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ABSTRACT
Objective: Intimal hyperplasia (IH) is the main cause of therapeutic failure after vascular and endovascular surgery.
However, there is currently no targeted therapy for the treatment of IH. We recently reported that the inhibition of cyclic
adenosine monophosphate response element (CRE) binding protein (CREB) activation is important in vein graft IH. We
focused on a decoy oligodeoxynucleotide (ODN) therapeutic strategy for suppressing IH as a clinical application. The
objective of this study was to confirm the therapeutic effect of a CRE decoy ODN in an animal model as a novel therapy
for preventing intimal hyperplasia as the first step of the preclinical study of our strategy.

Methods: We designed two phosphorothioate CREs and two scramble decoy ODNs and screened them using a CREB
transcription assay to check their ability to bind to a CRE sequence. We chose a CRE decoy ODN with high first-binding
ability and transfected it into vascular smooth muscle cells (VSMCs) in vitro. Proliferation and migration were assessed
using MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assays and modi-
fied Boyden chamber assays. We examined CRE activity using a luciferase reporter gene assay. We assessed the
expression of messenger RNAs by quantitative real-time polymerase chain reaction. In a wire-injury mouse model
(C57BL6, n ¼ 6), CRE decoy ODN was transfected into the injured vessel wall using an ultrasound-sonoporation method
in vivo. Mitogen-activated protein kinase-activated protein kinase 3 (MAPKAPK3) and four and a half LIM domains 5 (FHL5)
expression of pregrafting vein remnants were assessed by immunohistologic analyses.

Results: Compared with scramble decoy ODN, the selected CRE decoy ODN could significantly decrease CRE activity
(mean 6 standard error of the mean: 0.20 6 0.03 vs 1.00 6 0.16, n ¼ 6; P < .05) as shown by a luciferase reporter gene
assay, VSMC proliferation (0.73 6 0.04 vs 0.89 6 0.02, n ¼ 6; P < .05) and migration (96.4 6 6.1 vs 311.4 6 19.1 migrated
VSMCs/well, n ¼ 6; P < .05) after 24-hour transfection. The CRE decoy ODN significantly suppressed the formation of IH at
injured vessel walls in an animal model, as analyzed by pathologic staining (0.206 0.02 vs 0.566 0.08, area of the intima/
area of the artery vs the control after 21 days’ transfection, n ¼ 6; P < .05). Furthermore, MAPKAPK3 and FHL5, which are
CREB activators, were significantly expressed in pregrafting vein remnants in diabetes mellitus patients.

Conclusions: CREB-CRE signaling is an important mechanism of IH formation, and CRE decoy therapy can help
preventing IH. This study is the first part of the preclinical study of our strategy. (J Vasc Surg 2019;-:1-13.)

Clinical Relevance: Intimal hyperplasia (IH) is an important topic of vascular and endovascular surgery with artery and
vein in common. However, there is essentially nothing to prevent IH from occurring. The novel strategy using a cyclic
adenosine monophosphate response element decoy oligodeoxynucleotide will provide new feasibility for controlling IH
after vascular and endovascular surgery.
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Intimal hyperplasia (IH) is an important postsurgical
complication of vascular and endovascular surgery that
affects arteries and veins, such as after bypass surgery
using autologous vein grafts and restenosis after endo-
vascular repair. Restenosis develops in 5.8% of patients
undergoing carotid endarterectomy or receiving carotid
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stents.1 Approximately 30% to 50% of limb vein grafts
fail within 3 to 5 years,2-4 and 60% of artery-venous
shunts for hemodialysis access fail to mature.5

To improve these outcomes, few IH preventative strate-
gies and therapies have been developed, including
clinical drugs and devices. Although numerous potential
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ARTICLE HIGHLIGHTS
d Type of Research: Experimental study using human
vascular smooth muscle cells and a wire-injury
mouse model

d Key Findings: The cyclic adenosine monophosphate
response element (CRE) decoy oligodeoxynucleotide
could significantly decrease CRE activity and
vascular smooth muscle cell proliferation and migra-
tion. The CRE decoy oligodeoxynucleotide signifi-
cantly suppressed the formation of IH at injured
vessel walls in an animal model.

d Take Home Message: CRE binding protein-CRE
signaling is an important mechanism in IH forma-
tion, and CRE decoy therapy can help to prevent IH.
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targeted experimental molecules for IH treatment have
been successful in animal models, few strategies have
been adopted for clinical use in patients.6 For example,
the Limus family of immunosuppressive agents was
used in the treatment of coronary artery lesions via
sirolimus-coated stents, but the resulting data regarding
the rate of death or myocardial infarction were inconclu-
sive with regard to efficacy.7,8 An E2 factor (E2F) decoy
was expected to be effective for the treatment of IH
ex vivo, but late-phase clinical trials resulted in no signif-
icant improvement in graft patency in coronary or
peripheral vein grafts.9,10

Furthermore, the evidence underlying these few
approaches is frequently limited. The slowprogressof basic
science and clinical translation in this area is caused by (1)
the low reproducibility of IHpathophysiology in cell culture
and animal models, (2) the lack of a powerful live imaging
system for minute vessels in vivo, and (3) the complexity
of the IH process in humans, including background factors
such as age, sex, complications, andmedications.
In 2005, Mitra et al11 reviewed the pathophysiological

changes in vein walls during vein graft neointima forma-
tion and ordered these changes into the following five
sequential steps: (1) platelet activation and correlated
events, (2) inflammation with leukocyte recruitment, (3)
activation of the coagulation cascade, and (4) vascular
smooth muscle cell (VSMC) migration and (5) prolifera-
tion. Many researchers have tried to control these steps
with molecules such as nuclear factor-kB (NF-kB),12,13

matrix metalloproteinases (MMPs),14-17 transforming
growth factor-b,18,19 interleukins,20 growth factors,21 and
transcription factors.22-24 Some authors have empha-
sized the importance of controlling VSMCs.
We recently identified two novel therapeutic genes,

mitogen-activated protein kinase-activated protein
kinase 3 (MAPKAPK3) and four and a half LIM domains
5 (FHL5) for controlling VSMCs by screening a human
vein graft sample.25 Briefly, MAPKAPK3 and FHL5 are
highly expressed in human vein graft samples when
analyzed by microarray. These molecules promote
VSMC proliferation and migration. The messenger RNA
expression of these genes is induced by stress conditions
in VSMCs. MAPKAPK3 and FHL5 are both coactivators of
the cyclic adenosine monophosphate response element
(CRE) binding protein (CREB) family of transcription fac-
tors. We confirmed that both genes can activate CREB,
but the mechanism of activation is different. Further-
more, we showed that dominant-negative CREB
decreased cellular proliferation and migration and
repressed the transcription of CREB-induced genes. In
a wire-injury mouse model, the transfer of dominant-
negative CREB suppressed IH.
Some reports have indicated a relationship between IH

formation and CREB activity.26,27 However, they focused
solely on CREB phosphorylation, not on alternative path-
ways, or direct activation. There appear to be no reports
to date on the clinical use of CREB phosphorylation.
Our study investigated how CREB was activated by
MAPKAPK3 and FHL5 by independent mechanisms.
MAPKAPK3 activates CREB by phosphorylation of the
Ser-133 site, and FHL5 activates CREB by direct binding,
possibly to the kinase-inducible domain. In terms of ther-
apeutic strategies for IH, inhibition of the phosphoryla-
tion of the Ser-133 site alone would not inhibit IH, and a
more radical strategy is required to repress CREB func-
tion. We hypothesized that the CRE decoy ODN could
be a novel therapeutic molecule for IH formation,
because CRE decoy ODN acts as an inhibitor of activated
CREB to bind CRE, regardless of the CREB activation
pathway via MAPKAPK3 or FHL5.
Considering clinical data, diabetes mellitus (DM) and

maintenance hemodialysis (HD) are widely considered
to be major risk factors of ischemic heart disease and
peripheral artery disease (PAD). Indeed, >60% of patients
with PAD at our hospital had DM or HD, or both. Patients
with DM have been reported to have an increased risk of
restenosis after conventional stent implantation.28 We
believe that it should be determined whether CREB
activators, MAPKAPK3 or FHL5, or both, are related to
the high risk of restenosis in patients with DM and HD.
We plan to develop our “CREB preventative strategy” for

IH suppression (Fig 1, A). Considering its translation to
clinical use, CRE decoy therapy appears to be suitable
for our strategy based on evidence from previous
research.9 The objective of this study was to confirm
the therapeutic effect of a CRE decoy in an animal
model as a novel therapy for preventing IH and to deter-
mine whether a CRE decoy is a candidate molecule for
preventing IH. The present study is therefore regarded
as the first step of the preclinical study of our strategy.

METHODS
CRE decoy. The phosphorothioate ODN sequences

are provided in the Table. Each ODN was designed
according to previous reports29-31 and synthesized by



Table. The sequences of candidate decoy
oligodeoxynucleotides

Candidate name Sequences

CRE 1 50-tgagccgctgacgtttacactcat-30

CRE 2 50-agagattgcctgacgtcagagagctag-30

Scramble 1 50-taagccaccagcagttacaatcat-30

Scramble 2 50-ggagtgaccaggtgttacaatcat-30

CRE, Cyclic adenosine monophosphate response element.
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Fig 1. Functional screening of candidate cyclic adenosine
monophosphate response element CRE) decoy oligodeox-
ynucleotide (ODN) and scramble decoy ODN. A, Schematic
diagram of the CRE signaling pathways and our strategy
usingaCREdecoyODN.B,CREactivitywithCREdecoyODN
or scramble decoy ODN, as determined by a CRE binding
protein (CREB1; phospho S133) Transcription Factor Assay Kit
(n ¼ 6). Half maximal inhibitory concentration: CRE decoy
ODN (candidate 1) 7.814 pmol/mL and scramble decoy ODN
(candidate 2) 3726.416 pmol/mL. Data are presented as the
mean and standard error of the mean (range bars). ERK,
Extracellular signal-regulated kinase; JNK, Jun NH2-terminal
kinase; KID, kinase-inducible domain; FHL5, four and a half
LIM domains 5; MAPKAPK3, mitogen-activated protein
kinase-activated protein kinase 3.
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GeneDesign, Inc (Osaka, Japan). We prepared the CRE
decoy ODN as functional molecules and the scramble
decoy ODN as nonfunctional negative control molecules.
CRE decoy ODNs conjugated with biotin and noncon-
jugated CRE decoy ODNs were prepared.
Decoy activity assay. To evaluate the potential inhibi-
tion of CRE activity, each decoy ODN was checked using
a CREB1 (phospho-S133) Transcription Factor Assay Kit
(Abnova Corp, Taipei City, Taiwan) according to the man-
ufacturer’s protocol. This assay can evaluate the potential
inhibition of CRE activity, because activated CREB is trap-
ped by CRE decoy ODN when the CRE decoy ODN is
added to the assay well, and CREB cannot bind to a
well-coated CRE sequence.

Cell culture. Aortic SMCs were purchased (Lonza Wal-
kersville Inc, Ford Road, Md) and maintained in smooth
muscle growth medium (Lonza) supplemented with 10%
fetal bovine serum and smooth muscle growth supple-
ment (including recombinant human endothelial growth
factor, insulin, GA-1000, human fetal growth factor, and
bovine serumalbumin). Cultureswere incubated at 37�C in
a humidified atmosphere of 95% air and 5% CO2, with an
exchangeofmediumevery 2days. These cellswereusedat
passages 5 to 8 for the subsequent experimental protocols.
Cells were transfected using Lipofectamine LTX (Thermo
Fisher Scientific Inc, Fremont, Calif).

Immunofluorescent, immunohistologic, and patho-
logic analyses. Cells grown on glass coverslips or 4-mm
frozen tissues sections were fixed in acetone for 5
minutes. The sampleswerepermeabilizedwith0.2%Triton
X-100 in phosphate-buffered saline for 2 minutes. The
samples were blocked in 5% skim milk and stained with
streptavidin conjugated with Alexa Fluor 555 (Thermo
Fisher Scientific). Then, 4-mm paraffin-embedded sections
of human pregrafting vein remnants or mouse femoral
artery samples were deparaffinized and rehydrated.
Mouse femoral artery samples were stained with hema-

toxylin and eosin (HE), Masson-Trichrome (MT), and
elastica van Gieson (EVG).
Human pregrafting vein remnants were treated with

buffer (pH 9.0; Nichirei Biosciences Inc, Tokyo, Japan)
for antigen retrieval as described in the manufacturer’s
protocol. Samples were blocked in methanol with 3%
H2O2 and stained with primary antibodies, including
polyclonal rabbit anti-MAPKAPK3 and polyclonal rabbit
anti-FHL5 (both Novus Biologicals, Littleton, Colo), for
1 hour at room temperature. The samples were stained
using Histofine Max-PO and 3,3’-diaminobenzidine
(Nichirei Biosciences).
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Luciferase reporter gene assay. VSMCs were cultured
in 12-well dishes and transiently cotransfected with
CRE decoy ODNs or scramble ODNs and a CRE
reporter vector that contained a specific cis-acting DNA
sequence (enhancer element) and a sensitive reporter
gene (Pathway Profiling Luciferase System; Clontech
Laboratories, Inc, Mountain View, Calif), as described in
the manufacturer’s protocol. This plasmid contained
the luciferase reporter gene downstream of several
copies of specific transcription factor-binding CRE
sequences. After 24 hours, luciferase activity was
determined using a Luciferase Assay System (Promega,
Madison, Wisc).

Cell proliferation. The cell proliferation of VSMCs
seeded in 12-well plates was measured with the MTS (3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium) assay 24 hours after
transfection with plasmid vectors. Approximately 200 mL
of CellTiter 96 One Solution Reagent (Promega) in
1000 mL of Dulbecco’s modified Eagle’s medium was
added to each well, and the absorbance was measured
at 490 nm.

Cell migration. The migration of transfected VSMCs
was estimated in a modified Boyden chamber. Cell
migration was examined in a 48-well microchemotaxis
chamber with polyvinyl pyrrolidone-free polycarbonate
membranes (Neuro Probe Inc, Gaithersburg, Md) with 8-
mm pores. Next, 32 mL of Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum was placed
in the lower chamber. The membrane was positioned
above the lower chamber, and 3 � 106 cells/mL were
suspended in 50 mL of Dulbecco’s modified Eagle’s
medium and added to the upper chamber. The Boyden
chamber was incubated at 37�C for 24 hours. After
incubation, the membrane was removed, and the cells
on the upper side of the membrane were scraped off.
The cells on the lower side of the membrane were
stained with Diff-Quick (Sysmex, Hyogo, Japan), and the
cells were counted in five randomly chosen fields under
original magnification �200.
Fig 2. Function and mechanism of cyclic adenosine m
deoxynucleotide (ODN) in vitro. A, Representative images
into vascular smooth muscle cells (VSMCs). The transfecti
biotin-positive cells/40 ,6-diamidino-2-phenylindole (DAPI)-
alone) compared with vehicle as nonfunctional control (sc
ODN on VSMCs luciferase transcription, which is driven by
(n ¼ 6). *P < .05 vs scramble decoy ODN (Sc). Effect of c
determined by MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carb
assays and (E) migration as determined by Boyden chamb
expression of (F) mitogen-activated protein kinase-activate
LIM domains 5 (FHL5) in VSMCs after transfection with CRE
of the CRE element, including (H) Bcl-2, (I) Fos, (J) Rac-1, a
decoy ODN (n ¼ 12). *P < .05 vs scramble decoy ODN. Data
(range bars). mRNA, Messenger RNA; N.D., not detected; O

=

Real-time quantitative polymerase chain reaction. To-
tal RNA was extracted with RNeasy Plus Mini (Qiagen, KJ
Venlo, Netherlands). Complementary DNA was synthe-
sized with the Transcriptor High Fidelity cDNA Synthesis
Kit (Roche Diagnostics, Mannheim, Germany). Relative
genecopynumbersof targetgenes andb-actinwerequan-
tified by real-time reverse transcriptase polymerase chain
reaction with TaqMan Gene Expression Assays (Mapkapk3,
Mm00628676; Fh15, Mm00480451; Ccna2, Mm00438064;
Fos, Mm00487425; Rac1, Mm01201657; Bc12, Mm00477631;
actin b, Mm00607939; MAPKAPK3, Hs00177957; FHL5,
Hs00220910; CCNA2, Hs00996788; FOS, Hs00170630;
RAC1, Hs01902432; BCL2, Hs00608023; and ACTIN b,
99999903; Applied Biosystems, Foster City, Calif). The ab-
solute number of gene copies was normalized to b-actin
and standardized by a sample standard curve.

Mouse wire-injury model and gene transfer protocol.
All animal protocols were approved by the Asahikawa
Medical College Animal Ethics Committee. Wild-type
male C57BL/6J mice (11 weeks old) were anesthetized
with 1.5% to 2.5% isoflurane in a mixture of air. Surgery
was performed as described previously.32 The left
femoral artery was exposed by blunt dissection. The
accompanying femoral nerve was carefully separated,
but the femoral vein was not isolated from the artery. The
femoral artery and vein were looped at proximal and
distal sites with 6-0 silk sutures for temporary vascular
control during the procedure. A small branch between
the rectus femoris and vastus medialis muscles was iso-
lated, looped proximally, and ligated distally with 6-0 silk
sutures. Veins and connective tissues around the artery
were carefully removed. The exposed muscular branch
artery was dilated by the topical application of one drop
of 1% lidocaine hydrochloride. A transverse arteriotomy
was performed in the muscular branch.
A straight spring wire (0.38 mm in diameter, No. C-SF-

15-15; Cook, Bloomington, Ind) was carefully inserted
into the femoral artery >5 mm toward the iliac artery.
The wire was left in place for 1 minute to denude and
dilate the artery. Then, the wire was removed. The injured
segment was transiently isolated by temporary ligatures.
onophosphate response element (CRE) decoy oligo-
of CRE decoy ODN conjugated with biotin transfected
on efficiency was >70%, calculated by the number of
positive cells. B, Effect of transfection regent (vehicle
ramble [Sc] decoy ODN; n ¼ 4). C, Effect of CRE decoy
the CRE motif, as determined by reporter gene assay

andidate gene plasmid on VSMCs (D) proliferation as
oxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
er assays (n ¼ 6). *P < .05 vs scramble decoy ODN. Gene
d protein kinase 3 (MAPKAPK3) and (G) four and a half
decoy ODN (n ¼ 12). Expression of genes downstream
nd (K) Ccna2, after 24-hour transfection with the CRE
are presented as mean and standard error of the mean
D, optical density; RLU, relative light units.
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The CRE decoy ODN or scramble decoy ODN was trans-
fected using a microbubble-enhanced ultrasound
method. A silicon tube (0.40 mm in diameter) was can-
nulated in the same hole of the muscle branch artery.
The decoy with 30% SV-25 microbubble solution (Nepa-
Gene, Chiba, Japan) was infused into the femoral artery
through the silicon tube and incubated within the
lumen with ultrasound for 10 seconds (2.5 W/cm2).
Femoral arteries were collected 5 days after injury for

gene expression analysis and at 21 days after injury for
pathologic analysis. For pathologic analysis, cross-
sections were stained with the HE, MT, and EVG
methods. Morphometric analysis was performed using
the image analysis software ImageJ (National Institutes
of Health, Bethesda, Md), and the following values were
calculated: artery area, lumen ratio (area of lumen/area
of artery), intima ratio (area of intima/area of artery), me-
dia ratio (area of media/area of artery), and adventitia ra-
tio (area of adventitia/area of artery).

Human pregrafting vein remnants. The operations for
the study patients were performed between January
2002 and December 2011 at AsahikawaMedical University
Hospital. The patients were diagnosedwith arteriosclerosis
obliterans and required surgical treatment. All patients
provided written informed consent. The study protocol
was approved by the AsahikawaMedical University Institu-
tional Review Board and conformed to the Declaration of
Helsinki tenets and the Japanese Ministerial Ordinance.
The harvested veins used for bypass surgery as grafts

were classified as good, fair, and poor during the opera-
tion by the surgeon before grafting, according to our
assessment criteria: caliber, distensibility, findings of
phlebosclerosis, inflammation, and varicose changes.33

The pregrafting autologous vein remnants were
obtained at surgery for further examination.

Statistical analysis. Data were compared using the
unpaired Student t-test for comparisons between two
groups, analysis of variance followed by the Dunnett
test for pairwise comparisons against the control, and
the Tukey test for multiple comparisons. Differences
were considered significant at P < .05.

RESULTS
Screening of candidate CRE and scramble decoy

ODNs. The candidate CRE decoy ODN and scramble
decoy ODN were designed as shown in the Table. On
the basis of the results from the decoy activity assay, CRE
candidate 1 and scramble candidate 2 were used (Fig 1,
B). Using an approximation, the half maximal inhibitory
concentration values were calculated, with 7.814 pmol/mL
for the CRE decoy ODN (candidate 1) and 3726.416 pmol/
mL for the scramble decoy ODN (candidate 2). Therefore,
the CRE decoy ODN could inhibit CRE activity 476 times
better than the scramble decoy ODN.
We also confirmed the molecular mechanism to sup-
press CRE activity using the CRE decoy ODN because
the decoy activity assay could detect the binding of
CREB to CRE, which was immobilized in the wells of a
96-well plate, or the CRE decoy ODN using a nonradioac-
tive, sensitive method. We thus confirmed that the CRE
decoy ODN could bind to activated CREB directly and
effectively inhibit CREB from binding to the CRE
element by the addition of the CRE decoy ODN into
the wells.

Function and effect of CRE decoy ODN in vitro. Immu-
nofluorescent staining demonstrated that the transfec-
tion efficiency of the CRE decoy ODN was >70%, and
the CRE decoy ODN was localized mainly in the nucleus
of VSMCs (Fig 2, A). Our transfection method had no
impact on CRE activity (Fig 2, B).
To confirm the function of the CRE decoy ODN, CRE

activity was assessed in VSMCs using a luciferase reporter
gene assay. The CRE decoy ODN significantly inhibited
CRE activity compared with the scramble decoy ODN
(P < .05; Fig 2, C). Furthermore, the proliferation and
migration of VSMCs transfected with the CRE decoy
ODN or scramble decoy ODN were assessed. Transfer of
the CRE decoy ODN significantly decreased VSMC prolif-
eration and migration compared with the scramble
decoy ODN (P < .05; Fig 2, D and E).
We next focused on MAPKAPK3 and FHL5 expression in

the VSMCs. Transfer of the CRE decoy ODN did not signif-
icantly affect MAPAPK3 expression compared with the
scramble decoy ODN (Fig 2, F). In contrast, FHL5 expres-
sion was not detected in the CRE decoy ODN or
scramble decoy ODN transfer (Fig 2, G).
We also examined the expression of genes down-

stream of the CRE element, including Bcl-2, Fos,
Rac-1, and Ccna2. Bcl-2 expression was not detected
regardless of whether the CRE decoy ODN or scramble
decoy ODN was transferred into the VSMCs (Fig 2, H).
Transfer of the CRE decoy ODN did not affect Fos
expression compared with the scramble decoy ODN
(Fig 2, I). However, Rac-1 and Ccna2 expression were
suppressed by transfer of the CRE decoy ODN
compared with transfer of the scramble decoy ODN
(Fig 2, J and K).

Gene transfer into the vascular wall in vivo. Given the
in vitro data, we aimed to reveal the gene therapy effect
of the CRE decoy ODN for IH suppression in an animal
model. A wire-injury mouse model was created, and
the CRE decoy ODN or scramble decoy ODN was trans-
fected into the injured artery using an ultrasound-
sonoporation method. This mouse model has been
used in many previous studies as an IH model in general.
We confirmed a high transfection efficiency to the
vascular wall with the CRE decoy ODN conjugated with
biotin via immunofluorescent staining (Fig 3, A).
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Fig 3. Transfer andeffect of cyclic adenosinemonophosphate responseelement (CRE)decoyoligodeoxynucleotide
(ODN) in vivo. A, Representative images of CRE decoy ODN conjugated with biotin transfected into the vascular
wall in vivo. The decoy was detected not only in the intima but also in the media and adventitia. The transfection
efficiency was >80%, as calculated by the biotin-positive area/40 ,6-diamidino-2-phenylindole (DAPI)-positive area.
Gene expression of (B)mitogen-activated protein kinase-activated protein kinase 3 (MAPKAPK3) and (C) four and a
half LIMdomains 5 (FHL5) in the vascularwall after 21days of transfectionwith theCREdecoyODN (n¼6). Expression
of genes downstream of the CRE element, including (D) Bcl-2 (D), (E) Fos, (F) Rac-1, and (G) Ccna2, after 21 days of
transfection with the CRE decoy ODN (n ¼ 6). *P < .05 v. scramble (Sc) decoy ODN. mRNA, Messenger RNA.
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Gene expression was assessed in whole-vessel samples
transfected with the CRE decoy ODN or scramble decoy
ODN at 5 days after surgery by real-time quantitative
polymerase chain reaction. We initially focused on the
expression of MAPKAPK3 and FHL5, because these mol-
ecules are activators of CREB. Neither gene was affected
by the transfer of the CRE decoy ODN or scramble decoy
ODN (Fig 3, B and C). Surprisingly, FHL5 was detected in
whole-vessel samples even though it was not detected
in VSMCs.
We next determined the expression of Bcl-2, Fos, Rac-1,

and Ccna2 in whole-vessel samples as well as in VSMCs.
Bcl-2 expression was detected in the whole-vessel sam-
ples and was significantly suppressed by the CRE decoy
ODN compared with the expression observed after appli-
cation of the scramble decoy ODN (Fig 3, D). The CRE
decoy ODN did not affect Fos and Rac-1 expression
compared with the scramble decoy ODN (Fig 3, E and
F). Ccna2 expression was significantly suppressed by
the CRE decoy ODN compared with the scramble decoy
ODN (Fig 3, G).
These results differ from those observed in the VSMCs

with respect to FHL5, Bc12, and Rac-1 expression.

Gene therapy with CRE decoy ODN in vivo. Histopath-
ologic analysis showed that the wire-treated arteries, for
both the scramble and CRE decoy groups, were dilated
by the wire treatment compared with the control group
artery, which was not treated by the wire (Fig 4, A).
Indeed, the artery area from the scramble and CRE
groups was significantly increased compared with that in
the control group (Fig 4, B). Massive IH was observed in
the artery from the scramble group. Surprisingly, CRE
decoy ODN treatment could morphologically prevent IH
(Fig 4, A). When the pictures of the arteries were analyzed
using the ImageJ image analysis software, scramble
decoy ODN treatment (wire treatment) had significantly
increased the intima ratio and decreased the lumen and
media ratio compared with the nonwire treatment
(control; Fig 4, C-E). CRE decoy ODN treatment signifi-
cantly increased the lumen ratio compared with the
scramble decoy ODN (Fig 4, C). The intima and media
ratios were significantly decreased by CRE decoy ODN
treatment compared with those observed after treat-
ment with the scramble decoy ODN (Fig 4, D and E). The
adventitia ratio was not changed by either treatment
(Fig 4, F).
These results suggest that CRE decoy ODN gene ther-

apy can suppress IH formation in vivo.

MAPKAPK3 and FHL5 expression in human pregrafting
vein remnants. Considering the possible future clinical
application of CRE decoy ODN gene therapy, we needed
to know who would require the treatment and which sit-
uations would be receptive to the treatment. Therefore,
we investigated the expression of MAPKAPK3 and FHL5
in many human pregrafting vein remnants that were
collected from patients with or without DM and mainte-
nance HD, because MAPKAPK3 and FHL5 are the main
activators of CREB in human vein wall IH situations.
The samples were classified as good, fair, and poor vein
quality for grafting by the intraoperative criteria
described in a previous report.30 In total, 27 samples
were analyzed, including 9 non-DM and non-HD sam-
ples, 9 DM and non-HD samples, and 9 DM and HD
samples, in which each group was further subdivided
into 3 good, 3 fair, and 3 poor vein samples.
MAPKAPK3 expression of pregrafting vein remnants

was significantly increased in the fair and poor vein rem-
nants from the DM or non-HD patients (Fig 5, A and B).
When the data were analyzed by the vein quality,
MAPKAPK3 expression showed a tendency to be
increased as the vein quality worsened (Fig 5, C).
MAPKAPK3 expression was significantly increased in
the samples from the DM and non-HD patients
compared with that in the DM and HD patient samples
when the data were analyzed by the patient background
(Fig 5, D).
In contrast, FHL5 expression of pregrafting vein rem-

nants in the non-DM and non-HD or DM and non-HD
good vein remnants was significantly higher than in
other remnants (Fig 6, A and B). When the data were
analyzed by vein quality, FHL5 expression from the
good vein remnants was significantly increased
compared with that from the poor vein remnants
(Fig 6, C). FHL5 expression was significantly decreased
in the samples from the DM and HD patients compared
with that observed in the DM and non-HD patient
samples when the data were analyzed by patient back-
ground (Fig 6, D).

DISCUSSION
In this study, we confirmed and revealed that (1) a

designed CRE decoy ODN can inhibit CRE activity via
direct binding to activated CREB; (2) transfer of a CRE
decoy ODN decreases VSMC proliferation and migration
as well as (3) Rac-1 and Ccna2 expression in vitro; (4) CRE
decoy ODN gene therapy can potently suppress the
pathologic formation of IH, as well as Bcl-2 and Ccna2
expression in an animal model; (5) MAPKAPK3 expres-
sion in pregrafting vein remnants is high in poor-quality
and DM patient vein remnants; and (6) FHL5 expression
in pregrafting vein remnants is high in good-quality
and DM patient vein remnants.
In general, transcription factor decoy ODNs, such as

CRE decoy ODN are short, double-stranded DNA
molecules34 and are used as a novel class of nucleic
acid-based drugs not only in vitro or in vivo but also in
clinical applications.9,35 Regarding its mode of action,
after the transcription factor decoy ODN is taken into
cells, the molecule can specifically bind to the relevant
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transcription factor and interfere with the expression of
several genes that are activated by the binding of the
transcription factor to its cis-element. They do not neces-
sarily block expression of the transcription factor itself.
Our results showed that genes activated by CRE, such
as Bcl-2, Rac-1, and Ccna2, were downregulated by trans-
fer of the CRE decoy ODN, although MAPKAPK3 and
FHL5 were not affected. These results are consistent
with the proposed mode of action of transcription factor
decoy therapy.
As shown in Fig 2, FHL5 gene expression was not
detected in the VSMC samples but was detected in the
animal vein wall, as shown in Fig 3. It was difficult to verify
the reason for this observation, but some speculations
have been discussed. Fhl5 is highly expressed in germ
cells from male mice.36 However, the human FHL5
gene has not been detected in the adult testis, and the
FHL5 gene has only been found to be expressed in
human tumor cell lines derived from squamous cell
carcinoma, melanoma, and leukemia.37 The VSMC
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phenotype changes from a contractile type to a
synthetic-like type in response to change in gene expres-
sion.38,39 Many VSMCs in the IH area showed synthetic-
like type phenotypes. FHL5 gene expression may depend
on the VSMC phenotype, similar to that seen in
carcinogenesis.
Our results showed that the CRE decoy ODN downre-

gulated Rac-1 expression in vitro but not in vivo. It also
downregulated the expression of Ccna-2 both in vitro
and in vivo, but not Fos, although these genes are all
downstream of the CRE element. We speculated that
these discrepancies are caused by the complex mech-
anisms involved in the regulation of downstream
genes of the CRE element, for instance, not only the
CRE element but also alternative elements. Indeed,
the promoter region of FOS has some cis-elements,
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including CRE, serum response factor (SRE), and
ternary complex factor (TCF).40 These transcription fac-
tors are regulated by cell-to-cell signaling between
endothelial cells, smooth muscle cells, fibroblasts,
and circulating blood cells. In any case, the transfec-
tion of CRE decoy ODN could downregulate some
CRE downstream genes, resulting in the suppression
of IH formation.
Considering transcription factor decoy therapy, the
sequence of cis-elements is conserved between species.
Furthermore, the sequence can align with many binding
sites in the promoter region of many target genes across
different species.41 Thus, the results from transcription
factor decoy therapy experiments in animal models
can be directly applied in initial clinical trials to assess
safety and efficacy theoretically, although preclinical
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studies must be conducted. According to previous
studies of E2F and NFKB, there were no grave complica-
tions related to decoy transfer.9,13

Decoy delivery is an important issue for successful treat-
ment. When the target of the decoy therapy was a vein
for a graft, an E2F decoy using a nondistending pressure
device resulted in the transfection ofw90% of the cells in
the venous vessel wall.42 In our study, the decoy was
transfected using a microbubble-enhanced ultrasound
method. Our decoy ODN transfection efficiency was
>70%. We believe that a low-risk method is desirable
for any strategy of gene transfer because PAD is a benign
disease. If the decoy is used for endovascular therapy, a
drug-eluting stent system, such as that used with the
NFKB decoy ODN to prevent restenosis after percuta-
neous coronary intervention,13 is helpful as a reference.
A CRE decoy has already been used in humans as a
tumor therapy and is considered to be a promising
approach combined with radiotherapy.43

When CRE decoy therapy is performed on patients, the
indications for its use are very important. The therapy
cannot be used on all PAD or angina patients because
of its high cost. Considering the indications for PAD pa-
tients treated with bypass surgery, vein quality for graft
appears to be related to IH frequency. Good-quality veins
rarely induce IH, but poor-quality veins have a high risk of
IH and graft failure.33,44 However, considerations about
CRE decoy therapy could not indicate vein quality in
our study, because MAPKAPK3 expression was higher
in poor-quality veins than in good-quality veins, whereas
FHL5 expression was lower in poor-quality veins. Thus,
CRE was activated regardless of vein quality. In contrast,
MAPKAPK3 and FHL5 were both highly expressed in DM
patients. Given these results, the priority for CRE decoy
therapy may be DM patients with whole vein quality. It
was unexpected that MAPKAPK3 and FHL5 were not
upregulated or downregulated in HD patients. Thus,
further study of this issue is required.

CONCLUSIONS
We revealed that CREB-CRE signaling is an important

mechanism in IH formation and that CRE decoy therapy
can help to prevent IH. Furthermore, we suggest that DM
patients are a good match for this treatment based on
immunohistologic analysis. This study is part of the pre-
clinical study of our strategy, which will be followed by
the pharmacologic (including the verification of mode
of action), pharmacokinetic, and safety studies. We
believe that the results from our present study will
provide a new approach for controlling IH after vascular
and endovascular surgery.
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