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Marfan syndrome is characterized by high expression of matrix
metalloproteinases (MMPs) in aortic smooth muscle cells
(AoSMCs) associated with medial elastolysis and aortic root
aneurysm. We aimed to reduce aortic elastolysis through
decrease of MMP expression with decoy oligodeoxynucleotides
(dODNs) neutralizing the transcription factor activating fac-
tor-1 (AP-1). AP-1 abundance in nuclear extracts as well as
MMP-2 and MMP-9 expression were significantly increased
in isolated mAoSMC of mgR/mgR Marfan mice compared to
wild-type cells. Exposure to AP-1 neutralizing dODNs resulted
in a significant reduction of basal and interleukin-1b-stimu-
lated MMP expression and activity in mAoSMCs. Moreover,
increased migration and formation of superoxide radical an-
ions was substantially decreased in mAoSMCs by AP-1
dODN treatment. Aortic grafts from donor Marfan mice
were treated with AP-1- dODN ex vivo and implanted as in-
frarenal aortic interposition grafts inmgR/mgRmice. Pretreat-
ment of aortic grafts with AP-1 dODN led to reduced elastoly-
sis, macrophage infiltration, andMMP activity. Permeability of
the endothelial monolayer was increased for dODN in mgR/
mgR aortae with observed loss of tight junction proteins
ZO-1 and occludin, enabling dODN to reach the tunica media.
Targeting AP-1 activity offers a new potential strategy to treat
the vascular phenotype associated with Marfan syndrome.

INTRODUCTION
In patients with Marfan syndrome (MFS), dilatation of the aortic root
due to fibrillin fragmentation and deficiency of the aortic wall neces-
sitates cardiovascular surgery in most patients.1 Aortic valve–sparing
re-implantation technique represents a relatively safe method with
favorable long-term results that avoids the need for lifelong anticoa-
gulation.2,3 Recently, using the selective AT1 receptor blocker
losartan attenuating the canonical transforming growth factor-b
(TGF-b) signaling in the aorta, an abrogated aneurysm progression
in mice was demonstrated.4 However, recent clinical studies denied
a protective effect of sartans inMarfan patients.5,6 Therefore, an effec-
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tive medical therapy that reliably prevents the development of the
vascular phenotype with aortic root aneurysm in MFS is still not
available.

It has been shown that high expression and activity of matrix metal-
loproteinases (MMPs) in aortic smooth muscle cells (AoSMC) lead to
medial elastolysis in patients with infrarenal aneurysms (AAA) or
MFS by destruction of structural matrix molecules.7,8 Recent studies
demonstrated upregulation of elastolytic MMP activity in these pa-
tients and in a murine model of MFS, especially MMP-2 and
MMP-9.7,9–11 Inhibition of MMP activity with doxycycline or losar-
tan has been shown to reduce aortic dilatation.12,13

Gene regulation of MMPs is influenced by the transcription factor
activating factor-1 (AP-1).14 AP-1 complexes are heterodimers of
proteins of the two proto-oncogene families (jun and fos) and have
binding sites in the promoter region of MMPs,15 as well as in genes
mediating inflammatory responses.16 The transcription factor decoy
oligodeoxynucleotide (dODN) methodology allows neutralization
of AP-1 and thereby inhibition of target gene expression, which has
already been demonstrated by several preclinical animal studies.17–20

dODNs are taken up efficiently by their target cells without any deliv-
ery aid through an energy-dependent carrier-mediated transport
mechanism.21 These short double-stranded DNA sequences have
successfully been used to bind specifically and neutralize transcription
factors in cultured cells or in vivo, rendering them incapable of
subsequent binding to the promoter region and induce the expres-
sion of target genes.22 We hypothesized that ex vivo aortic AP-1
apy: Nucleic Acids Vol. 9 December 2017 ª 2017 The Author(s). 69
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://dx.doi.org/10.1016/j.omtn.2017.08.014
mailto:rawa.arif@med.uni-heidelberg.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2017.08.014&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


A B Figure 1. AP-1 hpODN Uptake in mgR/mgR Smooth

Muscle Cells

(A)mgR/mgRSMCswere seededongelatin-coveredglass

coverslips and incubated for 2hrwithanATTO590-labeled

hpODN (red) without (“naked,” �Lipo) or with Lipofect-

amine (+Lipo). Wheat germ agglutinin (WGA)-Alexa 488

(green) was used for plasmamembrane staining and DAPI

to label nuclei. Exemplary pictures, scale bar corresponds

to 10 mm. Images were taken using confocal microscope,

and mean red fluorescence intensity was analyzed using

ImageJ for statistical summary shown in (B); n = 8,

*p = 0.0087, Mann-Whitney U-test. contr, control.
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neutralization by anti-AP-1 dODN leads to reduction of MMP
expression and therefore reduces aortic elastolysis in an aortic trans-
plantation murineMarfan model (mgR/mgR). Here, we report that in
explanted aortic grafts of mgR/mgR mice pretreated with AP-1
dODN MMP activity and elastic fiber degradation were significantly
decreased.

RESULTS
Transcription Factor dODN Technology

The AP-1 consensus dODN (AP-1 cODN) was designed to neutralize
the transcription factor AP-1, whereas the mutant control dODN
(AP-1 mODN) as control does not affect the AP-1 transcription ac-
tivity. The AP-1 dODN, which requires a hybridization step of the
two complementary single strands, has already been successfully
tested in various animal experimental models.17–20 The so-called
hairpin AP-1 dODN (hpODN) was designed as a single-stranded ho-
moduplex molecule. This molecular beacon consists of a small loop
and a long beacon stem that contains the transcription factor binding
site. The initially single-stranded hpAP-1 dODN quickly hybridizes
to itself, representing the active double-stranded AP-1 hpODN sub-
sequently modulating gene expression. The hpODN constitutes a
development of the complementary single-stranded dODNs designed
for an adeno-associated virus-mediated gene therapy approach in
Marfan mice and will provide for the first time a causal treatment
perspective for Marfan patients.

In this study, cultured cells and vessel grafts were incubated
ex vivo with the dODN without any delivery aid like, e.g., cationic
lipid transfection reagents. Cell culture experiments using mgR/
mgR smooth muscle cells and the widely used cationic lipid trans-
fection reagent Lipofectamine revealed no further improvement of
hpODN uptake. The “naked” hpODN was already effectively taken
up by the cells that demonstrated at least superior uptake efficacy
in comparison to Lipofectamine (Figures 1A and 1B). It is of note
that without Lipofectamine the hpODN was located in the cytosol
and nucleus.
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AP-1-Dependent Increase of MMP

Expression in Cultured mgR/mgR

Marfan SMCs

Supershift analysis showed a significantly
increased abundance of c-Jun/AP-1 transcrip-
tion factor in nuclear extracts from mgR/mgR Marfan-mAoSMCs
as compared to wild-type cells (Figure 2A). The MMP-2 and
MMP-9 promoters contain a number of potential AP-1 binding
sites.14 Correspondingly, basal MMP-2 and MMP-9 expression was
significantly increased in cultured Marfan-mAoSMCs as compared
to wild-type cells (Figure 2B).

AP-1 Consensus dODN-Dependent Inhibition of MMP

Expression and Activity

Pretreatment of wild-typemAoSMCs with AP-1 consensus dODN re-
sulted in a reduction of MMP-9 expression by 87% and decreased
MMP-9 activity by 50% as compared to untreated controls (Figures
3A and 3E). In mAoSMCs of Marfan mice, pretreatment resulted in
reduction of MMP-2 expression and activity by 80% and 70%, respec-
tively (Figures 3C and 3F). Moreover, MMP-9 expression was down-
regulated by 70% in these cells (Figure 3B). ThemutantAP-1 dODNas
appropriate control had no effect on MMP9 expression (Figures 2A
and 2B). As these findings support our previously published findings
using the mutant AP-1 dODN,17,18,20 we decided to forego the further
experimental use of this dODN.Aimed to prove a potential translation
into men, inhibition of MMPs by AP-1 consensus dODN was also
evaluated in human umbilical artery smoothmuscle cells (HUASMC),
resulting in a reduction ofMMP-9 expression by 80% andMMP-2 ac-
tivity by 90% (Figures 3D and 3G). To induce AP-1 activation, cells
were stimulated with IL-1b,23 except for controls cells. Our findings
show that with exception of the human cells (HUASMC; Figure 3D)
IL-1b only slightly but not significantly induce MMP expression
and activity in murine cells. Nevertheless, these experiments clearly
demonstrate that the AP-1 consensus dODN effectively neutralizes
its target transcription factor because MMP expression and activity
was reduced below the initial control level.

AP-1 hpODN Significantly Decreased IL-1b-Induced Migration

and ROS Formation in mAoSMCs of Marfan Mice

In normal mature blood vessels, the predominant smooth muscle
phenotype is quiescent or contractile. This phenotype can switch



A B Figure 2. Activation of AP-1 and MMP Expression Is

Increased in Cultured mgR/mgR Marfan SMCs

(A) Increased AP-1 abundance in nuclear extracts from

mgR/mgR mAoSMCs compared to wild-type (WT)

mAoSMCs (*p = 0.0357, n = 3) probed by EMSA. Su-

pershift analysis using a specific antibody showed the

presence of the AP-1 subunit c-Jun. (B) Comparison of

MMP expression in WT and mgR/mgR mice. Represen-

tative results and statistical summary (*p = 0.024, n = 4;

#p = 0.016, n = 4).
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into the proliferative, migratory, and synthetic type, which is known
to be regulated by TGF-b and the transcription factor AP-1.24 IL-1b
stimulation resulted in significant increase in the migration rate of
SMCs (91% in IL-1-b-treated cells and 55.68% in non-stimulated
control cells). Pretreatment with AP-1 consensus hpODNs signifi-
cantly decreased IL-1b-induced migration (56% migration, p <
0.0001), while preincubation with the AP1-mutated hpODNs had
no effect (88% migration; Figure 4). MAoSMC exposure to IL-1b
enhanced formation of ROS (2.5-fold), as evaluated using the
H2DCF-DA method. Incubation with AP1 hpODNs prior to IL-1b
addition to cell culture medium significantly (p = 0.0152) reduced
the ROS production (Figure 5).

Increased Endothelial Monolayer Permeability in

mgR/mgR Mice

Vascular disease in MFS is characterized mainly by elastic matrix ab-
normalities in the medial layer of the aortic wall, including fragmen-
tation and disorganization of elastic fibers but also by endothelial
dysfunction.25,26 Using fluorescent-labeled dODNs, we could show
that dODNs are able to pass the endothelial barrier and reach the
smooth muscle cells in the aortic media of Marfan mice but not of
wild-type mice (Figures 6A and 6B). The assessment of tight junction
coherence by ZO-1 and occludin stainings revealed a decrease of these
proteins in Marfan mice (Figure 6C). This is shown by exhibition of a
lower false orange fluorescence color intensity in mgR/mgR mouse
aortic tissue staining than in wild-type mouse tissue after merging
the endothelial cell marker CD31 (green) and tight junction protein
stainings (red).

Reduction of MMP Activity, Medial Elastolysis, andMacrophage

Infiltration in AP-1 Consensus ODN-Treated Aortic Grafts of

Marfan Mice

Aortic wall architecture disturbance was assessed by counting the
number of islands of damage as described before by McLoughlin
et al.30 Van Giesson staining demonstrated 30 days after transplanta-
tion that medial elastolysis was significantly reduced in aortic grafts of
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Marfan mice incubated ex vivo with AP-1
consensus dODN compared to the mutated
control dODN and the untreated control
groups (Figure 7). Thus, we demonstrated that
short incubation with AP-1-neutralizing
dODNs has a beneficial long-lasting effect on
the aortic wall structure. In addition, we were able to demonstrate a
decrease of gelatinase activity in AP-1 consensus dODN-treated
aortic grafts compared to the AP-1-mutated dODN and untreated
control groups, demonstrating in vivo reduction of MMP activity
by AP-1 dODN even 30 days after treatment (Figure 8). In compar-
ison to the AP-1-mutated ODN-treated animal, the macrophage infil-
tration in the aortic adventitia of AP-1 consensus dODN-treated an-
imals was also significantly reduced (Figure 9).

DISCUSSION
Aortic root dilatation may lead to aortic rupture or dissection as the
most life-limiting factor in Marfan syndrome.1 These patients need
lifelong clinical and imaging surveillance, and operation for life-
threatening aortic root dilatation is with few exceptions inevitable.
New operative concepts such as aortic-valve-preserving implantation
techniques for replacement of the aneurysmatic aortic root have
shown favorable results; however, the underlying vascular pathology
is not affected by surgery and the elastolysis may progress in the
downstream aorta.28 Throughout the last years, medical treatment
options changed from b-adrenergic blocker and calcium antagonists
to doxycycline and losartan therapy with new insights in the patho-
mechanism of aortic wall degradation.12,13,29 Also statins, as HMG-
CoA reductase inhibitors, accomplish similar effects to losartan in
attenuating aortic root dilatation in a murine model of Marfan syn-
drome by reduction of MMPs.30 Interestingly, statins are also known
to downregulate the activation of AP-1,31 which would explain the
therapeutic effect that we have demonstrated here in Marfan mice.
Deeper understanding of the pathology and molecular mechanisms
of the vascular phenotype in MFS may help to develop new treatment
strategies aiming to prevent root dilatation and consecutive need for
open-heart surgery.

Disturbances in different molecular pathways caused by the underly-
ing Fbn1 mutation may be responsible for the elastolysis of the
aortic wall. To assess mechanisms and treatment options, various
murine models of Marfan syndrome have been developed.9,32 The
rapy: Nucleic Acids Vol. 9 December 2017 71
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Figure 3. AP-1-Dependent MMP Expression and Activity in Cultured Murine and Human SMCs

Effect of AP-1 cODN treatment on MMP expression by western blot (A–D) and activity by zymography (E–G) in IL-1b (IL1)-stimulated murine and human SMCs. Treatment

with AP-1 cODN (cAP1), but not the mutated control ODN (mAP1), resulted in reduction of MMP-9 expression in WT mAoSMC (A, *p = 0.0159, n = 6) and mgR/mgR

mAoSMC (B, *p = 0.0411, n = 6) and reduction of MMP-2 expression in mgR/mgR mAoSMC (C, *p = 0.025, n = 4), which was also shown for MMP-2 in HUASMCs (D, *p =

0.025, n = 4). Subsequently, MMP-9 (E, *p = 0.025, n = 5) and MMP-2 activity (F, *p = 0.022, n = 7; G, *p = 0.027, n = 4) was reduced as well. contr, control.
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hypomorphic mgR/mgR mouse provides a model with about only a
quarter of Fbn1 production leading to phenotypic features in the skel-
eton and the aorta similar to those of patients with classic MFS.
Recently, we were able to show that 49 out of 50 mgR/mgR mice
die due to rupture and dissection of the ascending aorta.33 MMPs
are presumed to play a key role in the pathogenesis of this genetic dis-
order through an imbalance between synthesis and proteolysis of
extracellular matrix of the aortic media.7 MMP-2 andMMP-9 as elas-
tolytic MMPs are secreted by AoSMC into the aortic media. Chung
et al. demonstrated that elevated expression of MMP-2 and -9 lead
to progression of thoracic aortic aneurysms associated with degener-
ation of elastic fibers, endothelial dysfunction, and reduced SMC
72 Molecular Therapy: Nucleic Acids Vol. 9 December 2017
contractility.34 MMP-2 and -9 have also been associated with
TGF-b activation, which connects both MMP and TGF-b as the
two major contributors of aortic elastolysis in Marfan patients.7

AP-1 has been described to be a downstream mediator of TGF-b
signaling and profibrotic effects pointing out the potential importance
of AP-1 in Marfan syndrome.35

AP-1 plays a pivotal role in transcriptional regulation of MMP
expression.36 The decoy technique allows the neutralization of
AP-1 without any transfection reagents for cellular uptake that
cause potential side effects or immune reactions.17,18 This energy-
dependent transport mechanism of “naked” dODN is clearly
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B

Figure 4. The Hairpin hpAP-1 cODN (hpAP1c), but

Not the Mutated Control ODN (hpAP1m), Inhibits

the Migration Ability of mgR/mgR SMCs

(A) Representative images showing the level of IL-

1b-induced migration of SMCs in 24 hr. (B) Quantification

of the percentage of migration of SMCs (*p < 0.0001,

hpAP1c versus IL-1b-stimulated group; # p < 0.0001,

hpAP1c versus hpAP1m; n = 5, one-way ANOVA).
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distinct from the endocytotic pathway that has been described for
antisense ODNs and involves both a saturable carrier-mediated
component as well as a receptor-mediated podocytosis with subse-
quent intracellular release from caveloae vesicles.21 In addition,
the length (i.e., uptake of decoy ODNs greater than 25-mer in
size tends to be rather poor) but also certain sequence characteris-
tics of the double-stranded DNA molecules seem to be important
for the speed by which they are taken up by the target cell.21

Cationic lipids, such as the Lipofectamine that can greatly enhance
plasmid DNA uptake, have only a modest impact on in vivo deliv-
ery of ODNs.22 ODN taken up via the Lipofectamine-mediated de-
livery could be exclusively detected in the cytosol and presumably
ends in the lysosomal pathway for degradation,37,38 whereas the
“naked” dODN was detectable in the cytosol and nucleus. This
result is in line with Bene et al.,39 demonstrating that lipid-com-
plexed complexed AP-1 dODNs were readily transfectable into cells,
but were consistently detectable only in the cytoplasm and not in
the nucleus. In this context, it is particularly important that
dODN become active immediately after absorption into the target
cells. By contrast, the efficacy of antisense or RNA-interference
ODNs is primarily dependent upon the conversion of the protein
in the cell and therefore upon its re-synthesis. Nevertheless, we pre-
viously demonstrated the same effectiveness of an antisense ODN
targeting the transcription factor STAT1 (signal transducers and ac-
tivators of transcription) and a STAT1 transcription factor dODN40

to reduce CD40 expression on an mRNA and protein level. Because
of the need of a delivery aid for antisense ODN, which may induce
cellular stress response and change gene expression pattern in trans-
Molecular The
fected cells,41 this method has to be considered
as critical in regard of therapeutic use.

Treatment with decoys has been shown to limit
restenosis after percutaneous transluminal cor-
onary angioplasty in coronary arteries of hyper-
cholesterolemic minipigs.17,42 Moreover, the
AP-1 dODN treatment suppresses graft endo-
thelial adhesion molecule expression, reducees
graft infiltration, and in turn significantly delays
acute rejection in different rat transplantation
models17 and prevents the occurrence of cardiac
allograft vasculopathy in a fully allogenic rat
heart transplantation model.18 Therefore, single
ex vivo perfusion of cardiac allografts with AP-1
dODN targeting allograft immunogenicity dur-
ing the cardiac transplantation procedure might be an attractive
adjunct or even alternative concept to systemic immunosuppressive
therapy of the recipient.17

In the present study, we demonstrated an increased AP-1 abundance
and consecutively elevated MMP activity in aortic smooth muscle
cells of Marfan mice. Subsequently, both MMP expression and activ-
ity were significantly reduced using the AP-1 dODN approach in
these cells. AP-1 is a key player in regulating inflammatory processes
but also required for basal expression of several genes, thus constantly
activated.43 We therefore assume that in contrast to HUASMCs used
in Figure 3D, IL-1b presumably failed in murine SMCs to further in-
crease AP-1 activation and MMP expression because of an already
increased high basal AP-1 activation level.

In line with this finding, we observed a reduced macrophage infiltra-
tion into the aortic adventitia of the AP-1 consensus dODN-treated
grafts of mgR/mgR mice. Inflammatory infiltrates have already
been described in the mgR/mgR mouse model and suggest that
inflammation may represent a component of the complex pathogen-
esis of MFS.44 AP-1 dODN treatment also reduced ROS formation in
smooth muscle cells, which is solely sufficient to create a pro-inflam-
matory environment and promote cell migration and MMP expres-
sion, subsequently leading to aneurysm formation.45 Indeed, a
reduced IL-1b-induced migration of cultured smooth muscle cells
could be demonstrated after AP-1 dODN treatment. It has been pub-
lished previously that TGF-b can also increase vascular smooth mus-
cle migration proliferation and also migration in patients withMFS.24
rapy: Nucleic Acids Vol. 9 December 2017 73
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A B Figure 5. hpAP-1 cODN (hpAP1c), but Not the

Mutated Control ODN (hpAP1m), Significantly

Decreases the IL-1b-Induced Accumulation of ROS

in mgR/mgR SMCs

(A) Analysis of cellular ROS production by DCF-DA stain-

ings using confocal microscopy; scale bar corresponds to

25 mm. (B) Quantification of mean fluorescence intensity of

DCF as a measure of oxidative stress. (*p = 0.0152

hpAP1c versus IL-1b-stimulated group; #p < 0.0001,

hpAP1c versus hpAP1m, n = 4, one-way ANOVA).
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Another interesting aspect of neutralizing AP-1 is the inhibition of in-
teractions between AP-1 and Smad proteins, which synergize to acti-
vate the TGF-b1-responsive genes involved in hypertrophic growth of
the heart muscle and in the development of cardiac fibrosis.46

Through preventing AP-1 activation, we are not only able to reduce
MMP expression and subsequently activity but may also achieve syn-
ergistic effects to treat MFS symptoms.

By using fluorescent-marked dODNs, we could show that these
molecules are able to pass the endothelial barrier and reach the
smooth muscle cells in the aortic media of Marfan, but not of
wild-type mice. In wild-type mice, the endothelial cell layer repre-
sents a major barrier site to the passive movement of small mole-
cules, as already shown previously in native hearts perfused with
fluorescent-dye-labeled dODN18 and grafts incubated with fluores-
cent albumin.26 Moreover, the immunohistological ZO-1 and occlu-
dine staining suggest that mgR/mgR mice have a leakage in endo-
thelial barrier function within the intercellular boundaries, as
published recently.26 This is a prerequisite for understanding the
effectiveness of dODN in Marfan aorta and may also explain why
the migration of immunological cells in AP-1 dODN grafts is
reduced. Guo et al. demonstrated that aortic extracts from mgR/
mgR mice were able to stimulate macrophage chemotaxis by inter-
action with elastin-binding protein and showed that fibrillin-1 frag-
ments are capable of chemotactic stimulatory activity.44 These find-
ings are in line with the observation that patients with progressive
aortic disease showed higher levels of macrophage colony stimu-
lating factor (M-CSF) in the blood.47 It has been demonstrated pre-
viously that M-CSF gene expression is mediated by transcription
factors like AP-1.48

The method of ex vivo incubation of the descending thoracic aorta
and re-implantation into the infrarenal abdominal aorta of genetically
identical mice has been previously described.27 Using this approach
by incubation with AP-1 consensus dODN of the aortic grafts, we
could demonstrate a significant reduction of elastolysis. Moreover,
the neutralization resulted not only in a reduced elastolysis but also
in a reduced MMP activity. The modification of our decoy structure
74 Molecular Therapy: Nucleic Acids Vol. 9 December 2017
into a hairpin molecule could enable possible
catheter-based applications or a systemic appli-
cation. Miyake et al. already described a systemic
approach using chimeric ribbon-type decoy
ODNs against nuclear factor-kB for successful prevention of abdom-
inal aneurysm formation in a rat model.49

In conclusion, we demonstrated that AP-1 neutralization results in a
significant inhibition of both MMP expression and activity in
cultured aortic smooth muscle cells. Subsequently, medial MMP ac-
tivity and elastolysis was reduced in AP-1 dODN-treated aortic grafts
of Marfan mice. The observed loss of tight junction proteins may be
related to increased endothelial cell permeability, which facilitates a
deep dODN penetration into the aortic wall of Marfan mice. These
findings may lead to a new nucleic-acid-based therapeutic concept
to treat the vascular phenotype of Marfan syndrome.

MATERIALS AND METHODS
Animal Experiments

All animal experiments were performed with permission of the
Regional Council Karlsruhe (G187/11) and conformed to the Guide
for the Care and Use of Laboratory Animals (NIH Publication
No. 85-23, revised 2011). Inbred mgR/mgR mice, generously pro-
vided by P.N. Robinson, and gender-matched wild-type littermates
were housed in the interfaculty biomedical research facility (IBF),
University of Heidelberg, Germany. Age- and gender-matched
mgR/mgR mice were used as isograft recipients. The mgR/mgR
mouse is a gene-targeted hypomorphic murine model of MFS engi-
neered by insertion of a neomycin cassette between exons 18 and
19 of the Fbn1 gene.9,33

Aortic Isograft Model

Harvested from 21 mgR/mgR mice immediately after euthanasia us-
ing carbon dioxide (CO2) inhalation, the descending thoracic aorta
was transplanted as end-to-end infrarenal interposition grafts into
age- and gender-matched mgR/mgR mice at the age of 6–9 weeks.
Grafts from donor animals (n = 7 per group) were perfused with
100 mL Ringer (B. Braun, Melsungen, Germany), AP-1-mutated
dODN (10 mmol/L,) or AP-1 consensus dODN (10 mmol/L) and incu-
bated ex vivo for 30 min at room temperature. During incubation, the
recipient mice were anesthetized by inhalation of 5% isoflurane and
intraperitoneal injection of Temgesic (0.3 mg/mL buprenorphine;
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C

B Figure 6. The Endothelial Monolayer Permeability Is

Increased in the Aorta of mgR/mgR Mice

Detection of ATTO 590-labeled fluorescent decoy pene-

tration, apparent as bright red fluorescence, into aortic

wall of WT (A, n = 1) and mgR/mgR mice (B, n = 1). ZO-1

and occludin stain (red) is reduced in mgR/mgR mice (n =

3) in comparison to WT animals (n = 2) (C). The decrease

is visible because of lower false orange fluorescence color

intensity in mgR/mgR mice aortic tissue staining after

merging the endothelial cell marker CD31 (green) and

tight junction protein stainings (red).
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2 mg/100 g body weight). After laparotomy, the infrarenal abdominal
vessels were carefully separated, vascular clamps were applied, and
the aorta was dissected between the clamps. The heating was turned
off, and 10 mL ice-cold 0.9% NaCl was applied to diminish the effects
of warm ischemia. The ex vivo incubated isografts were anastomosed
with 11-0 prolene in an end-to-end technique. After approximately
45 min of ischemia, blood flow was re-established and perfusion
was assessed. Afterward, the abdomen was closed using absorbable
5-0 monofilament sutures. The mice were kept under standard con-
ditions until sacrifice for graft explantation 30 days later, again using
CO2 inhalation for euthanasia.27
Transcription Factor Decoy Technology

Double-stranded ODNs and hairpin dODNs (purity > 95%) were
prepared from complementary single-stranded phosphorothioate-
bonded ODNs obtained from Biomers (Ulm, Germany) as previously
described.17 The uptake of an ATTO 590-labeled AP-1dODN by
aortic tissue was monitored by fluorescence microscopy with an
Olympus Spinning Disc Confocal microscope and Olympus Xcel-
lence imaging software. A mutated decoy ODN was used as a control
for the non-specific actions of DNA administration. The sequences of
the single-stranded ODNs were as follows (bold letters denote phos-
phorothioate-bonded bases; mutations are set in italics).

AP-1 consensus dODN, 50-GTGCTGACTCAGCAC-30;

AP-1 mutated dODN, 50-GTGCTTACTTAGCAC-30;
Molecular The
Hairpin AP-1 consensus dODN, 50-CTG
CGGTGCTGACTCAGCACGAAACGTGC
TCAGTGAGCACCGCAG-30;

Hairpin AP-1 mutated dODN, 50-CTG
CGGTGCTTACTTAGCACGAAACGTGC
TAAGTAAGCACCGCAG-30

Lipofectamine-Mediated Delivery of dODN

mgR/mgR SMCs were seeded on gelatin-
covered glass coverslips in 24-well plates.
ATTO 590-labeled decoy ODNs were added
in the medium to a final concentration of
10 mM. Lipofectamine-mediated delivery was
performed by incubating the decoy ODNs
with 1 mL/well Lipofectamine 3000 for 15 min in Opti-MEMmedium
prior to cell treatment. After 2 hr, cells were washed with PBS and
incubated with 5 mg/mL WGA-Alexa 488 at 37�C for 10 min. After-
ward, cells were fixed with 4% paraformaldehyde (PFA) and counter-
stained with DAPI. Images were taken using confocal microscope,
and mean red fluorescence intensity was analyzed using ImageJ.

Histochemistry

Interposition aortic grafts were explanted after 30 days and embedded
in Tissue-Tek (Weckert Labortechnik, Germany). Cryostat sections
(MicromHM 500 O,Walldorf, Germany) were cut at 5 mm thickness.
Thereafter, Van-Giesson differential staining was performed for as-
sessing the elastic fibers in the aortic media. The degree of fragmen-
tation of elastic fibers was examined by two independent observers
blinded to the treatment groups. Each slide was scored using an arbi-
trary scoring system that counted the number of “islands of damage”
within an aortic cross-section (n = 7 mice in each group). An island of
damage was defined as an isolated area of aortic wall where two adja-
cent elastic fibers were fragmented with interposed excessive connec-
tive tissue matrix, as published elsewhere.27

Immunohistochemistry

Aortic cryosections of 9-week-old mgR/mgR and wild-type litter-
mates were used for endothelial marker CD31, tight junction proteins
ZO-1 and occludin stainings according to standard protocols pub-
lished previously.50 In addition a F4/80 monocyte fluorescence
immunohistochemistry was performed as described previously by
rapy: Nucleic Acids Vol. 9 December 2017 75
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Figure 7. Verhoff van Giesson-Stained Axial

Sections of Interposition Grafts of mgR/mgR Mice,

Explanted after 30 Days, Show a Reduction of Fiber

Breaks in the AP-1 cODN-Treated Group

Exemplary pictures of (A) untreated mice (control), (B)

AP-1 mODN (mAP1)-treated mice, and (C) AP-1 cODN

(cAP1)-treated mice. Arrows indicate “islands of dam-

age,” defined as two strand breaks and widening of the

aorta. (D) Statistical summary of the number of islands of

damage survey, as counted by two observers blinded to

groups (cAP1 versus control *p = 0.0002, n = 7; cAP1

versus mAP1 #p < 0.0001, n = 6).
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Seppelt et al.26 Positive immunoreaction was detected using an
Olympus Spinning Disc Confocal microscope and the Olympus Xcel-
lence imaging software (Olympus Europa, Hamburg, Germany).

Cell Culture

HUASMC and murine aortic smooth muscle cells (mAoSMCs) from
wild-type and mgR/mgR Marfan mice were obtained by explant cul-
ture from tissue stained positive for smooth muscle a-actin (ab5694,
Abcam, UK). Tissue harvesting for cultivation of mAoSMCs from
wild-type and mgR/mgR Marfan mice was performed after eutha-
nasia through CO2 inhalation. Only cells cultured up to passage 4
were used. For the use of HUASMCs, informed consent was obtained
from the patients (parents) after approval by the local ethics commit-
76 Molecular Therapy: Nucleic Acids Vol. 9 December 2017
tee (Ethikkommission der Medizinischen Fa-
kultät Heidelberg, Germany, S-182/2013), and
experiments conformed to the principles out-
lined in the Declaration of Helsinki (1997).
On the basis of previous electrophoretic
mobility shift assay (EMSA) and PCR analyses,
SMCs were preincubated for 2 hr with
10 mmol/L dODN in DMEM with 0% fetal
calf serum (FCS; GIBCO Life Technologies,
New York, USA) followed by stimulation with
IL-1b (60 U/mL; Humanzyme, Chicago, USA) for the next 24 hr.18

Cellular dODN uptake was achieved without using any cationic lipid
or liposomal complex. The supernatant was collected and frozen
at �80�C until needed for zymography.

Western Blot Analysis and EMSA

Western immunoblotting analysis was performed by denaturating
8%–10% SDS-PAGE and transferred onto polyvinylidene fluoride
(PVDF) membranes (Merck Millipore, Germany) as previously
described.51 Protein quantification was done by using antibodies
against MMP-2 (DLN-12481, Dianova, Germany), MMP-9 (ab38898,
Abcam, UK), and b-actin (ab6276, Abcam, UK). Secondary antibodies
were purchased from Dianova (Germany).
Figure 8. Representative In Situ Zymography with

Aortic Sections Demonstrate a Decrease of MMP

Activity in the Aortic Media of AP-1 cODN (cAP1)-

Pretreated Grafts in Comparison to Non-Treated

(Control) or AP-1 mODN (mAP1) Grafts

Either a photographic emulsion containing gelatin (A) or a

fluorescin-labeled gelatin substrate (B) is brought into

contact with the tissue sections. After incubation, MMP

enzymatic activity is revealed as white spots on a dark

background (A) or as bright green fluorescence (B),

respectively. (C) Statistical summary of the mean bright-

ness value analysis of each group (cAP1 versus control,

*p < 0.0001, n = 5; cAP1 versus mAP1, #p < 0.0001,

n = 4) of the fluorescin-gelatin zymography.



A B C

E FD

Figure 9. Macrophage Infiltration in the Aortic

Adventitia of AP-1 cODN-TreatedmgR/mgRMice Is

Reduced

Representative macrophage F4/80 staining (red, mono-

cyte/macrophage marker) in mgR/mgR Marfan aortic

sections, demonstrating a decrease of macrophage infil-

tration in the aortic adventitia of AP-1 cODN (animal, A–C),

but not mutated control AP-1 mODN (animal, D–F)-pre-

treated grafts, explanted after 30 days. DAPI (blue) served

as a nuclear marker; the scale bar represents 200 mm.
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Gel or electrophoretic mobility shift analyses with the 32P-labeled
AP-1 consensus dODN as a probe were performed as described pre-
viously.18 Nuclear extracts were prepared either from isolated and
cultured SMCs of wild-type or Marfan mgR/mgR mice as also
described before.18

Zymography

Gelatin zymography was performed to assess MMP activity in the
cellular supernatant, according to standard protocols using gelatin-
conjugated Sepharose beads (Gelatin Sepharose 4B; Amersham Phar-
macia Biotech, Uppsala, Sweden) for affinity precipitation.51

For in situ zymography with aortic sections, either a photographic
emulsion containing gelatin or a fluorescin-labeled gelatin substrate
was brought into contact with tissue sections of explanted grafts
30 days after treatment according to Yan and Blomme.52

mAoSMC-Migration Assay

Murine aortal smooth muscle cells were cultured as mentioned
above and put in 12-well plates (Greiner Bio One, Frickenhausen,
Germany) in which silicone stoppers were positioned prior to
seeding. After the cells reached confluency, they were serum-
starved for 16 hr. For 2 hr, half of the wells were treated with
the hpAP1 consensus decoy ODNs (Biomers, Ulm, Germany) and
the other half with hpAP1 mutated decoy ODNs. IL-1b 20 ng/mL
(Humanzyme, Chicago, USA) was added to the culture medium
prior to stopper removal. Bright field microscopy images were
captured at time points 0 and 24 hr after the silicone stoppers
withdrawal. The area of migration was determined using ImageJ,
and the migration rate was calculated according to the following
formula: Percent migration = (A(0) � A(24)/A(0)) � 100. (A(0),
initial area between the cells; A(24), area between the cells
after 24 hr).
Molecular The
Reactive Oxygen Species Production

The intracellular amount of reactive oxygen
species (ROS) was determined using dichloro-
dihydrofluorescein diacetate (H2DCFDA)
(Thermo Fischer Scientific, Darmstadt, Ger-
many) In brief, mAoSMCs were cultured
on gelatin-coated glass coverslips and incu-
bated with the hpAP1 decoy ODNs for 2 hr.
Afterward, cells were stimulated with IL-1b
20 ng/mL (Humanzyme, Chicago, USA) for 5 hr and subsequently
incubated with H2DCFDA for 30 min. The cells were then fixed
with methanol and mounted on slides using a DAPI-containing me-
dium. DCF fluorescence was measured using a confocal microscope.

Data Analysis

Results are presented as means ± SEM of n experiments. Compari-
sons of three or more groups were performed with one-way
ANOVA followed by exact, two-sided Kruskal-Wallis tests. Mann-
Whitney U tests were used to compare two samples (GraphPad Prism
software package version 5.01, GraphPad Software, San Diego, USA)
with p < 0.05 considered to be significantly different.
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