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Abstract—Early growth response factor-1 (Egr-1) controls the expression of a growing number of genes involved in the
pathogenesis of atherosclerosis and postangioplasty restenosis. Egr-1 is activated by diverse proatherogenic stimuli. As
such, this transcription factor represents a key molecular target in efforts to control vascular lesion formation in humans.
In this study, we have generated DNAzymes targeting specific sequences in human EGR-1 mRNA. These molecules
cleave in vitro transcribed EGR-1 mRNA efficiently at preselected sites, inhibit EGR-1 protein expression in human
aortic smooth muscle cells, block serum-inducible cell proliferation, and abrogate cellular regrowth after mechanical
injury in vitro. These DNAzymes also selectively inhibit EGR-1 expression and proliferation of porcine arterial smooth
muscle cells and reduce intimal thickening after stenting pig coronary arteries in vivo. These findings demonstrate that
endoluminally delivered DNAzymes targeting EGR-1 may serve as inhibitors of in-stent restenosis.(Circ Res. 2001;89:
670-677.)
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The capacity to selectively target specific mRNA se-
quences with catalytic molecules composed of DNA

provides immense potential to broaden our understanding of
the roles of specific mediators in normal and pathologic
settings. Catalytic DNA can be used to cleave the phosphodi-
ester linkage between virtually any unpaired purine and
paired pyrimidine, selectivity being conferred by the nucleo-
tide sequences of the hybridizing arms. These next-generation
antisense oligonucleotides are extremely specific and easy to
synthesize and have low toxicity, because they do not require
phosphorothioate or other backbone modifications to confer
nuclease resistance. DNAzyme biotechnology has practical
therapeutic implications as a new category of gene-
suppression agents in pathophysiological settings.

Stenting of coronary atherosclerotic lesions has revolution-
ized the treatment of cardiovascular disease in the last 5
years, after two landmark trials demonstrating a reduction in
restenosis relative to coronary balloon angioplasty in compa-
rable vessels.1,2 Stents prevent elastic recoil of the artery via
their ability to provide a structural scaffold on the interior of
the vessel.3 Stenting has now virtually replaced angioplasty4

to the extent that in-stent restenosis has now itself become a
significant problem.5 Lesions of in-stent restenosis arise
mainly from vascular smooth muscle cell (SMC)1 prolifera-
tion in response to mechanical injury imparted to the vessel

by stenting.6 This culminates in the thickening of the intima
within the rigid stent. Brachytherapy may help reduce in-stent
restenosis,7,8 although a recent study indicates that radioac-
tive stents may simply delay rather than prevent in-stent
neointimal proliferation.9 To date there is only one example
of a catalytic nucleic acid that has been used in efforts to
inhibit SMC proliferation and in-stent restenosis in pig
coronary arteries. Frimerman et al10 locally delivered ham-
merhead ribozymes targeting the cell-cycle regulatory protein
proliferating cell nuclear antigen (PCNA) and observed a
28% reduction of in-stent restenosis. These ribozymes, de-
spite their chimeric structure, were extremely labile to nu-
cleolytic degradation.

The promoters of many genes whose products stimulate
SMC proliferation, migration, and matrix synthesis contain
binding sites for the immediate-early gene and transcription
factor early growth response factor-1 (Egr-1, also known as
NGFI-A, TIS8, and krox24).11,12Egr-1 is rapidly activated by
acute mechanical injury in vitro and in vivo and numerous
other proatherogenic agonists and environmental stimuli,
such as growth factors, hormones, and fluid biomechanical
forces.12 In humans, FGF-2, a potent trigger of Egr-1 expres-
sion,13 is released locally in the vicinity of human atheroscle-
rotic plaques after coronary stenting.14 EGR-1 immunoreac-
tivity has recently been localized to SMCs and other cell

Original received April 30, 2001; revision received August 20, 2001; accepted August 20, 2001.
From the Centre for Thrombosis and Vascular Research, University of New South Wales and Prince of Wales Hospital (H.C.L., R.G.F., M.M.K.,

C.N.C., L.M.K.) and Johnson and Johnson Research Pty. Limited (A.B.), Sydney, Australia.
Correspondence to Levon M. Khachigian, PhD, Centre for Thrombosis and Vascular Research, School of Pathology, The University of New South

Wales, Sydney NSW 2052, Australia. E-mail L.Khachigian@unsw.edu.au
© 2001 American Heart Association, Inc.

Circulation Researchis available at http://www.circresaha.org

670

D
ow

nloaded from
 http://ahajournals.org by on February 25, 2020



types within atheromatous lesions.15 Together, these obser-
vations suggest that EGR-1 may play a regulatory role in the
vascular response to injury in humans. The aim of this study
was to generate novel DNAzymes targeting human EGR-1
and demonstrate their ability to inhibit human SMC prolifer-
ation, regrowth in response to injury in vitro, and in-stent
restenosis in porcine coronary arteries after stenting and
endoluminal delivery.

Materials and Methods
Details of in vitro transcript generation and cleavage experi-
ments,16–18 cleavage kinetics of EGR-1 mRNA, cell culture, and
DNAzyme transfection, Western blot analysis, in vitro SMC inju-
ry,19 cell proliferation assay, and the porcine in-stent restenosis
model10,20–25can be obtained in the online data supplement available
at http://www.circresaha.org.

Results
DNAzymes Targeting Human EGR-1 Cleave In
Vitro Transcribed EGR-1 mRNA
We generated a series of DNAzymes (DzA to DzG) targeting
various purine-pyrimidine junctions in human EGR-1 mRNA
(Figure 1A). Cleavage of an in vitro transcribed 388-nucleo-
tide-long 32P-labeled human EGR-1 transcript spanning the
translational start site by several of the DNAzymes (DzA,
DzB, and DzC) produced fragments of expected size as early
as 5 minutes and proceeded in a time-dependent manner
(Figure 1B, left). In contrast, no reaction products were
apparent using DzE (Figure 1B, right). ED5,17 targeting rat
Egr-1 also failed to cleave the human substrate (data not
shown), demonstrating the limitation of ED5 as a catalytic
inhibitor of human EGR-1. A fourth DNAzyme, DzF, also
cleaved the human EGR-1 mRNA (Figure 1C, left), whereas
a size-matched counterpart of DzF, DzFscr, bearing an active
catalytic domain flanked by arms with scrambled sequence,
had no effect (Figure 1C, left). The DNAzyme cleaved its
substrate over a wide range of molar ratios spanning 0.5 to 50
molecules of DNAzyme to 1-molecule substrate (Figure 1C,
right). Single-turnover kinetic analysis of DzA and DzF with
the 388-nucleotide RNA substrate revealed similar catalytic
efficiencies (kcat/km) of 3.423103 (mol/L)21 · min21 and
1.903103 (mol/L)21 · min21, respectively (Figure 1D).kcat/km

values of 8.683107 (mol/L)21 · min21 and 7.773107 (mol/L)21 ·
min21 for DzA and DzF, respectively, after multiple turnover
kinetic analysis using a 23-nucleotide synthetic RNA sub-
strate (data not shown) indicate superior catalytic efficiencies
comparable with other DNAzymes of the 10 to 23 sub-
type.16,26,27 These data, taken together, demonstrate
sequence-, time-, and dose-dependent DNAzyme cleavage of
human EGR-1 mRNA.

DNAzymes Inhibit Production of EGR-1 Protein
in Human Vascular SMCs
We next determined the effect of DzA and DzF on the
serum-inducible expression of EGR-1. Western blot analysis
demonstrated that EGR-1 protein is poorly expressed in
growth-quiescent primary human aortic SMCs but is acti-
vated within 1 hour of exposure to serum. The induction of
EGR-1 was virtually abrogated by previous exposure to DzA
and DzF (0.4mmol/L). In contrast, neither the noncleaving

DNAzyme (DzE, Figure 2, top) nor the scrambled DNAzyme
(DzFscr, Figure 2, bottom) had any inhibitory effect on the
induction of EGR-1. Reprobing the blot with antibodies
directed to the structurally related zinc finger transcription
factor Sp1 revealed no inhibitory effect of DNAzyme on
levels of this constitutively expressed nuclear protein (Figure
2, top).

EGR-1 DNAzymes Block Human SMC Regrowth
After Injury
In a well-established in vitro model of wounding,13 DzA (0.4
mmol/L) inhibited SMC regrowth into the denuded zone by
'50% (Figure 3). Even greater inhibition (80%) was ob-
served using DzF (Figure 3). In contrast, equivalent concen-
trations of DzFscr or ED5scr (ie, ED5 with scrambled arms)
failed to modulate this process (Figure 3). Within the confines
of this model, these data support the notion that EGR-1 plays
a positive regulatory role in the reparative response of human
SMCs to mechanical injury.

Human SMC Proliferation Is Inhibited by
EGR-1 DNAzymes
We next assessed the capacity of the various EGR-1
DNAzymes to inhibit human SMC replication. At 0.3
mmol/L, DzF inhibited serum-inducible proliferation by
'50% (Figure 4A), whereas DzB, DzC, ED5scr, and, sur-
prisingly, DzA had no effect (Figure 4A). However, at 0.4
mmol/L, DzF inhibited SMC proliferation virtually by 100%,
whereas DzFscr, DzB, DzC, DzE, and ED5scr failed to
attenuate the mitogenic response (Figure 4A). Interestingly,
at this concentration (0.4mmol/L), inhibition by DzA was
apparent (Figure 4A). These findings show that DzF can
inhibit cell growth at concentrations that DzA cannot. DzF is
thus a more potent inhibitor of human SMC proliferation
than DzA.

To determine whether the inhibitory effect of DzF on SMC
proliferation was reversible, culture medium containing se-
rum and DzF was replaced with medium containing serum
alone. Twenty-four hours after continuous exposure to
DNAzyme, cell numbers in the DzFscr group, as expected,
exceeded those of the DzF group (Figure 4B, compare
columns 2 and 1). When the cells were then incubated with
fresh medium without DNAzyme, the population of cells in
the DzFscr group continued to increase over the next 54 hours
(Figure 4B, compare columns 4 and 2). In contrast, cell
replication in the DzF group did not change over the same
time course (Figure 4B, compare columns 3 and 1). These
findings demonstrate sequence-specific, long-lived, and irre-
versible inhibition by DzF.

Induction of EGR-1 Protein and Proliferation of
Porcine Vascular SMCs Is Inhibited by
EGR-1 DNAzymes
Before evaluating the effect of these DNAzymes on intimal
thickening in a porcine model of arterial injury, we first
determined the influence of these molecules on levels of
Egr-1 in growth-quiescent primary pig aortic SMCs. DzA and
DzF both inhibited serum-inducible Egr-1 protein expression
at 0.4 mmol/L, although the latter DNAzyme produced
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greater inhibition (Figure 5A). In contrast, ED5scr and DzG
had no inhibitory effect. Neither DzF nor DzA could down-
regulate levels of serum-inducible Egr-2 (Figure 5A) or c-Jun
(Figure 5A) or affect constitutive levels of Sp1 (Figure 5A).
Both DNAzymes also failed to affect levels of proliferating
cell nuclear antigen (PCNA) or p53 (data not shown). These
data indicate gene-specific inhibition by two EGR-1
DNAzymes.

DzA and DzF blocked serum-inducible porcine aortic
SMC proliferation at 0.4mmol/L. At this concentration, DzF
completely inhibited cell replication (Figure 5A), whereas
DzA inhibited by 75% (Figure 5B). Porcine vascular SMC
proliferation was not significantly inhibited by DzE, DzG, or
ED5scr (Figure 5B).

Effects of EGR-1 DNAzymes on Coronary
In-Stent Restenosis
We next assessed the ability of these DNAzymes to inhibit
in-stent restenosis in the porcine coronary stent model.24,28

Figure 1. Generation of DNAzymes targeting human EGR-1.
DNAzymes (11.4 pmol) were incubated with 32P-labeled, in vitro
transcribed, 388-nucleotide-long human EGR-1 mRNA for vari-
ous times at 37°C before termination of the reaction and elec-
trophoresis under denaturing conditions. A, Schematic repre-
sentation of DNAzyme target sites in human EGR-1 mRNA.
Sequence of DzA is 59-CAGGGGACAGGCTAGCTACAACGAGC-
TTGCGGGTi-39 (39 T is inverted, 10-23 catalytic domain is
underlined), DzB is 59-TGCAGGGGAGGCTAGCTACAACGAAC-
CGTTGCGTi-39, DzC is 59-CATCCTGGAGGCTAGCTACAACGA-
GAGCAGGCTTi-39, DzE is 59-TCAGCTGCAGGCTAGCTACAA-
CGACTCGGCCTTTi-39, DzF is 59-GCGGGGACAGGCTAGC-
TACAACGACAGCTGCATTi-39, and DzG is 59-CAGCGGGGA-
GGCTAGCTACAACGAATCAGCTGCTi-39. B, Cleavage of human
EGR-1 mRNA by DNAzymes DzA, DzB, and DzC but not DzE.
The 388-nucleotide substrate and various size cleavage prod-
ucts are indicated. C, Sequence-specific, time-dependent, and
dose-dependent cleavage of human EGR-1 mRNA by DzF.
DNAzyme to mRNA substrate ratio is shown in the right panel.
The 388-nucleotide substrate and various size cleavage prod-
ucts are indicated. D, Kinetic single-turnover analysis of DzA
and DzF cleavage of human EGR-1 mRNA. Slopes, obtained by
plotting the observed reaction rate (k) against the DNAzyme
concentration, represent catalytic efficiencies (kcat/km) for each
DNAzyme. r2 for DzA and DzF is 0.881 and 0.890, respectively.

Figure 2. DzA and DzF inhibit EGR-1 protein expression in
human aortic SMCs. Subconfluent growth-quiescent SMCs
were transfected twice with DNAzyme and incubated in medium
containing 5% FBS for 1 hour at 37°C. Western blot analysis
was performed with cell lysates (5 to 10 mg), polyclonal antipep-
tide EGR-1 or Sp1 antibodies, and chemiluminescent detection.
Mr markers are indicated on the right of each figure. The Coo-
massie Blue–stained gel shows unbiased loading.
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Thirty-two stents were successfully deployed in 26 animals
(Figures 6A and 6B). Three animals died from procedural
complications (ventricular fibrillation in one, stent thrombo-
sis in the second, and refractory ischemia after drug delivery
in the third). At the 30-day histological examination, we
found that two stents (from the stent-only and DzA groups)
had been unsuccessfully deployed and were consequently
excluded from additional analysis. The Transport catheter we
used bears 483250-mm-diameter pores, which facilitates
delivery at low pressure, reducing the likelihood of trauma
from the delivery procedure per se.21 Increased neointima
formation has been reported by infusion of vehicle alone
using comparable delivery techniques,22,29 suggesting that

local balloon delivery can induce vessel trauma. However,
infusion of vehicle into the vessel wall did not influence the
course of in-stent neointimal thickening after 30 days (Fig-
ures 6C and 6D).

DzF inhibited intimal thickening by.40% (Table; Figures
6C and 6D), whereas neither DzA nor DzE had any effect
(Figures 6C and 6D). Interestingly, the failure of DzA to
block vascular repair in this model is entirely consistent with
the preceding in vitro data showing inferior inhibition of
regrowth after injury (Figure 3) and proliferation in two cell
types (Figures 4A and 5B) at any given concentration. These
observations, taken together, demonstrate the therapeutic
potential of DzF as an inhibitor of in-stent restenosis.

Discussion
In the present study, we generated and characterized novel
DNAzymes targeting human EGR-1, which specifically
cleave EGR-1 mRNA and inhibit EGR-1 protein expression
in vascular SMCs. These molecules block SMC replication
and regrowth after acute physical injury and reduce in-stent
restenosis. Histopathological studies suggest that SMC pro-
liferation is an important contributor to the pathogenesis of
in-stent restenosis.6,30 The present observations demonstrate
the therapeutic potential of EGR-1 DNAzymes in this patho-
logic setting and provide the first in vivo proof-of-principle
demonstration of the possible clinical utility of catalytic
DNA-based molecules targeting a specific human transcrip-
tion factor as adjuncts to stents.

DNAzymes represent an exciting new technology, with
great potential for use in diverse pathologies. For example,
biologically active DNAzymes have recently been generated
to CCR5,31 Huntingtin,32 and bcr-abl.33 Common to the
composition of all DNAzymes is gene specificity conferred
by the two arms, which can vary in length,34 flanking a
cation-dependent catalytic domain.16 Despite similar catalytic
efficiencies for EGR-1 mRNA, DzF and DzA showed con-
sistent differences in biological potency. At any given con-
centration, DzF inhibited SMC proliferation and wound
repair more effectively than DzA. Similarly, DzF inhibited
in-stent restenosis, whereas DzA had no effect. These data
suggest that the performance of a given DNAzyme in the
context of in vitro cleavage experiments has little bearing on
its biological potency. This is additionally supported by our
earlier demonstration that DzB and DzC cleave human
EGR-1 substrate and yet have no inhibitory effect on SMC
proliferation. These discrepancies may be explained by dif-

Effect of DNAzyme on Neointimal Formation After Porcine Coronary Stenting

Group n
Neointimal

Area
Original

Lumen Area
Lumen
Area

Injury
Score Stenosis, %

Stenosis/Injury
Score, %

Stent 16 2.5 (1.1)* 6.2 (2.3)* 3.6 (1.9) 1.6 (0.6) 43.8 (19.3) 28.1 (13.7)

Vehicle 6 1.5 (0.9) 4.0 (1.5) 2.4 (1.2) 1.6 (0.6) 40.6 (17.4) 25.2 (6.5)

DzF 12 1.5 (0.9) 4.7 (1.2) 3.1 (0.7) 1.7 (0.5) 30.5 (12.2) 17.6 (4.0)†

DzA 12 2.5 (0.7)‡ 5.1 (1.7) 2.6 (1.7) 1.8 (0.3) 54.5 (24.3)* 29.5 (12.8)

DzE 8 1.8 (0.8) 3.8 (0.8) 2.0 (0.9)* 1.7 (0.5) 47.2 (18.2)* 27.8 (8.3)

Areas expressed in mm2. Data are presented as mean6SD unless otherwise stated. Two sections were measured
per vessel.

*P,0.05 vs DzF; †P,0.01 for DzF vs stent, DzA and P,0.05 for DzF vs vehicle, DzE; ‡P,0.01 vs DzF.

Figure 3. DzA and DzF inhibit wound repair after mechanical
injury of human aortic SMCs. Confluent growth-quiescent SMCs
transfected with DNAzyme were scraped and then incubated for
72 hours at 37°C. The cells were fixed and then stained with
H&E and photographed. Cell numbers in the denuded zone
were counted and represented histodiagrammatically. Lower
panel shows representative data, with arrows showing the
wound edge.
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ferences in overall conformation between in vitro transcribed
mRNA (which is often not the complete sequence) and
endogenous cellular mRNA, influencing the accessibility of a
given DNAzyme for its target site. In the selection of
DNAzymes, therefore, the ability to cleave an mRNA sub-
strate should be seen as a prerequisite, rather than a determi-
nant, of in vivo efficacy.

A recent study indicates minimal neointimal hyperplasia in
patients treated with stents coated with growth inhibitor
Sirolimus,35 which binds its intracellular receptor, inducing
p27 and cell-cycle arrest. Expression analysis of atherectomy
samples from patients with symptomatic in-stent restenosis
showed elevated levels of the Sirolimus receptor
FK506BP12.36 These findings support the notion that prolif-
eration is an important cellular process contributing to in-
stent restenosis. The present study provides additional evi-
dence that EGR-1 is a positive regulator in vascular SMC
growth, both in vitro and in the pig coronary artery wall.

Egr-1 is activated after angioplasty in animal models as well
as several other pathophysiologic stimuli, including growth
factors, cytokines, and changes in fluid biomechanical forc-
es.37 Egr-1, in turn, switches on the transcription of many
genes whose expression positively influences SMC prolifer-

Figure 4. DzA and DzF inhibit human aortic SMC proliferation.
A, Dose-dependent DNAzyme inhibition of cellular mitogenesis.
Subconfluent growth-quiescent SMCs transfected with
DNAzyme were exposed to 5% FBS at 37°C for 72 hours. Cells
were trypsinized, and the suspensions were quantitated in an
automated Coulter counter. B, Sustained DNAzyme inhibition of
cellular proliferation. Twenty-four hours after transfection with
DNAzyme in medium containing 5% FBS, cell populations in
each cohort were quantitated. Fresh medium in which DNAzyme
was absent was added to the remaining cells, and the suspen-
sions were counted 54 hours later, 78 hours after transfection
with DNAzyme.

Figure 5. DzA and DzF inhibit EGR-1 protein expression and
proliferation of porcine aortic SMCs. A, EGR-1 DNAzymes
inhibit EGR-1 but not EGR-2, c-Jun, or Sp1 expression. Sub-
confluent growth-quiescent porcine vascular SMCs were trans-
fected twice with DNAzyme and incubated in medium contain-
ing 5% FBS for 1 hour at 37°C. Western blot analysis was
performed with lysates (5 to 10 mg), antipeptide antibodies to
EGR-1, EGR-2, c-Jun, or Sp1, and chemiluminescent detection.
The Coomassie Blue–stained gel shows unbiased loading. B,
Inhibition of serum-inducible porcine vascular SMC proliferation.
Subconfluent growth-quiescent SMCs transfected with
DNAzyme were exposed to 5% FBS at 37°C for 72 hours. Cells
were trypsinized, and the suspensions were quantitated in an
automated Coulter counter.
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ation, migration, and the formation of a neointima.19 EGR-1
might therefore be considered a master switch, given its
activation by diverse agonists and conditions and its capacity
to trigger the production of multiple proatherogenic and
restenotic genes in the injured artery wall.37 The present data
demonstrate reduced intimal thickening in vessels treated
with EGR-1 DNAzyme delivered at the time of injury.
Because EGR-1, as an immediate-early gene, is rapidly and

transiently expressed on injury, it is therefore imperative that
in the clinical setting, DNAzymes targeting EGR-1 should
also be delivered locally at the time of injury. Such therapy
would be particularly valuable if inhibition of SMC prolifer-
ation persisted well after the agent had been delivered. Our
findings demonstrate that replication does not reinitiate in
cells transfected with DzF, even days after removal of the
DNAzyme from the culture supernatant, consistent with the

Figure 6. DzF, but not DzA, inhibits intimal thickening in stented porcine coronary arteries. A, Local drug delivery and stent deploy-
ment. DNAzyme was delivered endoluminally into the coronary arteries (left) of normolipemic farm pigs (30 to 50 kg) locally (middle)
using a transport catheter after stenting. Thirty days after the procedure, pigs were sacrificed, and stented coronary vessels (right) were
withdrawn for sectioning for histomorphometric analysis and staining. Guiding catheter (GC) is shown placed in the left main coronary
artery (LMCA) and contrast filling the left anterior descending (LAD) and circumflex (CX) coronary arteries. The inflated transport cathe-
ter balloon (T) is demonstrated delivering DNAzyme to stented site. Stent (S) is evident in the LAD, adjacent to coronary vein (CV),
before removal for analysis. B, Localization of FITC-labeled DzA (1 mg) into cells of the pig coronary artery wall after endoluminal deliv-
ery. Sections were stained with H&E (bottom). C, Reduced in-stent stenosis after endoluminal administration of DzF. Neointimal areas
in two sections from each stented vessel were quantitated using customized image software25 in a blinded manner, based on previous
methods.10 Injury scores were assigned according to previous methods.24 Probability value according to Student’s 2-tailed, 2-sampled
t test for unequal variance. D through J, Representative cross sections of porcine coronary arteries after stenting and DNAzyme admin-
istration. Sections were stained with H&E and show the neointima (N), media (M), adventitia (A), and stent struts (in black) (S). D repre-
sents stent alone; E, DzF group; F, DzA; G, vehicle; H, DzE; and I and J, enlargements from panels D and E, respectively.
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superior stability 919 DNAzymes bearing a 39-39–linked
inverted T to nucleolytic digestion in serum.17

The porcine model of coronary stenting used in the present
study has several well-documented limitations.28,38 Porcine
coronary arteries are normal, atheroma-free vessels, distinct
from the atheromatous lesions treated clinically in humans.38

In the pig, in-stent restenosis is examined at 28 to 30 days,
whereas in humans, restenosis is generally examined within
at least 3 months.9,28 However, the response to stent-induced
injury is similar between pig and human coronary arteries,28

and the pig is presently the most widely used large animal
model of coronary stenting and local drug delivery.23,39,40

Two reported studies to date have demonstrated efficacy of
locally delivered antisense molecules after porcine coronary
angioplasty.22,41 Shi et al41 used a porous transcatheter bal-
loon to deliver naked phosphorothioate oligonucleotides di-
rected against c-myc. Gunn et al22 used the transport catheter
to deliver phosphorothioate oligonucleotides directed to
c-myb. Both achieved inhibition of neointimal formation after
angioplasty.22,41 However, oligonucleotide inhibition of inti-
mal thickening has not yet been demonstrated in humans. A
preliminary report of antisense oligonucleotides targeting the
transcription factor c-mycdelivered by the transport catheter
after stenting failed to show a benefit in a small group of
patients.42 This lack of an observed effect may have been
attributable to an inefficient delivery system, the type of stent
used, an inadequate drug dose, or the inappropriateness of the
target. The present study also used the transport catheter as
the delivery device, which has its own limitations.21 One
animal died of refractory ischemia immediately after deliv-
ery; likely the consequence of the 90-second inflation. How-
ever, although this technique appeared to cause acute, but
rare, morbidity, there were no apparent longer-term sequelae,
such as increased neointima formation, observed with other
devices22,29 (Figures 6C and 6D). We limited total delivery
balloon inflation time to a minimum (90 seconds), which is
similar or less than the times used in analogous studies.10,22

Our use of intracoronary nitroglycerine,20 bretylium,43 hepa-
rin monitoring and additional bolus dosing based on activated
clotting time (ACT) measurements,20 and pretreatment with
clopidogrel in addition to aspirin44 likely contributed to
lowered morbidity in relation to delivery. The morbidity rates
in the present study are comparable to or lower than those
described in other published studies.20,45

The amount of DNAzyme (1000mg) used in the present
study was based on an ex vivo dose-escalation study in which
FITC-labeled DNAzyme was delivered into pig coronary
artery wall using the transport catheter. Histological exami-
nation of the cross-sections after in vivo delivery of 1000mg
of FITC-DNAzyme by fluorescence microscopy revealed
extensive localization within the intima (Figure 6B). It is, of
course, possible that a more efficient local delivery system
could result in greater inhibition by DzF. The recent devel-
opment of DNA-eluting stents in pig coronary arteries40

provides one means of achieving this goal and demonstrates
the potential for the therapeutic exploitation of DNAzymes
and other demonstrably effective nucleic acid agents in
human arteries.

Pertinent to the present study is a study recently reported
by Frimerman et al,10 in which a chimeric hammerhead
ribozyme targeting PCNA was delivered to pig coronary
arteries after stenting. These investigators observed a reduc-
tion in neointimal thickness of 28%.10 However, the failure of
the chimeric ribozyme to remain stable in serum10 presents a
major limitation in the clinical use of RNA-based nucleic acid
molecules. DNAzymes offer the distinct advantages of supe-
rior stability, ease of synthesis, and more efficient target
hybridization. Besides obvious limitations in the ability of
any given DNAzyme to inhibit gene expression in vivo, such
as target-site accessibility, ion concentration, and optimal
DNAzyme concentration and delivery, the fact that we did
not observe more profound inhibition of intimal thickening
with the EGR-1 DNAzyme in the present study suggests that
combinatorial strategies targeting other key genes—such as
PCNA, for example—may additionally inhibit the response to
injury.

This is the first report of an endoluminally delivered
DNAzyme able to inhibit in-stent restenosis in pig coronary
arteries. These molecules are catalytically active and gene-
specific, inhibit EGR-1 protein expression, and block vascu-
lar SMC proliferation and regrowth after injury. As such,
catalytic oligodeoxynucleotides targeting key regulatory
genes have therapeutic potential in the clinical management
of in-stent restenosis.
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