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ABSTRACT

INTRODUCTION

The development of thoracic aortic aneurysms
(TAAs) involves a multifactorial process resulting
in alterations of the structure and composition of
the extracellular matrix (ECM). Recently, modifica-
tions in microRNA (miRNA) expression were im-
plicated in the pathogenesis of TAA.

This study presents a preliminary miRNA mi-
croarray analysis conducted on pooled ascending
aorta RNAs obtained from non familial non syn-
dromic TAA patients (five males and five females)
compared to matched control pools. Ninety-nine
differentially expressed miRNAs with >1.5-fold-
up- or down-regulation in TAAs compared to con-
trols were identified, 16.0% of which were similarly
regulated in the two sexes.

Genes putatively targeted by differentially ex-
pressed miRNAs belonged preferentially to focal
adhesion and adherens junction pathways. The re-
sults indicate an altered regulation of miRNA-me-
diated gene expression in the cellular interactions of
aneurysmal aortic wall.
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Thoracic aortic aneurysms (TAAs) are charac-
terized by a pathological enlargement of the aorta
caused by a maladaptive remodeling of the vessel
in response to stress and physiological stimuli. The
physiological remodeling process within the aortic
vascular wall operates to maintain normal aortic
function, whereas pathological remodeling can re-
sult in excessive degradation of critical extracellular
matrix (ECM) components, leading to the loss of
mechanical strength and integrity, aortic dilation,
dissection, or rupture.

While more than 20.0% TAAs are inherited as a
single gene disorder (e.g., fibrillin-1 gene, FBNI1, in
Marfan syndrome), the majority of cases are sporadic
[1]. The aneurysmal process is now understood to be
driven by an unbalanced production of extracellular
proteases and inhibitors, but the upstream signalling
events are still largely unknown, and especially so for
non syndromic events [2]. As recently indicated, an
impairment of fine tuning of gene expression in the
arterial wall could be related to an altered microR-
NAs (miRNAs) expression pattern [3].

MicroRNAs are a class of endogenous, small,
non coding RNAs regulating the expression of
protein-coding genes through pairing with sites in
the 3 untranslated region (3’UTR) of their mes-
senger RNA. Due to a perfect or imperfect match,
every miRNA may regulate the expression of one
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or more genes, and it is likely that at least 30.0%
of the genes in a cell may be directly regulated by
miRNAs [4]. Recent studies have demonstrated that
miRNAs are highly expressed in the vasculature
and act as important determinants of disease for the
cardiovascular system [5]. In particular, two recent
studies in humans have reported altered miRNA
expression patterns in TAAs and in thoracic aortic
dissection after real time-polymerase chain reaction
(ReTi-PCR) or by microarray analysis, respectively
[6,7]. Although not yet fully demonstrated, vascular
gene expression is thought to be sex related [8-10].
The aim of this study was to compare the miR-
NA profiles of ascending aortas from TAA patients
and controls by microarray analysis. To check for
a possible sex effect, different hybridizations were
performed for male and female RNA pools.

MATERIALS AND METHODS

Patients and Biological Samples. Samples of
aneurysmal ascending aortic wall were obtained
from 10 patients (five males and five females) af-
fected by non familial non syndromic TAA, dur-
ing surgical repair of their ascending aneurysms.
The syndromic nature of aortic aneurysm has been
systematically excluded by careful evaluation of
clinical and family history. Patients with aortic dis-
sections, ruptured aneurysms, Marfan syndrome, or
other known connective tissue disorders, were ex-
cluded from the study. Autoimmune and/or infec-
tious inflammatory diseases, or chest trauma, were
also excluded. Control samples of ascending aorta
were obtained from 10 heart transplant recipients
without aortic aneurysms (five males and five fe-
males). All the individuals had a tricuspid aortic
valve. Mean age was 66 + 9 years. The study con-
forms with the principles outlined in the Declaration
of Helsinki. Aortic samples were promptly dipped
into RNAlater solution (Ambion, Austin, TX, USA)
in order to preserve their cellular RNA and main-
tained at room temperature for 2 hours to facilitate
liquid permeation. The samples were then stored at
—-80°C.

Preparation of Microarrays. Total RNA was
extracted from the 20 aorta specimens with TRIzol
reagent according to the manufacturer’s protocol.
Total RNA integrity was assessed by an Agilent
2100 Bioanalyzer (Agilent Technologies, Santa
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Clara, CA, USA) and RNA integrity numbers (RIN)
were sufficient for micro RNA (miRNA) microarray
experiments (i.e., RIN >6) [11]. Four samples were
then prepared by pooling corresponding RNAs:
TAA males, TAA females, control males, and con-
trol females.

Sample labeling, PIQOR™ mirExplore micro-
array hybridization and fluorescence signal detec-
tion were performed by Miltenyi Biotec GmbH
(MACS Service, Kdln, Germany). The TAA and
control pools were labeled with Hy5 and Hy3, re-
spectively, and competitively hybridized on the
same microarray, separately for the two sexes.
Fluorescence signals of the hybridized PIQOR™
Microarrays (Miltenyi Biotec GmbH) were de-
tected using a laser scanner from Agilent (Agilent
Technologies).

Image and Data Analysis. Mean signal and
mean local background intensities were obtained
for each spot of the microarray images using the
ImaGene® software (Biodiscovery, Hawthorne,
CA, USA). Low-quality spots were flagged and
excluded from data analysis. Unflagged spots were
analyzed with the PIQOR™ Analyzer software
(Miltenyi Biotec GmbH) that allows automated data
processing of the raw data text files derived from
the ImaGene software. This includes background
subtraction to obtain the net signal intensity, data
normalization, and calculation of the Hy5/Hy3 ra-
tios. As an additional quality filtering step, only
spots/genes that had a signal higher than the 50.0%
percentile of the background signal intensities were
taken into account for the calculation of the Hy5/
Hy3 ratio.

Up- and Down-Regulated MicroRNA and
Gene Pathways. Normalized mean Hy5/Hy3 ratios
were determined for four replicas per gene. There
was a specific detection even for closely related
miRNA family members. MicroRNAs that were
>1.5-fold-up or down-regulated represented puta-
tive candidate miRNAs.

To identify molecular pathways potentially al-
tered by the expression of single or multiple miR-
NAs, Diana mir- Path Software (Athens, Greece)
was used [12]. This web-based application performs
an enrichment analysis of multiple miRNA target
genes comparing each set of miRNA targets to all
known KEGG (Kyoto Encyclopedia of Genes and
Genomes, Kyoto, Japan) pathways [13].
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RESULTS

The oligonucleotide probes on the microarrays
complemented 728 mature miRNAs. Differentially
expressed miRNAs ranged from —2.24-fold down
regulation to +7.20-fold up regulation, and are listed
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in Table 1. Out of 728 miRNAs detected, 87 result-
ed differentially expressed in males (11 down- and
76 up-regulated in TAA) and 28 in females (eight
down and 20 up-regulated in TAA), compared to
their controls. Five and 11 of these miRNAs were
down and up regulated in both male and female

Table 1. Ninety-nine differently expressed microRNAs in ascending aortic aneurysm sex-specific RNA pools. Results are indicated
as ratios of TAA pool expression (males and females) to their corresponding control pool expression (males or females); blank
boxes represent no differential expression. Up-regulated microRNAs have ratios of >1.5, while down-regulated microRNAs have
ratios of <0.66 (if the relative ratio is below 1.0, divide by your ratio to get a fold decrease: 1.0/0.66 =—1.5).

microRNA Males | Females microRNA Males | Females microRNA Males | Females
MIR-940 0.48 0.45 MIR-370 1.64 MIR-193A-3P 2.25
MIR-923 0.56 HIV1-MIR-H1 1.64 MIR-768-5P 2.27
MIR-663 0.45 MIR-383 1.64 MIR-376C 2.29
MIR-133A 0.56 0.48 MIR-487B 1.67 1.70 MIR-373 2.30
MIR-133B 0.56 0.50 MIR-150 1.67 MIR-765 2.32
MIR-125A-3P 0.57 0.47 MIR-340-5P 1.67 MIR-493* 2.34
MIR-486-5P 0.57 0.57 MIR-183* 1.68 MIR-422A 2.35 1.56
MIR-145 0.61 MIR-324-3P 1.69 MIR-23B* 2.37
MIR-200B* 0.62 MIR-199A-3P 1.70 EBV-MIR- 2.51
BART13
MIR-193A-5P 0.63 MIR-29B 1.74 1.51 MIR-17* 2.64
MIR-22 0.63 MIR-222 1.75 MIR-212 2.46
MIR-665 0.63 MIR-487A 1.76 MIR-373* 2.68
MIR-638 0.63 MIR-451 1.76 MIR-520E 3.76
MIR-193B 0.65 MIR-210 1.77 MIR-15B 2.79
MIR-146A 1.51 MIR-345-5P 1.79 MIR-25 2.80 1.66
MIR-150* 1.52 MIR-886-5P 1.81 MIR-26B 2.84
SV40-MIR-S1- 1.52 MIR-874 1.82 MIR-187* 2.95
5P
MIR-23B 1.52 MIR-30.E 1.82 MIR-378 2.96
MIR-425 1.54 MIR-130B 1.88 MIR-138-2* 2.98
MIR-520A-3P 1.54 MIR-421-3P 1.95 MIR-203 3.00
MIR-24-2* 1.55 MIR-520A 1.97 MIR-302C 3.07
MIR-376A 1.56 MIR-214* 1.97 MIR-15A 3.09 1.85
MIR-557 1.56 MIR-188-5P 1.97 MIR-26A-2* 3.21
MIR-195 1.56 MIR-188-3P 1.97 MIR-138-1* 3.49 1.82
MIR-628-3P 1.56 MIR-16-2* 2.00 MIR-223 3.53
MIR-101 1.59 MIR-16 2.02 MIR-148A 3.55
MIR-675 1.59 MIR-654-3P 2.02 MIR-221* 3.76
MIR-491-3P 1.58 MIR-16-1* 2.04 MIR-146B-5P 4.00 2.75
MIR-532-5P 1.60 MIR-374B 2.04 MIR-21* 4.21 2.46
MIR-518F* 1.60 MIR-34B-3P 2.13 MIR-142-5P 4.42 2.70
MIR-140-5P 1.60 MIR-744 2.15 MIR-21 4.69 2.71
MIR-513A-5P 1.62 MIR-185 2.17 MIR-128 4.80 2.13
MIR-216A 1.62 HIV1- 2.23 MIR-126-3P 7.20
MIR-N367
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TAAs, respectively, for a total of 16 sex-insensitive
differentially expressed miRNAs. No miRNA was
regulated in the opposite direction in one sex com-
pared to the other.

Table 2 shows the most interesting coordinated
gene expression pathways resulting from Diana
mirPath software analysis. A multiple testing cor-
rection was performed according to Bonferroni’s
method [14], as indicated in Table 2. Focal adhesion
was the most gene enriched pathway. It was puta-
tively targeted by the 11 sex-insensitive up-regulat-
ed miRNAs (adjusted p value 5.43E-09). Adherens
junction-related genes were also preferentially indi-
cated, putatively targeted by the five sex-insensitive
down-regulated miRNAs (adjusted p value 7.12E-
06) and apparently also by the up-regulated miR-
NAs (adjusted p value 2.56E-04). Another signifi-
cant pathway was the regulation of actin cytoskel-
eton (adjusted p value 3.12E-04) that resulted from
up-regulated miRNAs analysis.

DISCUSSION

In this study, RNA pools obtained from as-
cending thoracic aortic wall fragments of patients
affected by TAA were competitively hybridized
with control pools on microarrays spotted with oli-
gonucleotides putatively recognizing 728 miRNAs.
Ninety-nine miRNAs were differentially expressed.
The miRNA sequences listed were matched to gene
sequences and linked to annotated pathways of gene
expression. The most enriched pathways, which in-

cluded a high number of putative target genes of dif-
ferentially expressed miRNAs, were focal adhesion
and adherens junction.

The most interesting result concerned the 11 up-
regulated miRNAs, both in male and female TAAs,
which putatively matched 61 genes related to the
adhesion processes. This indicates a significant
modulation, i.e., repression, of the focal adhesion
pathway. The adherens junction pathway, on the ba-
sis of the putative targeting by miRNAs, resulted
as repressed and stimulated in 26 and 15 genes, re-
spectively. These opposite signals could be a mani-
festation of the cellular cohesion impairment and of
the attempt to reconstitute the integrity of the aortic
wall during the development of TAA.

No sex differences were observed in the pres-
ent study, as miRNAs differentially expressed in
males versus females targeted genes belonging to
the same general pathways. Some of the differen-
tially expressed miRNAs identified in this study are
in agreement with the literature, as reported below.

Down-Regulated microRNAs. Phenotypic ab-
normalities of vascular smooth muscle cells (VSMCs)
and cardiomyocytes have been observed in MIR-133
knockout mice [15]. MIR-145 is decreased in aortas
from patients with an aneurysm and was suggested as
a potential biomarker for vascular diseases [16].

Up-Regulated microRNAs. MIR-126, the
most up-regulated miRNA in this study, has been
implicated in the maintenance of vascular integrity
[17] and in vascular cell adhesion molecule expres-
sion [18]. MIR-29B-mediated down-regulation of

Table 2. Enrichment analysis results of differentially expressed microRNAs (both in male and female TAAs), obtained by Diana

mirPath software.

Common KEGG Pathways® Number of p Value® Adjusted

MicroRNAs Genes® p Value!

Down- adherens junction 15 5.20E-08 7.12E-06
regulated (5) transforming growth factor 3 signaling 13 4.35E-04 n.s.
focal adhesion 21 1.00E-03 n.s.

Up- focal adhesion 61 3.31E-11 5.43E-09

regulated (11) adherens junction 26 1.56E-06 2.56E-04

regulation of actin cytoskeleton 55 1.90E-06 3.12E-04

2 Pathways with higher enrichment in genes putatively targeted by the miRNAs indicated.
® Number of genes belonging to the pathway and putatively targeted by all the miRNAs indicated.
¢ p Values calculated by input dataset enrichment analysis performed by a Pearson’s chi-squared test as indicated by Diana mir-

Path algorithm [12].
4 p Values Bonferroni-corrected for multiple testing.
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ECM proteins predisposes the aorta to the forma-
tion of aneurysms [19]. MIR-21 has been investi-
gated extensively in various tissues and it has been
found to promote vascular smooth muscle cell
(VSMC) proliferation [16]. Knockdown of MIR-
221 and MIR-222 by antisense oligonucleotide
miRNA depletion has been foun to reduce VSMCs
proliferation in response to vascular injury, and both
miRNAs are strongly elevated in vivo in VSMCs
following vessel injury [16]. MIR-146, MIR-24 and
MIR-26 have been implicated in VSMCs prolifera-
tion and contraction [16]. MIR-15A, MIR-16, MIR-
16-1, MIR-16-2, and MIR-195 belong to a family of
miRNAs (the miR-15 family) consistently found to
be up-regulated in cardiovascular diseases [5].

In conclusion, and in concordance with oth-
er investigators [20], our study indicates that the
weakness of the ascending aortic tissue in TAA is
linked with a perturbation of cell adhesion and cell
interaction gene expression pathways. MicroRNAs
probably act as regulators, possibly driving, or at
least influencing, the development of the disease.
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