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ABSTRACT

Rationale: Abdominal aortic aneurysms (AAA) constitute a degenerative process in the aortic wall. Both
the miR-29 and miR-15 families have been implicated in regulating the vascular extracellular matrix.

Obijective: To assess the effect of the miR-15 family on aortic aneurysm development.

Methods and Results: Among the miR-15 family members, miR-195 was differentially expressed in aortas
of apolipoprotein E-deficient mice upon angiotensin Il infusion. Proteomics analysis of the secretome of
murine aortic smooth muscle cells, following miR-195 manipulation, revealed that miR-195 targets a cadre
of extracellular matrix proteins, including collagens, proteoglycans, elastin and proteins associated with
elastic microfibrils; albeit miR-29b showed a stronger effect, particularly in regulating collagens. Systemic
and local administration of cholesterol-conjugated antagomiRs revealed better inhibition of miR-195
compared to miR-29b in the uninjured aorta. However, in apolipoprotein E-deficient mice receiving
angiotensin 11, silencing of miR-29b, but not miR-195 led to an attenuation of aortic aneurysm formation.
Higher aortic elastin expression was accompanied by an increase of matrix metalloproteinases 2 and 9 in
mice treated with antagomiR-195. In human plasma, an inverse correlation of miR-195 was observed with
the presence of AAA and aortic diameter.

Conclusions: We provide the first evidence that miR-195 may contribute to the pathogenesis of aortic
aneurysmal disease. Although inhibition of miR-29b proved more effective in preventing aneurysm
formation in a preclinical model, miR-195 represents a potent regulator of the aortic extracellular matrix.
Notably, plasma levels of miR-195 were reduced in patients with AAA suggesting that miRNAs might
serve as a noninvasive biomarker of AAA.
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Nonstandard Abbreviations and Acronyms:

AAA Abdominal aortic aneurysm

Ang I Angiotensin 11

ECM Extracellular matrix

SMC Aortic smooth muscle cells

MiRNA MicroRNA

MMP Matrix metalloproteinases

NSAF Normalized spectral abundance factor
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INTRODUCTION

MicroRNAs (miRNAs) are small non-coding RNAs that are involved in posttranscriptional
regulation of gene expression' ?. Recent studies have uncovered pronounced effects of miRNAs on the
cardiovascular extracellular matrix (ECM). The miR-29 family has attracted particular attention. It consists
of three members that exhibit very high homology, miR-29a, miR-29b and miR-29c. In the heart,
dysregulation of miR-29b coincided with ECM remodeling after acute myocardial infarction®. In the
vasculature, inhibition of miR-29 has been consistently shown to reduce aortic aneurysm formation*®.
Although there is conflicting evidence for the directionality of the changes of miR-29b expression in
angiotensin II (Ang II)-induced murine aneurysms, targeting of elastin and collagens was proposed as the
underlying mechanism for the role of miR-29b in aneurysmal disease*”.

The ECM is the key structural component determining dilatation and aneurysm formation in the
aortic wall®. Abdominal aortic aneurysms (AAA) are characterized by loss of elastin and increased collagen
turnover. Apart from miR-29, the miR-15 family has been implicated in collagen remodeling and the
characteristic postnatal silencing of elastin’. The miR-15 family consists of six highly conserved miRNAs
(miR-15a, miR-15b, miR-16-1, miR-16-2, miR-195 and miR-497), which are clustered on 3 separate
chromosomes. They have a common seed region (AGCAGCA) and varying degrees of sequence homology
in the 3’ region of the mature miRNA'®. Expression of miR-195 and miR-497 is altered in human aortic
specimen with evidence of dissection''. Direct binding of miR-195 to several ECM transcripts was detected
in H4 cancer cells'.

In the present study, we compare the role of miR-29 and miR-15 family members in aortic
aneurysm development. Besides biomarker candidates, the regulation of the vascular ECM by miRNAs
may reveal novel mechanistic insights and potential therapeutic targets.

METHODS

An expanded Materials and Methods section is available in the Online Data Supplement.

Clinical cohorts.

Patients with AAA were identified from the local aneurysm surveillance and screening programme.
Subjects screened negative for AAA served as controls. The study was approved by the local research ethics
committee and all patients provided written informed consent (REC 07/Q0702/62). Statistical analysis was
performed as described previously'’.

Cell culture.

Smooth muscle cells (SMCs) were isolated by enzymatic digestion of mouse aortas, as described
elsewhere'* and were cultured in DMEM supplemented with 10% FCS, 2 mmol/L L-glutamine and 100
mg/L gentamicin, at 37°C in a humidified atmosphere of 95% air / 5% CO..

Transfections.

Cells were plated at 60-70% confluency on the day before transfection. Mouse Pre-miR™ miRNA
precursors and miRNA mimics were synthesized by Life Technologies and Mercury™ LNA-anti-miRs by
Exiqon. The following sequences were used: LNA-195: CCAATATTTCTGTGCTGCT; LNA-29b:
ACTGATTTCAAATGGRGCT; LNA-CTL: GTGTAACACGTCTATACGCCCA; Pre-miR-
195:UAGCAGCACAGAAAUAUUGGC; Pre-miR-29b: UAGCACCAUUUGAAAUCAGUGUU; Pre-
miR-CTL2: sequence not specified. LNA inhibitors and precursor miRNA were transfected at a final
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concentration of 90 nmol/L and 20nmol/L respectively, using Lipofectamine™ RMAiIMAX (Invitrogen)
according to the manufacturer’s recommendations.

Proteomics analysis.

SMCs were carefully washed in serum-free medium and then incubated in fresh serum free medium for 48
hours. Cell debris was removed by centrifugation at 4000 rpm for 10 min. The supernatant was transferred
into a new tube and stored at -80°C. Samples were subsequently desalted using Zeba Spin desalting columns
(Thermo Scientific), vacuum dried and resuspended in 60 puL of ddH»O. 30 uL was used for the proteomic
analysis as described previously'”.

AntagomiR treatment.
Cholesterol-conjugated antagomiR constructs from Fidelity Biosystems were resuspended in sterile PBS at
37°C and stored at -20°C. The sequences of the antagomiR constructs were as follows:

Control AntagomiR: 5°- A¥*A*GGCAAGCUGACCCUGAA*G*U*U* Chol*T-3’
AntagomiR-195: 5°- G*C*CAAUAUUUCUGUGCU*G*C*U* Chol*T-3"
AntagomiR-29b: A*A*CACUGAUUUCAAAUGGUG*C*U*A*-Chol*T-3’

C57BL6 mice were treated by intraperitoneal (i.p.) injection with a dose of 65 mg/kg/day at day 0, day 1
and day 2. Mice were sacrificed at day 7 to collect aortic tissue.

Angiotensin Il infusion model.

Osmotic pumps (Alzet model 2004) containing angiotensin II (Ang II, 1 pg/kg/min, Sigma-Aldrich) were
implanted in 10-week-old apoE-/- male mice (day 0) (C57BL/6J background, Charles River Edinburgh
UK). Housing and animal care was in accordance with the UK Animals (Scientific Procedures) Act 1986.
The antagomiR constructs were injected i.p. at a dose of 80 mg/kg/day on three consecutive days (day 1, 2
and 3).

MRI imaging.

Mice were imaged by MRI before and after implantation of osmotic pumps to obtain aortic and cardiac

parameters. The aortic scans were performed using 0.4mmol/kg of an elastin-specific magnetic resonance
16,17

agent ™ .

RESULTS
MiR-195 in murine aortas.

Elastin is the major structural protein that imparts elasticity to blood vessels. Degradation of elastin
is an early event in the development of aortic aneurysms. Two miRNA families, miR-29 and miR-15, have
been linked to elastin regulation. Differential expression of miR-29b in the aneurysmal aorta has been
reported previously*°. Here, we investigated the expression of miR-15 family members in a mouse model
of aortic dilation. Ang II (1pg/kg/min) was infused to apoE-/- mice using subcutaneously implanted
osmotic minipumps. Among the miR-15 family, only miR-195 was significantly increased (Online Figure
I). The miRWALK algorithm predicts putative binding sites for miR-195 and miR-29b in the coding region
and the 3’UTR of elastin, respectively. Overexpression of miR-195 as well as miR-29b led to a similar
reduction in elastin (Online Figure II). Reporter assays using vectors harboring these sites revealed reduced
activity, suggesting that elastin is a direct target of both miRNAs. While miR-29b has been investigated
previously*®, little is known about the role of miR-195 in the vasculature.
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MiR-195 and ECM secretion by SMCs.

To further explore the effect of miR-195 on ECM deposition by SMCs, we performed a proteomic
analysis of the conditioned medium from SMCs transfected with pre-miRs and anti-miRs. A total of 129
secreted proteins were identified, with pre-miRs having a more pronounced effect than anti-miRs (Figure
1, Online Table I and II). A normalized spectral abundance factor normalization coupled with a power law
global error model (NSAF-PLGEM) was employed to determine the differences in expression. Proteins
with a false discovery rate <5% were considered to be significant. Transfection with pre-miR-195 induced
differential expression of 87 proteins in the secretome of SMCs. Using different miRNA prediction
algorithms (RNA22, miRanda, miRDB, TargetScan, RNAhybrid, PITA, PICTAR and Diana-microT), only
24 of them were predicted as direct targets.

Comparison with miR-29b.

30 ECM genes and ECM degrading enzymes were quantified in SMCs following transfection with
inhibitors and mimics of miR-195 and miR-29b. As expected, both miR-29b and miR-195 targeted elastin
(Eln, Figure 2A). However, the gene expression profiles of extracellular proteins differed. For example,
mimics of miR-29b elicited a more robust repression of collagens (collal, colla2, col3al, col4al, colda2,
col5al, col5a2). These results were also validated at the protein level by immunoblotting (Figure 2B).
Notably, matrix metalloproteinase (MMP) 2 expression was increased upon miR-195 inhibition, while
targeting miR-29b led to a reduction of MMP9 (Figure 2C) as confirmed by zymography (Figure 2D, Online
Figure IID).

Systemic inhibition of miR-195 and miR-29b.

To determine the role of miR-29b and miR-195 in ECM gene regulation in vivo, C57Bl wild type
mice were injected with cholesterol-conjugated antagomiRs (65mg/kg/day, i.p.). AntagomiR-195 was
effective in targeting miR-195 expression in the aorta leading to a 60% reduction without affecting other
members of the miR-15 family (Figure 3A). Similarly, no off-target effect on the miR-29 family was
observed (compared to control antagomiR: 1.17+0.12, 1.13£0.13 and 1.11+0.09 for miR-29a, miR-29b and
miR-29c, respectively. N=5 per group). In vivo inhibition of miR-195 increased expression of elastin
(Figure 3B) and of several other ECM genes in the aorta (Figure 3C, Online Figure III). Detailed expression
data are presented in Online Figure IV. Surprisingly, the same dose of antagomiR-29b had only marginal
effects on miR-29b levels in the uninjured aorta. The observed reduction of miR-29b in the vasculature was
small (Figure 3D), and aortic elastin expression was not affected (Figure 3E). A negative correlation
between miR-29b levels and ECM genes in the aorta was observed for Collal, Colla2, Col4a2 (Figure 3F)
and few other targets (Online Figure V). Detailed expression data are presented in Online Figure VI. In
contrast, a marked suppression of miR-29b was observed in the liver. Accordingly, elastin and other ECM
genes were upregulated in the liver of mice injected with antagomiR-29b (Online Figure VII). Thus, the
uninjured aorta is more susceptive for therapeutic interventions by antagomiR-195 than antagomiR-29b.

Effect of miR-195 and miR-29b on aortic aneurysm formation.

To study whether miR-195 may contribute to the pathogenesis of AAA, we compared the effects
of miR-195 and miR-29b inhibition on aneurysm formation. AntagomiRs were administered systemically
as detailed in the Methods. Uptake of a Cy3 labeled antagomiR was detected in the medial layer of the
murine aorta (Online Figure VIII). The total aortic wall area was determined by using an elastin-specific
magnetic resonance contrast agent'® (Figure 4A). A significant decrease in the aortic diameter size was
observed in mice treated with antagomiR-29b (n=8, Figure 4B). This was accompanied by enhanced
survival compared to control antagomiR and PBS injected mice (n=8 each, Figure 4C). Despite significantly
elevated expression of elastin and collagens (Online Figure 1X), the effect of antagomiR-195 on survival
as well as aortic diameter size was not as pronounced (Figure 4B and 4C).
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Local inhibition of miR-195 and miR-29b in aortic isografts.

To discern systemic from local effects, we used an aortic isograft model'®. Aortas were harvested,
incubated with cholesterol bound LNA antimiRs for 2 hours and then isografted into the carotid artery of
recipient mice (Figure 5A). This local administration was sufficient to result in an uptake of the antagomiRs
by the aortic tissue, as demonstrated by the incorporation of a Cy3 labelled antagomiR in the outer layers
of SMCs (Figure 5B). The grafts were harvested 7 days later and expression levels of miRNAs were
determined. In this setting, miR-195 was significantly inhibited, while other members of the miR-15 family
were largely unaffected (Figure 5C). Local inhibition of miR-195 was accompanied by derepression of
MMPs, in particular MMP2, in the aortic wall (Figure 5D). The same dose of LNA-miR-29b did not
significantly inhibit miR-29 expression in aortic grafts (data not shown). In vivo inhibition of miR-195
resulted in a derepression of MMPs in all three models (Figure SE), including aortic tissue of Ang Il infused
apoE-/- mice (Online Figure X).

MiR-195 in patients with aortic aneurysms.

Finally, plasma samples were obtained from the local aneurysm surveillance and screening
programme designed to identify patients with abdominal aortic aneurysms (AAAs). Male patients with
AAAs and male controls were matched on hypertension and diabetes (Table 1). Fifteen other miRNAs,
including some previously related to cardiovascular disease, were added for comparison. Statistical
analyses were performed using conventional and L;-penalized logistic/linear regression, with the latter
being developed to explore associations in presence of high-dimensional and collinear data. MiR-195
showed the strongest associations using either a continuous (aortic diameter size, n=44, Figure 6) or a
categorical classification of disease (n=22 per group, Figure 7). Other miRNAs displaying significant
inverse correlations with aortic diameter size included miR-148a, miR- 125b, miR-20a and miR-340.
Expression levels of these four miRNAs, however, were highly correlated to miR-195 (Online Table III)
and their association with aortic diameter size was attenuated after adjustment for miR-195 (Online Figure
XI and XII). Instead, significant associations emerged for miR-133a and miR-145, suggesting that their
relation to AAA may be independent of miR-195. The significant inverse associations of miR-195 with the
presence of AAA and the aortic diameter was confirmed by extending the analyses to all participants in the
programme (n=73, Online Table IV, Online Figure XIII and XIV). In comparison to miR-195, miR-29b
levels in plasma were low (Ct>32 cycles, Online Figure XV) rendering plasma miR-29b less suitable as a
biomarker of AAA.

DISCUSSION

The principal merits of this study are i) the measurements of plasma miRNAs in a patient cohort of
AAA and ii) the direct comparison of two miRNA families known to target elastin in in vitro studies in
vascular SMCs and in in vivo studies using three different animal models (uninjured aorta and aortic
isografts in wildtype mice, Ang Il infusion in apoE-/- mice). Although both miR-195 and miR-29b affect
elastin in vitro and antagomiRs to miR-195 were more efficient in upregulating aortic elastin expression in
vivo, antagomiR treatment to miR-195 did not recapitulate the protective effects of miR-29b inhibition on
aneurysm formation. In contrast to miR-29b, silencing of miR-195 induced a de-repression of MMPs, which
is likely to contribute to the adverse outcome in ECM homeostasis. MiR-195, however, emerged as a
biomarker candidate for AAA.

MiRNAs as biomarkers.

We have previously performed the first population-based study on circulating miRNAs for type 11
diabetes®® and myocardial infarction'’. We also determined the platelet origin of several plasma miRNAs
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related to cardiovascular disease by subjecting healthy volunteers to limb ischemia-reperfusion injury
generated by thigh cuff inflation® and performing a dose-escalation study of platelet inhibition?'. The
association of plasma miRNAs and AAA is unclear. In the present study, we measured 16 miRNAs in 73
participants from a local aneurysm surveillance and screening programme. Among the most robust changes
was miR-195, which dominated the penalized regression analyses for aortic diameter size and categorical
disease outcome in terms of association strength. MiR-195 belongs to the miR-15 family that consists of
highly conserved miRNAs that regulate key processes in cancer, neural and cardiovascular diseases. MiR-
195 expression increases in cardiac hypertrophy, and cardiac overexpression of miR-195 resulted in heart
failure in transgenic mice®. To our knowledge this is the first report associating plasma levels of miR-195
with aortic disease.

Clinical relevance.

Aortic disease leads to significant morbidity and mortality as well as high economic burden %, There
are currently no good blood tests that identify patients with AAA or predict which AAAs are likely to
rupture or expand and require surgical intervention. The diameter of the aneurysm is currently the best
predictor of rupture but not always reliable. Better diagnostic tools are urgently needed to identify patients
at risk, monitor disease progression, and implement novel therapeutic and preemptive strategies® .
Identification of those patients with AAAs at risk of subsequent expansion or rupture by a simple cheap
non-invasive method of predicting subsequent AAA growth would meet an important clinical need. Once
AAA is diagnosed, patients at high risk may be treated with earlier surgical repair to prevent rupture.
Conversely, if a simple blood test showed a low risk of disease progression then patients with significant
co-morbidity or high surgical risk might be safely kept under surveillance rather than proceed with surgery.
Our findings await confirmation in larger cohorts. Thus, their exploratory/hypothesis-generating nature has
to be emphasized. Future studies will need to show whether AAA-specific miRNA profiles that characterize
aneurysm formation and/or positive responders to treatment might lead to the development of innovative
miRNA-based diagnostic and therapeutic strategies for AAA.

MiRNAs and AAA.

Thus far, miR-29b was identified as a pivotal regulator of aortic dilation in an elastase infusion model
of experimental AAA in wildtype mice and in an Ang II infusion model in apoE-/- mice*. Additionally,
miR-21 was implicated as a modulator of proliferation and apoptosis of vascular SMCs during development
of AAA?®. The age-related increase of miR-29 expression was proposed to render the aorta susceptible to
aneurysm development, while inhibition of miR-29b, by treatment with LNA-antimiR-29b, reduced aortic
dilation after Ang II infusion in aged mice’. Similar results were obtained in a model of genetically induced
aneurysms in Fibulin-4¥® mice. In Marfan syndrome, a connective tissue disorder that can lead to the
development of aortic root aneurysms, expression of miR-29b was increased in the ascending aorta.
Inhibition of miR-29b prevented early aneurysm development’. Thus, several studies suggest a role for
miR-29b in aortic aneurysms. Mechanistically, upregulation of elastin’, increased collagen deposition®, and
suppression of MMP activity were implicated in reducing aortic dilation following miR-29b inhibition*.

MiRNA target identification.

Herein, we assess the effect of two elastin-targeting miRNAs, miR-195 and miR-29b, both in vitro and
in vivo. We have previously used proteomics to study the role of miR-29b in cardiac fibrosis'’>. We now
employ proteomic analysis to characterize the secretome of SMCs following manipulation of miR-195 and
perform a comparison of the ECM changes induced by miR-195 and miR-29b. Detailed in vitro analyses
showed that miR-195 and miR-29b had similar efficiency in targeting elastin. However, miR-29b exerted
a more robust effect on ECM deposition by SMCs than miR-195. Collagens, in particular, are more
efficiently targeted by mimics to miR-29b than mimics to miR-195. This is consistent with previous
findings by Maegdefessel et al showing a significant increase in collagen expression and to a lesser extent
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in elastin content upon miR-29 inhibition, although an extensive profiling of ECM genes - as in the present
study - was not performed®.

Targeting efficiency in vivo.

The targets observed in vitro were further confirmed in vivo using cholesterol-conjugated antagomiRs.
When the same doses of antagomiRs were administered systemically to C57B1 mice, antagomiRs to miR-
195 proved to be more effective in upregulating elastin expression in the uninjured aorta than antagomiRs
to miR-29b. In a separate model of Ang II infusion in apoE-/- mice, the efficiency of antagomiRs against
miR-195 and miR-29b was compared with regards to preventing aneurysm formation, decreasing
abdominal aortic diameter and improving survival. AntagomiR-29b was superior to antagomiR-195 in
reducing aortic dilation and increasing survival in Ang Il-infused apoE-/- mice. This therapeutic benefit
cannot be solely attributed to the derepression of aortic elastin or collagens: both occurred also following
miR-195 inhibition; moreover, targeting of miR-29b in murine aortas was less efficient compared to miR-
195, with systemic or local delivery of antagomiRs or antimiRs, respectively.

ECM degradation in AAA.

Considerable evidence from human and experimental animal models of AAA points towards a
prominent role for MMP2 and MMP9 in AAA development. Elevated levels of MMP2 and MMP9 activity
were reported in the aneurysmal part of the mouse aorta following Ang II infusion®. MMP2 and MMP9
are two key proteases in ECM destruction, with MMP2 being unique in its ability to target both elastin and
fibrillar collagen®’. MMP9 on the other hand, is the most abundant gelatinolytic MMP in AAA tissue and
is secreted in high levels from AAA explants. MMP9 deficient mice displayed preservation of the elastic
lamellae of the aortic wall and were shown to be resistant to aneurysm development®'. Our observation that
miR-195 inhibition induced MMP activity, offers a plausible explanation for the different therapeutic
outcome compared to silencing miR-29b.

Conclusion.

In this study, the therapeutic efficacy of miR-195 and miR-29b was compared with regards to
regulating ECM and ECM-associated proteins in vitro and in vivo. Additionally, we provide proof-of-
principle that miRNAs might have clinical utility as biomarkers for AAA by observing an inverse
relationship between plasma miR-195 and the presence of AAA and aortic diameter.
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FIGURE LEGENDS

Figure 1. Proteomic analysis of SMC secretome. SMCs were transfected with miR-195 precursor,
antimiR-195 or their respective controls and their secretome was analyzed by proteomics. ECM proteins
identified in the conditioned media and displaying differential expression are depicted in the volcano plots.
A, Following miR-195 overexpression and B, miR-195 inhibition. Log2 (FC), fold change is calculated
using the NSAF normalised spectral counts and averaged for three biological replicates.

Figure 2. Regulation of the ECM by miR-29b and miR-195 in vitro. A, Heat maps illustrate the
expression levels of potential ECM targets. A panel of 30 genes of the ECM were assessed by QPCR
following miRNA overexpression (left panel) and inhibition (right panel). The highlighted targets were
predicted by at least one prediction algorithm (RNA22, miRanda, miRDB, TargetScan, RNAhybrid, PITA,
PICTAR, and Diana-microT). B, Validation of ECM protein secretion in the conditioned media of
transfected SMCs by Western blot analysis. Part of the corresponding silver stained gel is shown as loading
control in the lowest panel. C, MMP2 and MMP9 expression in SMCs following miRNA inhibition in vitro.
Gene expression was normalized to beta-actin. *p<(0.05 compared to LNA-Control. D, Enzymatic activity
of gelatinases in the conditioned media of SMCs following miR-29b and miR-195 inhibition, as assessed
by zymography. Representative of three independent experiments.

Figure 3. Regulation of the ECM by miR-195 and miR-29b in vivo. A, Expression levels of the miR-15
family in the aorta following antagomiR-195 treatment. B, Elastin expression in the aorta following
antagomiR-195 administration. C, Correlation between the efficiency of miR-195 knockdown and the
derepression of collagens as quantified by QPCR. D, Expression levels of the miR-29 family in the aorta
following antagomiR-29b treatment. E, Elastin expression in the aorta following antagomiR-29b injection.
F, Correlation between the efficiency of miR-29b knockdown and the derepression of collagens in the aorta.
MiRNA expression was normalized to U6. Gene expression was normalized to beta-actin. *p<0.05
compared to AntagomiR control. RQ, relative quantification.

Figure 4. MiRNA inhibition and Ang I1-mediated aortic dilatation. Ang II (1pg/kg/min) was infused
to apoE-/- mice using subcutaneously implanted osmotic minipumps. AntagomiRs (80mg/kg/day) were
injected intraperitoneally for three consecutive days. A, Magnetic resonance TOF-angiogram of aortas from
apoE-/- mice infused with Ang II demonstrating a suprarenal aortic aneurysm. The red line indicates the
imaging plane of subsequent performed axial MRI sequences. B, In vivo assessment of the aortic aneurysm
diameter following antagomiR-29b or antagomiR-195 treatment (n=8, per group) on days 10 and 35.
AntagomiR-Control and PBS injected mice are designated as Control group (n=16). *p<0.05 compared to
Control. C, Kaplan Meier survival analysis for Ang II-infused mice following injections of antagomiR-29
or antagomiR-195.

Figure 5. Regulation of MMP2 and MMP9 by miR-195. A, Schematic representation of the aortic
isograft model. B, Uptake of a Cy3-labelled antagomiR by the mouse aorta. SMA: Smooth muscle actin.
C, Expression levels of the miR-15 family in the aortic graft following LNA-miR-195 treatment ex vivo.
D, Expression of MMP2 and MMP9 in the aortic grafts following miRNA inhibition, as quantified by
QPCR. RQ, relative quantification. # p<0.05 (Anova with Bonferroni post hoc tests for differences to LNA-
miR-29b). E, Correlation between the efficiency of miR-195 knockdown and the derepression of MMP2
and MMP9 as quantified by QPCR. MiRNA expression was normalized to U6. Gene expression was
normalized to beta-actin. * p<0.05 compared to control (Con).

Figure 6. MiRNAs associated with aortic diameter. A, L1-penalized linear regression analysis (least
absolute shrinkage and selection operator method). The graph shows linear regression coefficients of
miRNAs (y-axis) for different levels of penalization (the tuning parameter Al escalates beyond 20).
Variables withstanding shrinkage up to high A1 values are those most relevant for disease prediction. B,
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Linear regression adjusted for age, matched on hypertension and diabetes (for details see Table 1 and
Methods). Expression levels were normalised to exogenous cel-miR-39 spike-in control.

Figure 7. MiRNAs associated with AAA. A, L1-penalized logistic regression analysis (least absolute
shrinkage and selection operator method). The graph shows logistic regression coefficients of miRNAs (y-
axis) for different levels of penalization (the tuning parameter A1). Variables withstanding shrinkage up to
high A1 values are those most relevant for disease prediction. B, Logistic regression adjusted for age,
matched on hypertension and diabetes (for details see Table 1 and Methods). Expression levels were
normalised to exogenous cel-miR-39 spike-in control.
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Table 1. Clinical characteristics of selected cases and

controls from the AAA screening programme

Mean (SD) or n (%)

Variable P value
Cases Controls
n=22 n=22

Age 70.8 (6.2) 66.7 (1.0) 0.008
Hypertension 16 (73%) 16 (73%) Matched
Diabetes 4 (18%) 4 (18%) Matched
Aortic diameter 3.9(0.8) 2.1(0.3) <0.0001
Smoking status 0.072

Current 14 (64%) 17 (77%)

Ex 1 (5%) 4 (18%)

Never 7 (32%) 1 (5%)
HPL 11 (50%) 9 (41%) 0.500
COPD 5(23%) 1 (5%) 0.218
CAD 9 (41%) 3 (14%) 0.070
PVD 6 (27%) 0 (0%) 0.031
Prior CVA 4 (18%) 0 (0%) 0.125
Prior CABG 2 (9%) 1 (5%) 1.000
Major Surgery 9 (41%) 4 (18%) 0.227
Malignancy 7 (32%) 3 (14%) 0.289
BMI 27.4(4.9) 269(3.5) 0.653
Antiplatelets 12 (55%) 9 (41%) 0.508
Betablockers 8 (36%) 4 (18%) 0.344
ACE inhibitors 9 (41%) 6 (27%) 0.453
Statins 15(68%) 11 (50%) 0.219

P values were calculated with the paired t-test (continuous variables)
or exact McNemar's test (categorical variables).
HPL denotes hyperlipidemia; COPD, chronic obstructive pulmonary disease; CAD,
coronary artery disease; PVD, peripheral vascular disease; CVA, cerebral vascular
accident; CABG, coronary artery bypass graft; BMI, body mass index; ACE
inhibitor, angiotensin-converting-enzyme inhibitor.
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Novelty and Significance

What Is Known?

mircoRNA29-b levels are reduced and levels of its targets are increased in human abdominal aortic
aneurysm tissue samples.

MicroRNA-29b and microRNA-195 have been shown to suppress expression of elastin and
collagens.

MicroRNA-29b is implicated in early aortic aneurysm development in a mouse model of Marfan
syndrome.

Inhibition of microRNA-29b is shown to increase levels of elastin and collagens and protect against
aortic aneurysm development and its expansion in mice.

What New Information Does This Article Contribute?

Inhibition of microRNA-195 increases the expression of elastin in the murine aorta.

AntagomiR treatment to miR-195 does not recapitulate the protective effects of miR-29b inhibition
on aortic dilatation.

Unlike miR-29b, silencing of microRNA-195 is associated with a depression of matrix
metalloproteinases.

In humans, plasma levels of microRNA-195 are inversely associated with the aortic diameter and
the presence of abdominal aortic aneurysms (AAA).

We assessed the effect of two elastin-targeting miRNAs, miR-195 and miR-29b, both in vitro and in vivo.
We found that miR-195 regulates extracellular matrix deposition and that its plasma levels were associated
with abdominal aortic aneurysms. There are currently no validated biomarkers to identify patients with
AAA or predict which AAAs are likely to rupture or expand and require surgical intervention. The diameter
of the aneurysm is currently the best predictor of rupture but not always reliable. Studies in larger cohorts
are needed to establish whether plasma miRNA signatures can identify patients with AAA at high risk of
expansion or rupture.
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Figure 2
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Figure 3
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Figure 4

Fold Change

0.25 0.50 0.75 1.00

0.00

Number at risk

Group = Control

Group = AntagomiR-29b
Group = AntagomiR-195

7 —— AntagomiR-29b
| — AntagomiR-195

—— Control

DO D10 D35

Kaplan-Meier survival estimates

Control
AntagomiR-29b (P og.can=0.085)
AntagomiR-195 (P og.ran=0.541)

o+

T T
15 25

Length of follow-up, days
16 16 12
8 8 8
8 8 7



Figure 5
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