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Abstract

Background: Abdominal aortic aneurysm (AAA) is a dilatation of the aorta affecting most frequently elderly men.
Histologically AAAs are characterized by inflammation, vascular smooth muscle cell apoptosis, and extracellular
matrix degradation. The mechanisms of AAA formation, progression, and rupture are currently poorly understood. A
previous MRNA expression study revealed a large number of differentially expressed genes between AAA and
non-aneurysmal control aortas. MicroRNAs (miRNAs), small non-coding RNAs that are post-transcriptional regulators
of gene expression, could provide a mechanism for the differential expression of genes in AAA.

Methods: To determine differences in miRNA levels between AAA (n=5) and control (n =5) infrarenal aortic
tissues, a microarray study was carried out. Results were adjusted using Benjamini-Hochberg correction (adjusted
p < 0.05). Real-time quantitative RT-PCR (qRT-PCR) assays with an independent set of 36 AAA and seven control
tissues were used for validation. Potential gene targets were retrieved from miRNA target prediction databases
Pictar, TargetScan, and MiRTarget2. Networks from the target gene set were generated and examined using the
network analysis programs, CytoScape® and Ingenuity Pathway Core Analysis®.

Results: A microarray study identified eight miRNAs with significantly different expression levels between AAA and
controls (adjusted p < 0.05). Real-time gRT-PCR assays validated the findings for five of the eight miRNAs. A total of
222 predicted miRNA target genes known to be differentially expressed in AAA based on a prior mRNA microarray

activation of T cells.

suggesting that miRNAs play a role in AAA pathogenesis.

study were identified. Bioinformatic analyses revealed that several target genes are involved in apoptosis and

Conclusions: Our genome-wide approach revealed several differentially expressed miRNAs in human AAA tissue
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Background

Abdominal aortic aneurysm (AAA) is a dilatation of the
aorta (>3 cm) that occurs below the renal arteries [1]. In
the majority of cases AAA is asymptomatic until it
reaches a size that requires surgical intervention due to
increased risk of rupture, which is often fatal. The only
option for patients diagnosed with AAA =55 mm is sur-
gical repair of the aorta, but the risk of surgery must be
weighed with the risk of rupture. For patients with smal-
ler AAAs, there is currently no treatment. The most
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important known risk factors for AAA include smoking,
male sex, family history, and advanced age [1,2]. Add-
itionally, biomechanical analyses of AAA demonstrated
that there are many factors contributing to aortic wall
strength [3]. Previous studies have shown that AAA has
a strong genetic component [4], but the biological
mechanisms of AAA are not fully understood [2,5].
AAA is characterized by the apoptosis of smooth muscle
cells, degradation of the extracellular matrix, a potent
inflammatory response, and increased oxidative stress in
the abdominal aortic wall [2,5-8]. Infiltration by inflam-
matory cells may act as mediators that lead to apoptosis
of vascular smooth muscle cells [7]. A previous genome-
wide mRNA expression study identified a large number
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of genes with differences in the levels of expression in
AAA compared to abdominal aortic tissues from age-
and sex-matched controls [9].

MicroRNAs (miRNAs) are a class of small non-coding
RNAs, whose primary function is the post-transcriptional
regulation of gene expression. miRNAs are incorporated
into the RNA induced silencing complex (RISC) and
preferentially bind to the 3’ untranslated region (3'UTR)
of target mRNA. RISC then inhibits gene expression by
either mRNA degradation or by inhibiting translation
[10]. miRNAs have been predicted to regulate thousands
of target genes [11], which belong to many biological
pathways including immune response and apoptosis [12].
Recent studies have demonstrated that miRNAs play roles
in several cardiovascular diseases [13].

In the current study, we investigated the expression
patterns of microRNAs in AAA as a potential mechanism
for the differences in gene expression observed in our prior
study [9]. A microarray-based genome-wide screening
study was followed by assaying miRNAs individually with
real-time quantitative RT-PCR (qRT-PCR). Bioinformatic
analyses were carried out to predict gene targets of the
miRNAs and analyze their potential roles in AAA.

Methods

Human aortic samples

Full thickness aortic wall tissue specimens were collected
from patients undergoing AAA repair operations (n =41)
at the Geisinger Medical Center, Danville, Pennsylvania,
USA, or at the Department of Visceral, Thoracic and
Vascular Surgery, Technical University of Dresden, Dresden,
Germany. Non-aneurysmal aortic samples (n=12) were
collected at autopsies or were obtained from the National
Disease Research Interchange (NDRI, Philadelphia, PA;
www.ndriresource.org). Tissue samples for RNA isolation
were stored in RNAlater (Ambion, Austin, TX) or snap-
frozen. Table 1 summarizes the demographics of the
different groups used in the microarray and qRT-PCR
studies. All samples used in the study and information
about the donors are listed in Additional file 1: Table S1.
The investigation conformed to the principals outlined in
the Declaration of Helsinki. AAA patients gave written

Table 1 Summary of experimental groups

Group N Age (Years + SD) Sex
Control - MA 5 654+98 3M,2F
eAAA - MA 5 64+39 3M 2F
Control - PCR 7 64.6+4.2 7M
eAAA - PCR 25 705+6.1 23 M, 2 F
rAAA - PCR 1 719+9.1 10M,1F

MA, microarray; PCR, qRT-PCR; M, male; F, female; eAAA, elective repair for
AAA; rAAA, ruptured AAA.
For detailed information on donors, see Additional file 1: Table S1.
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informed consent for the use of their aortic tissue samples
for research. The collection of the human tissues was
approved by the Institutional Review Board of Geisinger
Clinic, Danville, Pennsylvania, USA, and the Ethics
Committee of the Medical Faculty at the Technical
University of Dresden, Germany.

RNA isolation

RNA was isolated with mirVana™ miRNA Isolation Kit
(Ambion Applied Biosystems, Austin, TX). Quality of
the RNA samples was assessed by 2100 Bioanalyzer
(Agilent Technologies, Inc., Santa Clara, CA).

Microarray study
miRNA expression was compared in AAA (n=5) and
control (n=5) samples using an Affymetrix GeneChip
miRNA 1.0 Array (Santa Clara, CA). The microarray
contained 847 miRNAs probes and 922 probes for other
small non-coding RNAs. The expression values were
computed using the R package Affycoretools version
1.24.0 (available at http://bioconductor.org/) Robust
Multivariate Average [14]. miRNAs were identified by
calculating the Empirical Bayes Statistics using the R
package Limma [15]. Benjamini-Hochberg correction was
applied to control the false discovery rate (FDR) [16].
Previously our laboratory generated global mRNA
expression profiles for both aneurysmal and non-
aneurysmal human infrarenal abdominal aorta [9]. The
microarray data can be obtained at the Gene Expression
Omnibus (GEO) database (Series# GSE7084; http://www.
ncbi.nlm.nih.gov/geo/). We used this data set here for the
target gene analysis (see below).

Real-time quantitative reverse transcriptase-polymerase
chain reaction

Eight miRNAs (miR-133a, miR-133b, miR-146 a, miR-
181a*, miR-204, miR-21, miR-30c-2*, miR-331-3p) which
showed significant differences in their levels with an
adjusted p<0.05 in the microarray experiment were
selected for qRT-PCR validation. TagMan® MicroRNA
Assays for these miRNAs and a small non-coding RNA
U6 (Applied Biosystems, Carlsbad, CA) were run
according to manufacturer’s recommendation first on
RNA from twelve AAA samples from patients undergo-
ing elective repair of an aneurysm and seven control
samples that were independent of the microarray study
(Table 1 and Additional file 1: Table S1). Next, for the
subset of miRNAs with expression medians and variance
that warranted further investigation, we expanded the
study with an additional thirteen AAA samples from
patients undergoing elective repair and eleven AAA
samples from patients with aneurysm rupture for a total
of seven control, 25 elective repair AAA, and eleven
ruptured AAA samples. The relative expression levels of
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the miRNAs were calculated using the ACt method with
the expression of the small non-coding RNA U6 as an
internal control. The p values were calculated using the
Wilcoxon rank-sum test using the statistical program R
version 2.13.1 (R Foundation for Statistical Computing,
Vienna, Austria).

Bioinformatic Analyses

Targets were predicted for qRT-PCR validated miRNAs
(miR-133a, miR-133b, miR-331-3p, and miR-204), which
were all down regulated in AAA. miR-30c-2* was not
included because it is a miRNA* strand; passenger (*)
strands of miRNA are usually degraded upon uploading
of the miRNA duplex into the RISC complex [17]. The
miRNA target prediction databases TargetScan, MirTarget2,
and Pictar were queried using the R package RmiR hsa [18].
The predicted targets were then compared to a list of upre-
gulated genes found in our previous study [9]. In addition,
we queried targets of miR-331-3p from TargetScan's non-
conserved target prediction dataset (http://www.targetscan.
org/) and retrieved gene targets that were conserved across
placental mammals.

To evaluate the strength of the binding of miRNAs to
their targets, the minimum free energy for miRNA-
mRNA hybridization was calculated using program
RNAhybrid version 2.1. [19]. The median minimum free
energy of hybridization was taken for genes with
multiple transcripts. For this analysis the miRNA
sequences of qRT-PCR validated miRNAs were retrieved
from miRbase version 17 (http://www.mirbase.org). The
sequences of the target gene 3’'UTR were retrieved from
Ensemble Biomart (http://useast.ensembl.org/). CytoScape®,
version 2.8.1 software available at http://www.cytoscape.org
[20] was used to generate a network showing the miRNA-
mRNA connections and indicating the strength of the
binding based on the minimum free energy values.

Functional classification of the target genes was carried
out with Gene Ontology (GO) analysis using WebGestalt
to create a hierarchy of the GO annotations of the pre-
dicted targets (http://bioinfo.vanderbilt.edu/webgestalt/).
For this procedure, a list of the Entrez IDs for predicted
targets that were known to be differentially expressed
based on our previous study [9] was uploaded to the web
application WebGestalt Gene Set Analysis Toolkit Version
2 [21]. Directed acyclic graphs (DAGs) were generated
representing a hierarchical categorization of the significant
GO annotations.

Potential target gene interactions were analyzed via net-
works generated using Ingenuity Pathway Analysis® (IPA)
tool version 9.0, (Ingenuity Systems, www.ingenuity.com).
The four biologically active qRT-PCR-validated miRNAs
with their targets were uploaded to IPA. Since IPA
combines the targets of mature miRNAs with similar
sequences (2—-3 nucleotide difference) to miRNA families,
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experimentally validated targets of miR-133a/miR-133b,
miR-211/204, and miR-331-3p were retrieved.

Results and Discussions
A microarray study was performed comparing miRNA
expression levels in infrarenal aortic tissue samples
between AAA (n =5) and age- and sex-matched controls
(n=5) (Table 1). The empirical Bayes statistics revealed
that out of the 847 miRNAs probes and 922 probes for
other small non-coding RNAs, eight miRNAs and one
snoRNA had significantly different expression (adjusted
p<0.05 after applying Benjamini Hochberg correction;
Figure 1) [16]. The three upregulated miRNAs were
miR-181a* (MIMAT0000270), miR-146a (MIMAT0000449),
and miR-21 (MIMAO0000076), while five miRNAs, miR-
133b (MIMAT0000770), miR-133a (MIMA000427), miR-
331-3p (MIMATO0000760), miR-30c-2* (MIMAT0004550),
and miR-204 (MIMAO0000265), were significantly down
regulated (Figure 1). In addition, HBII-85-29, a small nucle-
olar RNA, C/D box 116-29, was found to be significantly
down regulated (Figure 1). The full lists of the 139 miRNAs
and 78 other small non-coding RNAs with expression
differences with nominal p<0.05 (no correction for
multiple testing) are shown in Additional file 2: Table S2,
and Additional file 3: Table S3, respectively.

The expression levels of the eight miRNAs identified
in the microarray study were initially validated using
individual real-time qRT-PCR assays and a new set of
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Figure 1 Volcano plot demonstrating differences in expression
levels of miRNAs between AAA and control abdominal aorta
based on the microarray study. The log-fold change is plotted
against the log odds of differential expression using the R package
limma. The miRNAs with significant differences in expression levels
between the AAA (n=5) and control (n=5) groups (p < 0.05) after
Benjamini-Hochberg correction are indicated. Complete lists of
nominally significant miRNAs and snoRNAs are shown in Additional
file 2: Table S2 and Additional file 3: Table S3, respectively.
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twelve AAA and seven control aortic tissue samples
(Table 1 and Additional file 1: Table S1). The five down
regulated miRNAs showed significantly different expres-
sion in AAA tissue compared to the control infrarenal
abdominal aorta samples, but the three up regulated
miRNAs failed to replicate (Figure 2A). Since it is plaus-
ible to hypothesize that AAA initiation, growth and rup-
ture have different molecular mechanisms, we compared
the expression levels of the five qRT-PCR-validated miR-
NAs in ruptured (n=11) and non-ruptured, electively
repaired (n =25) AAAs (Figure 2B). No significant differ-
ences were found between the AAA samples from
patients undergoing elective repair operations (eAAA)
and those with ruptured AAA (rAAA; Figure 2B). In the
combined qRT-PCR analysis including all the 36 AAA
tissue samples and seven controls, the differences in
expression levels of the five miRNAs, miR-133b, miR-133a,
miR-331-3p, miR-30c-2*%, and miR-204, between AAA and
control groups were highly significant (Figure 2).

We searched the literature for information on miR-
133b, miR-133a, miR-204, miR-331-3p, and miR-30c-2%,
the five miRNAs with confirmed downregulated expres-
sion between AAA and control abdominal aorta. The
functions of miR-133b, miR-133a, and miR-204 have
been thoroughly examined in a cardiovascular context
[22-28], but nothing was known about their role in
AAA. A recent study on thoracic aortic dissections [29]
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found several miRNAs with nominally significant (p < 0.05)
differences when compared to normal thoracic aorta (sum-
marized in Additional file 2: Table S2). Of the validated
miRNAs in the current study only miR-133a and miR-133b
differed in expression also in thoracic aortic dissections
compared to controls [29]. The differences in the results of
these two studies reinforce the distinct nature of these two
aortic diseases.

While the current study was under review miR-21 and
miR-29b (MIMATO0000100) were identified as potential
therapeutic targets in an animal model of aortic aneur-
ysms [30,31]. In addition, miR-21 was shown to be upre-
gulated in human AAA tissue using qRT-PCR [30].
Although miR-21 was upregulated in AAA in our micro-
array study (Figure 1), it was not validated by qRT-PCR
(Figure 2A). The discordant results could be due to
differences in ages of the control subjects in the two
studies. We did not detect significant differential expression
of miR-29b; however, miR-29b-2* was downregulated in
our microarray study before FDR correction (Additional file
2: Table S2).

We characterized the putative functions of the miR-
NAs by identifying genes they are predicted to regulate.
Predicted targets for miR-133a, miR-133b, miR-331-3p,
and miR-204 were retrieved from the miRNA-mRNA
target databases TargetScan, Pictar, and MirTarget2 with
the R package RmiR.hsa [18]. There are no predicted
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Figure 2 Validation of microarray results by real-time gRT-PCR in an independent set of samples. A. Eight miRNAs identified as
significantly different between AAA and controls in the microarray study were evaluated by gRT-PCR in an independent set of twelve AAA and
seven control samples. B. Five down regulated miRNAs validated by gRT-PCR (from panel A), were analyzed using thirteen additional samples
from elective AAA repairs (eAAA) and eleven samples from ruptured AAAs (rAAA). The expression levels for each miRNA were adjusted to the
expression levels of U6. The p values were calculated using the Wilcoxon rank-sum test. Significance between each comparison is shown. NS, not
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target genes for miR-30c-2* in the TargetScan, Pictar, or
MirTarget2 data sets [11,32,33]. The list of predicted
targets was compared to a list of genes that were previously
identified as having altered expression levels in AAA from
our microarray-based mRNA expression study [9]. The
four downregulated miRNAs miR-133a, miR-133b, miR-
331-3p, and miR-204 had 1,836 potential target genes, 222
of which were significantly upregulated in our prior mRNA
microarray study (Additional file 4: Table S4) [9], consistent
with the proposed regulatory action of the miRNAs.

We explored further the miRNA-mRNA interactions
with the downloadable version of RNAhybrid program
to compute the minimum free energy of the miRNA-
mRNA binding [19]. The rationale for this analysis is
that interactions with lower predicted minimum free en-
ergy are predicted to be more stable and more likely to
occur. We ranked the miRNA-target gene interactions
and generated a network using CytoScape® to visualize
the predicted miRNA-mRNA interactions (Figure 3).
There was a redundancy between the predicted targets
of miR-133a and miR-133b due to the similarity in their
sequences; however, the two base pair difference had an
impact on the calculated minimum free energies,
suggesting that they may have different affinities for
individual target silencing [19]. In general miR-331-3p
had the lowest calculated minimum free energy of
hybridization to its predicted targets, which suggests it
may have stronger binding affinity for its targets.

Several genes were identified as potential targets of
two or more of the miRNAs (Figure 3). Four genes
(CSRNP1, SLC7AB, PLK3, and FURIN) were predicted
targets of miR-133a/miR-133b and miR-331-3p. Two
genes (APHIA and VHL) were predicted targets of miR-
204 and miR-331-3p. Eight genes (DNM2, DNAJBI,
TGFBRI, TGOLN2, BCL11A, EDEM1, SFXN2, YTHDF3)
were predicted targets of miR-204 and miR-133a/miR-
133b. Hypermethylated in cancer 2 (HIC2) was the only
gene predicted to be targeted by all four miRNAs (Figure 3).
Although the function of HIC2 has not been extensively
studied, it is closely related to HICI, which is an important
tumor suppressor gene that deactivates repressors of P53
and E2F1 induced senescence [34].

We analyzed the GO terms to assign potential func-
tions to the miRNA targets using the web application,
WebGestalt [21]. The results with the most enriched
biological processes and molecular functions are shown
as a DAG in Figure 4. The most significant biological
function was the “positive regulation of apoptosis”
(Figure 4). It was interesting given the fact that smooth
muscle cell apoptosis is a characteristic histological feature
of aneurysmal aortic wall in humans. Previous cell culture
studies, however, have shown a role for miRNAs in smooth
muscle cell proliferation [27,35]. A possible explanation for
the contradictory results could be that we are looking at
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late stages of the human aneurysmal disease requiring
surgical intervention, while the previously published cell
culture experiments on smooth muscle cells [25] may be
more relevant to the initial stages of arterial wall injury.
This conclusion is supported by other studies in which
mice treated with antagomirs for miR-133a showed cardio-
myocyte hypertrophy [25], but knockout mice lacking
miR-133a displayed dilated cardiomyopathy with increased
apoptosis [22,25]. Another possible explanation is that
our results indicate high turnover of vascular smooth
muscle cells.

Several target genes with functions in apoptosis were
of interest in AAA. Two tumor necrosis factor receptors,
TNFRSFI0B and TNFRSFS8, were predicted targets of miR-
133a/miR-133b and miR-204, respectively. TNFRSF10B,
also known as death receptor 5, is involved in DR5/FADD/
caspase-8 signaling and is an important component of the
extrinsic apoptotic pathway [36]. TNFRSFS, also known as
CD30, is involved in NF«B activation and is expressed by
activated T and B cells [37]. Tumor protein p53-inducible
nuclear protein 1 (TP53INPI) is a p53 target gene that
responds to multiple types of cellular stress events,
including oxidative stress, and promotes cell cycle arrest
and apoptosis [38].

Another significant GO term among the target genes
included “T cell activation” (Figure 4), which is highly
relevant finding to AAA, since inflammation is a character-
istic of AAA [5], and antigen-independent co-stimulation
is a crucial step in T cell activation [39]. CD28, CD86, and
ICOS, which are important co-stimulatory molecules, were
predicted to be targets of miR-204, miR-133a/miR-133b,
and miR-331-3p, respectively [40]. CD28 and ICOS are
important receptors of co-stimulatory signals, which are
triggered by ICOSL in human vascular endothelial cells
[39]. CD86, which is expressed in antigen presenting cell
types including dendritic cells, macrophages, and B cells
[41], acts as a ligand to CD28. CD86 is not expressed in
endothelial cells [40], but its levels are elevated in the
plasma [42] of AAA patients. Furthermore, the mRNA
levels of CD86, CD80, CTLA, and ICOS are elevated in the
aortic wall of AAA patients [9].

“Response to organic substance” and “purinergic
nucleotide receptor activity” were additional significant
GO terms among the upregulated target genes (Figure 4).
Approximately half of the genes annotated in “Response to
organic substance” were also genes annotated as apoptotic
genes. Four of the genes (DUSP4, AQP9, SOCSI, and
PTPN2) are involved in injury response [43-46]. Genes
which were annotated to play roles in responding to
organic substance included the niacin receptors, GPR109A
and GPRI09B. Niacin has been studied for its potential use
based on its anti-inflammatory and anti-atherosclerotic
effects of raising HDL [47], although no benefit to patients
with clinical disease has been shown to date [48].
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Ingenuity Systems® Pathway Analysis tool was used to
generate a network from 45 experimentally verified
interactions of the four biologically active, validated,
down regulated miRNAs (miR-133a, miR-133b, miR-
331-3p, and miR-204) (Figure 5). We further explored
the regulation of the targets by examining the interac-
tions of the validated targets with the predicted miRNA
targets (Figure 6), and found that 54 of the predicted
miRNA targets interacted with the experimentally
validated miRNA targets. The interaction networks
(Figures 3, 5, and 6) demonstrate a complex role for
miRNAs in AAA. Since miRNAs usually inhibit mRNA
expression of their target genes [10], we expected that
target mRNAs of the miRNAs down regulated in AAA
would be upregulated; several gene targets exhibited
expression levels consistent with this expectation (shown

in red in Figure 5). For example, MAMP9 was identified
as a target of miR-204 [49]. This finding is highly
relevant to AAA pathogenesis, since the decreased level
of miR-204 could contribute to the increased mRNA
and protein expression level of MMP9 seen in human
AAA tissue (Figures 5 and 6), and thereby increase the
degradation of the extracellular matrix in AAA [50].
There were also several genes known to be regulated
by these miRNAs whose expression was decreased in
AAA (shown in green in Figure 5) [9]. Most of these
genes have proliferative and anti-apoptotic functions
based on our literature search. For example, in cell cul-
ture experiments, miR-133a/miR-133b down regulation is
associated with a switch in vascular smooth muscle cells
to a proliferative phenotype [27]. miR-133a regulates the
expression of a gene called nuclear factor of activated T
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(See figure on previous page.)

Figure 4 Biological categories of miRNA target genes. A DAG of the GO categories of the set of 222 upregulated mRNAs was generated by
the web application WebGestalt. Categories shown in red were significant (adjusted p < 0.001).

cells, calcineurin-dependent-4 (NFATc4/NFAT3), which is
a ubiquitously expressed member of the NFAT transcrip-
tion factor family and is involved in cell proliferation.
NFATC4 mediates the effect of miR-133a in increasing
cell proliferation in cardiomyocyte hypertrophy in vivo
[24], but its expression is decreased in AAA [9]. One
potential explanation for the down regulation of NFATC4
is competition with other biological pathways. HOXA9
indirectly promotes NFATC4 expression [51,52]. The

expression of the members of the HOXA family is
decreased in AAA [53]. Also, in hypertrophy NFATC4 is
regulated by calcium mediated response of angiotensin II,
endothelin, and norepinephrine binding to their receptors
[54], but in AAA the expression of these receptors is
down regulated [9]. KLF15 is also a target of miR-133a/
miR-133b [23], and its expression is reduced in both
mouse aneurysm models and human AAA [9,55]. These
findings suggest that multiple competing regulators are

s
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Figure 5 A network of the interactions of the miRNA target genes. Ingenuity Pathway Analysis® tool was used to generate the network from
experimentally observed miRNA-mMRNA interactions of miR-133a/miR-133b, miR-204, and miR-331-3p. Molecules shown in red (increased
expression) and green (decreased expression) were identified in our previous microarray study [9]. Solid lines represent direct interactions and

e

N é‘¢2




Pahl et al. BMC Medical Genomics 2012, 5:25
http://www.biomedcentral.com/1755-8794/5/25

AK2

Page 9 of 12

PKM2

SHCA (fplides

miR-331Bp/miR-33
- _!,-1 PTPN2
281 (BMPT) \ -
FBNZ (inclides BG:14119) '\ \
o \
\
\
C.9) ‘
\ 3
AURKB- = 62 MICAL3
! : e —€DCAS
ARPC1B o2 :
<cTSC))
_-v
o 8-
TNFRSF8

cOCAs
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important in AAA, and the phenotype is a result of
complex interactions between regulatory molecules with
different functions.

Our study has several limitations. One limitation is the
use of end-stage disease human tissue, since it is plaus-
ible to collect human aortic aneurysmal samples only
from AAAs large enough to require surgical intervention
or from ruptured aortas. Additionally, since the study is
observational, it is not possible to differentiate between
cause and consequence, which would require interven-
tion in a model system. It is also possible that the differ-
ences in mRNA and miRNA expression are merely
reflective of the changes in the aortic wall architecture
in AAA. The histological characterization of the aortic
wall in AAA to “inflammatory”, “active” and “amorphous
regions” has been proposed [56,57]; the regions may,
however, overlap and do not necessarily show a clear
progression of the disease. Based on histological and
immunohistochemical analyses in our previous studies
[58,59], the samples were from the so called “active
region” of the AAAs.

Conclusions

Our genome-wide study followed by qRT-PCR validation
identified five miRNAs with significantly downregulated
expression in AAA aortic tissue from a control group of
human infrarenal aortic tissues. Bioinformatic analysis
indicated that miR-133a, miR-133b, miR-331-3p, and
miR-204 target apoptotic genes, which may play a role
in the loss of vascular smooth muscle cells in AAA. The
miRNAs are also involved in the activation of the
immune cells and the alteration of their response to
chemical signaling. Taken together, the results provide
strong evidence for an important regulatory function of
miRNAs in vascular remodeling of the aorta.
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Additional file 2: Table S2. List of the miRNAs which were found to
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(n=5) compared to control tissue (n=15).

Additional file 3: Table S3. List of other small RNAs with significantly
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Additional file 4: Table S4. A list of predicted target genes for
miR-133a/miR-133b, miR-204, and miR-331-3p that were also upregulated
in our prior microarray study.

Abbreviations

AAA: Abdominal Aortic Aneurysm; DAG: Directed Acyclic Graph; FDR: False
Discovery Rate; GEO: Gene Expression Omnibus; IPA®: Ingenuity Pathway
Analysis®; miRNA: microRNA; NDRI: National Disease Research Interchange;
RT-PCR: Reverse Transcriptase-PCR; RISC: RNA induced silencing complex;
gRT-PCR: quantitative Reverse Transcriptase-PCR; snoRNA: small non-coding
RNA; 3'UTR: 3" untranslated region.

Page 10 of 12

Competing interests
The authors declare that they have no competing interests.

Authors' contributions

MCP designed experiments, analyzed data, carried out bioinformatic
analyses, and drafted the manuscript. KD prepared RNA samples for
microarray and gRT-PCR, and ran the gRT-PCR assays. GG, IH, JRE and DPF
recruited patients, obtained tissue samples from cases and controls, verified
clinical information and critically reviewed the manuscript. CMS carried out
the microarray analyses. TCP and DJC contributed to the experimental
design and data analysis, and critically reviewed the manuscript. JLG
recruited patients, and obtained tissue samples. GT contributed to the
experimental design, statistical analysis, computational aspects, as well as
drafting and editing of the manuscript. HK contributed to the experimental
design, data analysis, drafting and editing of the manuscript, and obtained
funding for the study. All authors read and approved the final manuscript.

Acknowledgements

We acknowledge use of human aortic tissues provided by the National
Disease Research Interchange (NDRI), with support from NIH grant 5 U42
RRO06042-20. This work was supported by the National Heart, Lung, and
Blood Institute (HL064310 to HK), NIH, and the American Heart Association
Great Rivers Affiliate (to D. J. C)), as well as by Geisinger Clinic. IH was a
recipient of Research Fellowships from Deutsche Forschungsgemeinschaft
(Hi 1479/2-1) and from the Technical University of Dresden
("Frauenhabilitationsstipendium der Medizinischen Fakultat Dresden”),
Germany, as well as a recipient of Aortenpreis 2011 der Deutschen
Gesellschaft fur GefaBchirurgie und GefdBmedizin.

Author details

The Sigfried and Janet Weis Center for Research, Geisinger Clinic, 100 North
Academy Avenue, Pennsylvania 17822-2610, USA. “Department of Biology,
Susquehanna University, Selinsgrove, PA, USA. 3Department of Visceral,
Thoracic and Vascular Surgery, Technical University of Dresden, Dresden,
Germany. “Department of Vascular and Endovascular Surgery, Geisinger
Clinic, Danville, PA, USA. *Department of General, Visceral, Vascular and
Thoracic Surgery, Charité Universitdtsmedizin, Charité Campus Mitte, Berlin,
Germany.

Received: 23 February 2012 Accepted: 31 May 2012
Published: 15 June 2012

References

1. Sakalihasan N, Limet R, Defawe OD: Abdominal aortic aneurysm. Lancet
2005, 365:1577-1589.

2. Boddy AM, Lenk GM, Lillvis JH, Nischan J, Kyo Y, Kuivaniemi H: Basic
research studies to understand aneurysm disease. Drug News Perspect
2008, 21:142-148.

3. Vorp DA: Biomechanics of abdominal aortic aneurysm. J Biomech 2007,
40:1887-1902.

4. Hinterseher |, Tromp G, Kuivaniemi H: Genes and abdominal aortic
aneurysm. Ann Vasc Surg 2011, 25:388-412.

5. Kuivaniemi H, Platsoucas CD, Tilson MD 3rd: Aortic aneurysms: an immune
disease with a strong genetic component. Circulation 2008, 117:242-252.

6. Abdul-Hussien H, Hanemaaijer R, Kleemann R, Verhaaren BF, van Bockel JH,
Lindeman JH: The pathophysiology of abdominal aortic aneurysm
growth: corresponding and discordant inflammatory and proteolytic
processes in abdominal aortic and popliteal artery aneurysms. J Vasc
Surg 2010, 51:1479-1487.

7. Henderson EL, Geng YJ, Sukhova GK, Whittemore AD, Knox J, Libby P:
Death of smooth muscle cells and expression of mediators of apoptosis
by T lymphocytes in human abdominal aortic aneurysms. Circulation
1999, 99:96-104.

8. McCormick ML, Gavrila D, Weintraub NL: Role of oxidative stress in the
pathogenesis of abdominal aortic aneurysms. Arterioscler Thromb Vasc Biol
2007, 27:461-469.

9. Lenk GM, Tromp G, Weinsheimer S, Gatalica Z, Berguer R, Kuivaniemi H:
Whole genome expression profiling reveals a significant role for immune
function in human abdominal aortic aneurysms. BMC Genomics 2007,
8:237.


http://www.biomedcentral.com/content/supplementary/1755-8794-5-25-S1.pdf
http://www.biomedcentral.com/content/supplementary/1755-8794-5-25-S2.pdf
http://www.biomedcentral.com/content/supplementary/1755-8794-5-25-S3.pdf
http://www.biomedcentral.com/content/supplementary/1755-8794-5-25-S4.pdf

Pahl et al. BMC Medical Genomics 2012, 5:25
http://www.biomedcentral.com/1755-8794/5/25

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Angaji SA, Hedayati SS, Poor RH, Madani S, Poor SS, Panahi S: Application
of RNA interference in treating human diseases. J Genet 2010, 89:527-537.
Lewis BP, Burge CB, Bartel DP: Conserved seed pairing, often flanked by
adenosines, indicates that thousands of human genes are microRNA
targets. Cell 2005, 120:15-20.

Lynam-Lennon N, Maher SG, Reynolds JV: The roles of microRNA in cancer
and apoptosis. Biol Rev Camb Philos Soc 2009, 84:55-71.

van Rooij E: The art of microRNA research. Circ Res 2011, 108:219-234.
MacDonald JW: Affycoretools: Functions useful for those doing repetitive
analyses with Affymetrix GeneChips. R package version 1.26.0; 2008.

Smyth GK, Michaud J, Scott HS: Use of within-array replicate spots for
assessing differential expression in microarray experiments. Bioinformatics
2005, 21:2067-2075.

Benjamini Y, Hochberg J: Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J R Statist Soc B 1995, 57:289-300.
Guo L, Lu Z: The fate of miRNA* strand through evolutionary analysis:
implication for degradation as merely carrier strand or potential
regulatory molecule?. PLoS One 2010, 5:e11387.

Favero F: RmiR.hsa:Various databases of microRNA targets. In R package
version 1.0.4. 2009.

Rehmsmeier M, Steffen P, Hochsmann M, Giegerich R: Fast and effective
prediction of microRNA/target duplexes. RNA 2004, 10:1507-1517.
Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin N,
Schwikowski B, Ideker T: Cytoscape: a software environment for
integrated models of biomolecular interaction networks. Genome Res
2003, 13:2498-2504.

Duncan DT, Prodduturi N, Zhang B: WebGestalt2: an updated and
expanded version of the Web-based Gene Set Analysis Toolkit. BMC
Bioinforma 2010, 11:P10.

Care A, Catalucci D, Felicetti F, Bonci D, Addario A, Gallo P, Bang ML,
Segnalini P, Gu Y, Dalton ND, et a: MicroRNA-133 controls cardiac
hypertrophy. Nat Med 2007, 13:613-618.

Horie T, Ono K, Nishi H, lwanaga Y, Nagao K, Kinoshita M, Kuwabara Y,
Takanabe R, Hasegawa K, Kita T, et a: MicroRNA-133 regulates the
expression of GLUT4 by targeting KLF15 and is involved in metabolic
control in cardiac myocytes. Biochem Biophys Res Commun 2009,
389:315-320.

Li Q Lin X, Yang X, Chang J: NFATc4 is negatively regulated in miR-133a-
mediated cardiomyocyte hypertrophic repression. Am J Physiol Heart Circ
Physiol 2010, 298:H1340-1347.

Liu N, Bezprozvannaya S, Williams AH, Qi X, Richardson JA, Bassel-Duby R,
Olson EN: microRNA-133a regulates cardiomyocyte proliferation and
suppresses smooth muscle gene expression in the heart. Genes Dev 2008,
22:3242-3254.

Sun SG, Zheng B, Han M, Fang XM, Li HX, Miao SB, Su M, Han Y, Shi HJ,
Wen JK: miR-146a and Kruppel-like factor 4 form a feedback loop to
participate in vascular smooth muscle cell proliferation. EMBO Rep 2011,
12:56-62.

Torella D, laconetti C, Catalucci D, Ellison GM, Leone A, Waring CD,
Bochicchio A, Vicinanza C, Aquila |, Curcio A, et al: MicroRNA-133 controls
vascular smooth muscle cell phenotypic switch in vitro and vascular
remodeling in vivo. Circ Res 2011, 109:880-893.

Xiao J, Zhu X, He B, Zhang Y, Kang B, Wang Z, Ni X: MiR-204 regulates
cardiomyocyte autophagy induced by ischemia-reperfusion through
LC3-Il. J Biomed Sci 2011, 18:35.

Liao M, Zou S, Weng J, Hou L, Yang L, Zhao Z, Bao J, Jing Z: A microRNA
profile comparison between thoracic aortic dissection and normal
thoracic aorta indicates the potential role of microRNAs in contributing
to thoracic aortic dissection pathogenesis. J Vasc Surg 2011,
53:1341-1349.

Maegdefessel L, Azuma J, Toh R, Deng A, Merk DR, Raiesdana A, Leeper NJ,
Raaz U, Schoelmerich AM, McConnell MV, et al: MicroRNA-21 blocks
abdominal aortic aneurysm development and nicotine-augmented
expansion. Sci Transl Med 2012, 4:122.

Maegdefessel L, Azuma J, Toh R, Merk DR, Deng A, Chin JT, Raaz U,
Schoelmerich AM, Raiesdana A, Leeper NJ, et al: Inhibition of microRNA-
29b reduces murine abdominal aortic aneurysm development. J Clin
Invest 2012, 122:497-506.

Krek A, Grun D, Poy MN, Wolf R, Rosenberg L, Epstein EJ, MacMenamin P,
da Piedade |, Gunsalus KC, Stoffel M, et al: Combinatorial microRNA target
predictions. Nat Genet 2005, 37:495-500.

33.

34,

35.

36.

37.

38.

39.

40.

42.

43.

45.

46.

47.

48.

49.

50.

52.

53.

Page 11 of 12

Wang X, El Naga IM: Prediction of both conserved and nonconserved
microRNA targets in animals. Bioinformatics 2008, 24:325-332.

Van Rechem C, Boulay G, Pinte S, Stankovic-Valentin N, Guerardel C,
Leprince D: Differential regulation of HIC1 target genes by CtBP and
NuRD, via an acetylation/SUMOylation switch, in quiescent versus
proliferating cells. Mol Cell Biol 2010, 30:4045-4059.

Courboulin A, Paulin R, Giguere NJ, Saksouk N, Perreault T, Meloche J,
Paquet ER, Biardel S, Provencher S, Cote J, et al: Role for miR-204 in human
pulmonary arterial hypertension. J Exp Med 2011, 208:535-548.

Sun SY: Understanding the Role of the Death Receptor 5/FADD/caspase-
8 Death Signaling in Cancer Metastasis. Mol Cell Pharmacol 2011, 3:31-34.
Aizawa S, Nakano H, Ishida T, Horie R, Nagai M, Ito K, Yagita H, Okumura K,
Inoue J, Watanabe T: Tumor necrosis factor receptor-associated factor
(TRAF) 5 and TRAF2 are involved in CD30-mediated NFkappaB
activation. J Biol Chem 1997, 272:2042-2045.

Cano CE, Gommeaux J, Pietri S, Culcasi M, Garcia S, Seux M, Barelier S,
Vasseur S, Spoto RP, Pebusque MJ, et al: Tumor protein 53-induced
nuclear protein 1 is a major mediator of p53 antioxidant function. Cancer
Res 2009, 69:219-226.

Pober JS, Tellides G: Participation of blood vessel cells in human adaptive
immune responses. Trends Immunol 2012, 33:49-57.

Krummel MF, Allison JP: Pillars article: CD28 and CTLA-4 have opposing
effects on the response of T cells to stimulation. The journal of
experimental medicine. 1995. 182: 459-465. J Immunol 2011,
187:3459-3465.

Collins M, Ling V, Carreno BM: The B7 family of immune-regulatory
ligands. Genome Biol 2005, 6:223.

Sakthivel P, Shively V, Kakoulidou M, Pearce W, Lefvert AK: The soluble
forms of CD28, CD86 and CTLA-4 constitute possible immunological
markers in patients with abdominal aortic aneurysm. J Intern Med 2007,
261:399-407.

Al-Mutairi MS, Cadalbert LC, McGachy HA, Shweash M, Schroeder J, Kurnik
M, Sloss CM, Bryant CE, Alexander J, Plevin R: MAP kinase phosphatase-2
plays a critical role in response to infection by Leishmania mexicana.
PLoS Pathog 2010, 6:¢1001192.

Colli ML, Moore F, Gurzov EN, Ortis F, Eizirik DL: MDA5 and PTPN2, two
candidate genes for type 1 diabetes, modify pancreatic beta-cell
responses to the viral by-product double-stranded RNA. Hum Mol Genet
2010, 19:135-146.

Dimayuga PC, Li H, Chyu KY, Fredrikson GN, Nilsson J, Fishbein MC, Shah PK,
Cercek B: T cell modulation of intimal thickening after vascular injury: the
bimodal role of IFN-gamma in immune deficiency. Arterioscler Thromb
Vasc Biol 2005, 25:2528-2534.

Loitto VM, Forslund T, Sundqvist T, Magnusson KE, Gustafsson M:
Neutrophil leukocyte motility requires directed water influx. J Leukoc Biol
2002, 71:212-222.

Lee K, Ahn TH, Kang WC, Han SH, Choi IS, Shin EK: The effects of statin and
niacin on plaque stability, plaque regression, inflammation and oxidative
stress in patients with mild to moderate coronary artery stenosis. Korean
Circ J 2011, 41:641-648.

Boden WE, Probstfield JL, Anderson T, Chaitman BR, Desvignes-Nickens P,
Koprowicz K, McBride R, Teo K, Weintraub W: Niacin in patients with low
HDL cholesterol levels receiving intensive statin therapy. N Engl J Med
2011, 365:2255-2267.

Lee Y, Yang X, Huang Y, Fan H, Zhang Q, Wu Y, Li J, Hasina R, Cheng C,
Lingen MW, et al: Network modeling identifies molecular functions
targeted by miR-204 to suppress head and neck tumor metastasis. PLoS
Comput Biol 2010, 6:¢1000730.

Freestone T, Turner RJ, Coady A, Higman DJ, Greenhalgh RM, Powell JT:
Inflammation and matrix metalloproteinases in the enlarging abdominal
aortic aneurysm. Arterioscler Thromb Vasc Biol 1995, 15:1145-1151.

Ferrell CM, Dorsam ST, Ohta H, Humphries RK, Derynck MK, Haqq C,
Largman C, Lawrence HJ: Activation of stem-cell specific genes by HOXA9
and HOXA10 homeodomain proteins in CD34+ human cord blood cells.
Stem Cells 2005, 23:644-655.

Li C LiJ, Cai X, Sun H, Jiao J, Bai T, Zhou XW, Chen X, Gill DL, Tang XD:
Protein kinase D3 is a pivotal activator of pathological cardiac
hypertrophy by selectively increasing the expression of hypertrophic
transcription factors. J Biol Chem 2011, 286:40782-40791.

Lillvis JH, Erdman R, Schworer CM, Golden A, Derr K, Gatalica Z, Cox LA,
Shen J, Vander Heide RS, Lenk GM, et al: Regional expression of HOXA4



Pahl et al. BMC Medical Genomics 2012, 5:25
http://www.biomedcentral.com/1755-8794/5/25

54.

55.

56.

57.

58.

59.

along the aorta and its potential role in human abdominal aortic
aneurysms. BMC Physiol 2011, 11:9.

Berridge MJ, Bootman MD, Roderick HL: Calcium signalling: dynamics,
homeostasis and remodelling. Nat Rev Mol Cell Biol 2003, 4:517-529.
Haldar SM, Lu Y, Jeyaraj D, Kawanami D, Cui Y, Eapen SJ, Hao C, Li Y,
Doughman YQ, Watanabe M, et al: KIf15 deficiency is a molecular link
between heart failure and aortic aneurysm formation. Sci Transl Med
2010, 2:26.

Curci JA, Liao S, Huffman MD, Shapiro SD, Thompson RW: Expression and
localization of macrophage elastase (matrix metalloproteinase-12) in
abdominal aortic aneurysms. J Clin Invest 1998, 102:1900-1910.

Yoshimura K, lkeda Y, Aoki H: Innocent bystander? Intraluminal thrombus
in abdominal aortic aneurysm. Atherosclerosis 2011, 218:285-286.
Hinterseher I, Erdman R, Donoso LA, Vrabec TR, Schworer CM, Lillvis JH,
Boddy AM, Derr K, Golden A, Bowen WD, et al: Role of complement
cascade in abdominal aortic aneurysms. Arterioscler Thromb Vasc Biol 2011,
31:1653-1660.

Hinterseher I, Erdman R, Elmore JR, Stahl E, Pahl MC, Derr K, Golden A, Lillvis
JH, KJ, Cindric MC, et al: Novel pathways in the pathobiology of human
abdominal aortic aneurysms. Pathobiology 2013, 80(1):1-10.

doi:10.1186/1755-8794-5-25
Cite this article as: Pahl et al.: MicroRNA expression signature in human
abdominal aortic aneurysms. BMC Medical Genomics 2012 5:25.

Page 12 of 12

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolVied Central




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Human aortic samples
	RNA isolation
	Microarray study
	Real-time quantitative reverse transcriptase-polymerase chain reaction
	Bioinformatic Analyses

	Results and Discussions
	Conclusions
	Additional files
	Competing interests
	Authors' contributions
	Acknowledgements
	Author details
	References

