AP-1 ODN method. Our data demonstrate that a novel
AP-1 decoy ODN prevents VSMC proliferation in vitro and
neointimal formation in vivo after balloon injury.

The transcription factor AP-1 binds to AP-1 consensus
sequences present in numerous genes associated with cell
proliferative response and extracellular matrix production
that are also important in neointimal formation,26-28 such as
c-myc, fibroblast growth factor, transforming growth
factor- 3, endothelin-1, and plasminogen activator inhibitor-1.
It is reported that treatment with AP-1 decoy ODN abolishes
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Figure 6. Effect of CDODN treatment times on the inhibition of
neointimal formation in injured carotid arteries. Cross-section of
the left common carotid artery of control rat (A), 14 days after
balloon injury (B), after pretreatment with MODN using HVJ-
liposome method (C), after pretreatment with CDODN (D), and
after posttreatment with CDODN (E). Average ratio of intimal/
medial area of the left carotid artery in groups transfected with
HVJ-liposomes containing AP-1 decoy ODN (F) is shown. Bars
represent the neointima/media ratio of common carotid arteries
after balloon injury from each group of animals studied (n=10).
Values are presented as mean+=SEM, with statistical signifi-
cance determined as *P<0.005 compared with balloon injured
arteries, TP<<0.01 compared with pretreated arteries with
CDODN, or $P<0.01 compared with posttreated arteries with
CDODN. Original magnification: x25. Scale bar=200 pm.

the expression of several genes, including plasminogen acti-
vator inhibitor-1, transforming growth factor-8, and
endothelin-1.122329 However, further studies are required to
elucidate the mechanisms by which AP-1 controls gene
expression during neointimal formation.

In this investigation, we used high glucose and serum as
stimulants to enhance the proliferation and migration of
VSMCs. These stimulants additionally induce many early
genes, growth factors, and mitogens via MAPK and AP-1
cascades.30-34 In VSMCs, AP-1 ODNs effectively abolish the
expression of cyclin A and PCNA genes induced by the
elevated glucose and serum levels, which are required for cell
cycle progression from G1 to S phase. Additionally, cotrans-
fection of AP-1 decoy ODN (but not mismatched ODN) with
the luciferase reporter constructs completely eliminates lucif-
erase expression of cyclin A induced by high glucose and
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Figure 7. A, Analysis of AP-1 binding activity in arterial extracts.
Gel mobility shift assays were performed using nuclear extracts
from cells of carotid arteries harvested at the indicated times
after injury (n=10). Before (pretreated with CDODN) or after
(posttreated with CDODN) balloon injury, 20 uL HVJ-liposome
complex containing CDODN was incubated within the lumen for
10 minutes at room temperature. B, PCNA expression in rat
carotid artery after balloon injury. PCNA staining of control ves-
sels (1), balloon-injured vessels (2), arteries pretreated with
MODN (3), arteries pretreated with CDODN (4), and arteries
posttreated with CDODN (5) are shown. PCNA-positive cells
appear brownish-black. All figures are depicted at 200X magni-
fication. Scale bar=50 pum.

serum. These observations, together with in vitro data show-
ing that transfection of AP-1 decoy ODN inhibits VSMC
proliferation and migration, demonstrate that AP-1 decoy
ODN inhibits neointimal formation via the suppression of
VSMC growth and migration.

Interestingly, we observed that pretreatment with decoy
ODN was more effective than posttreatment. This finding is
explained by the time-course of AP-1 activation in injured
arteries. Previous studies report that levels of ERK and INK
activity in the vessel wall rapidly increase and reach a plateau
within 5 minutes after balloon angioplasty, which is main-
tained for 1 hour thereafter.68 In addition, the expression of
immediate early genes (c-jun and c-fos) peaked at 30 minutes
after balloon injury. As shown in our results, AP-1 activity is

Effect of Novel AP-1 Decoy on Neointimal Formation 1331

detectable 30 minutes after balloon injury and reaches max-
imum levels at 3 hours. These findings collectively indicate
that signal transduction in response to balloon injury is rapid,
and that time is an important factor in blocking the flow of
signals induced as a result of the injury.

Importantly, CDODN is structurally more stable and effec-
tive than chemically modified decoy ODN. CDODN contains
two AP-1 binding sites in a single closed-ended decoy
molecule, thus allowing the targeting of more than 1 promoter
site. In concurrence with recent reports,°2° our CDODN was
more stable than PSODN in the presence of serum, exonu-
clease I1l, and S1 nuclease. In addition, sequence specificity
of CDODN, assessed by an in vitro competition assay, was
nearly 10 times greater than that of PSODN. The inhibitory
effect of CDODN on glucose- and serum-induced AP-1 DNA
binding activity was greater than that of PSODN. These
results suggest that CDODN has a higher affinity for AP-1
protein than PSODN. Consistent with these in vitro data,
CDODN ismore effective in preventing neointimal formation
after vascular injury.

The HV Hiposome technique was used to transfect AP-1
decoy ODN into rat carotid arteries. In this delivery system,
DNA is packaged into a liposome comprising phospholipids
and cholesterol. The liposome is fused to UV-inactivated
HVJ to form an HV Jliposome, which subsequently attaches
to the cell surface and delivers the DNA molecule directly to
the cytoplasm. This method is very effective in gene transfer,
even into the medial VSMC of the intact artery not subjected
to endothelial denudation.# We recently showed that trans-
fection of a fluorescein-labeled AP-1 decoy ODN using the
HV Jliposome method into cultured human VSMCs resulted
in stronger (approximately 100 times) fluorescence than the
conventional LipopectAMINE method.23 Consistent with this
report, transfection of fluorescein-labeled ODN by the HV J-
liposome method in vivo resulted in strong fluorescence,
which was readily detected in all layers of the artery.

In conclusion, our novel dumbbell decoy ODNs are mark-
edly more stable than the previously characterized chemically
modified ODNs. Moreover, inhibition of AP-1 activity by
decoy ODN effectively decreases in vitro proliferation and
migration of cells, as well as neointimal formation in vivo.
Our data clearly demonstrate that the transcription factor,
AP-1, iscrucial for the mediation of VSMC proliferation and
neointimal formation after vascular injury. Furthermore, we
present anovel potential therapeutic strategy for the treatment
of restenosis, which involves the utilization of CDODN with
minimal side-effects and the highly effective HV J-liposome
gene delivery technique.
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Supporting Data:

[Legend for the online data supplement figur €]

Typical photograph of fluorescence transfected with fluorescein-labeled AP-1 decoy
ODNSs. Fluorescent microscopy of cultured human VSMCs transfected with fluorescein-
labeled-PSODN (A) and CDODN (B) by cationic liposome method (Lipofectin, Gibco
BRL) in vitro. After 5 hr incubation with ODN-liposome complex, cells were fixed and
examined by fluorescence microscopy. Representative photographs (x100) of the
distribution of fluorescein-labeled ODNs from five different experiments. Fluorescent
microscopy in carotid arteries of rats transfected with fluorescein-labeled-PSODN (C)
and CDODN (D) by HV Jliposome method in vivo. The carotid arteries were harvested
for 10 min after transfection and perfusion-fixed. Frozen sections were examined by
fluorescence microscopy. Representative photographs (x100) of the distribution of

fluorescein-labeled ODNSs from three different experiments.
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