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a b s t r a c t

Background and aims: MicroRNA (miR) are important regulators of gene expression and biological
processes and have recently been suggested as possible biomarkers for abdominal aortic aneurysm (AAA)
disease. The aim of the present study was to assess the role of miR as biomarkers for initiation and
progression of AAA disease, through evaluation of a wide range of miRs in a large population-based
cohort, with AAA patients with linked clinical data regarding risk factors, AAA size and growth, as
well as controls.
Methods: The expression of the 172 most commonly expressed miRs in plasma was analyzed by real-
time PCR in samples from 169 screening-detected AAA patients and 48 age-matched controls.
Results: For 103 miRs, there was a significant difference in expression between AAA and controls. Of
these, 20 miRs were differently expressed between fast and slow growing aneurysms. These miRs target
genes known to be involved in AAA disease as well as novel genes and pathways. By combining the top
altered miRs together with clinical variables, strong predictive values, determining growth of AAA, were
obtained (area under curve ¼ 0.86, p < 0.001).
Conclusions: This large cohort study identified several novel miRs with altered expression in AAA pa-
tients when compared to controls. Assessment of miR expression may offer an opportunity to predict
disease progression and aneurysm growth.
© 2016 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Abdominal aortic aneurysm (AAA) is a common and potentially
lethal disease. The natural course of an AAA is to gradually
expansion and eventually rupture, with significant individual var-
iations [1]. Standard of care for patients with small AAAs (<55 mm)
is limited to surveillance. Surgical repair is considered for large
(>55 mm), rapidly growing (>10 mm/year) or symptomatic AAAs
[2]. Since most AAAs are asymptomatic, ultrasound-based
screening programs targeting risk groups (commonly 65-year old
men) have been established in some countries [3].
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Although the pathophysiological pathways preceding AAA have
been extensively studied in animal models, there is still a distinct
lack of knowledge regarding what initiates aneurysm formation,
and factors affecting disease progression. Far from all, patients
with screening-detected small AAA will eventually develop a
clinically significant aneurysm that requires repair, or ruptures.
Two major limitations in current practice, therefore, include the
lack of possibilities to stratify patients to high- or low-risk for
disease progression, and lack of specific pharmacological treat-
ment to reduce expansion or rupture risk of an AAA. To be able to
find new therapeutic preventive strategies, the molecular mech-
anisms behind the disease and drug targets need to be elucidated
in more detail.

microRNAs (miRs) are 18e22 nucleotide short non-coding RNAs
secreted by cells, they can regulate the expression of target genes
by interfering with transcription or inhibiting translation, and they
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are stable in plasma for prolonged periods. Recently, a number of
investigators reported circulating miR associated with AAA pres-
ence, such as miR-155, miR-191-3p, miR-455-3p, miR-1281 and
miR-411 [4e7]. Most of these studies are, however, underpowered
in their discovery phase and few have investigated the association
with AAA progression.

In a recent publication, Maegdefessel and colleagues identified
miR-24 in human AAA tissue, and, in functional studies, they also
showed that modulation of miR-24 alters AAA progression in ani-
mal models by regulating vascular inflammation [8].

The aim of the present study was to evaluate the associations
between a wide range of miRs and the presence of AAA, as well
as associations with AAA growth, in a large population-based
cohort.

2. Materials and methods

2.1. Patient cohort

Since 2008, all patients with an AAA and age- and gender-
matched healthy controls in Uppsala are asked to donate blood to
explore different pathophysiological biomarkers for expansion. In
the present study, blood samples from patients with fast and slow
growing AAAs and from subjects with a normal (i.e. non-
aneurysmal) aorta were analyzed. The study was approved by the
Research Ethics Review Board (EPN) of Uppsala/€Orebro region. All
subjects gave informed consent prior to the investigation.

The following inclusion criteria were used for AAAs; 1)�30mm,
2) follow-up �6 months, and 3) �5 mm shrinkage during follow-
up. Among 192 AAA patients fulfilling the inclusion criteria, 85
patients with the slowest AAA growth and 85 with the fastest
growth, matched for baseline AAA diameter, were selected. In
addition, 50 subjects with a normal abdominal aorta at screening
were selected as controls. Blood samples from one AAA patient and
two controls were not possible to analyze. Thus, the study popu-
lation consisted of 85 patients with slow AAA growth, 84 with fast
growth, and 48 with normal aortas.

The sample size is calculated to observe relative differences
from 40% with a power >0.9, a ¼ 0.05, when comparing controls
with AAA and a power >0.8 a ¼ 0.05, when comparing slow and
fast growing AAAs.

All participants were asked to complete a standardized health
questionnaire on smoking habits and medical history. Coronary
artery disease (CAD) was defined as a history of angina pectoris or
myocardial infarction, cerebrovascular disease (CVD) as a history of
stroke or TIA, hypertension as a history of hypertension or current
antihypertensive medication, diabetes mellitus as a history of di-
etary- or medically-treated diabetes, and renal insufficiency as a
history of a clinically relevant renal impairment. A history of
smoking was defined as individuals that had been smoking during
some periods of their lives.

2.2. Sample preparation

Plasma was thawed on ice and centrifuged at 3000g for 5 min
in a 4 �C microcentrifuge. Total RNA was extracted from plasma
using the miRCURY™ RNA isolation kit e biofluids (Exiqon, Ved-
baek, Denmark). Plasma was mixed with Lysis Solution BF con-
taining 1 mg carrier-RNA per 60 ml Lysis Solution BF and RNA spike-
in template mixture was added to the sample. The tube was vor-
texed and incubated for 3 min at room temperature, followed by
the addition of 20 mL Protein Precipitation solution BF. The tube
was vortexed, incubated for 1 min at room temperature and
centrifuged at 11,000g for 3 min. The clear supernatant was
transferred to a new collection tube and 270 mL isopropanol was
added. The solutions were vortexed and transfer to a binding
column. The column was incubated for 2 min at room tempera-
ture, and emptied using a vacuum-manifold. After washing, the
dry columns were transferred to a new collection tube and 50 mL
RNase free H2O was added directly on the membrane of the spin
column. The columnwas incubated for 1 min at room temperature
prior to centrifugation at 11,000g. The RNAwas stored in a �80 �C
freezer.

Three different RNA spike-ins (UniSp2, UniSp4 and UniSp5) pre-
mixed, each at different concentration in 100-fold increments were
added. For the reverse transcription step, one spike-in (UniSp6) was
added. Controls (negative and RNA spike-in) indicated good tech-
nical performance of the profiling experiment. Each RNA sample
was successfully polyadenylated and reverse transcribed into cDNA.
Amplification was performed in a Roche Lightcycler 480. Reactions
with amplification efficiency below 1.6 were removed. Reactions
giving crossing point (Cp) values that are within 5 Cp values of the
negative control reaction were removed.

All data were normalized to correct for potential overall differ-
ences between samples. For normalization of data, the average of
the assays detected in all samples (n ¼ 217 samples), global mean,
was found to be the most stable normalizer, using NormFinder. The
control assays were evaluated.

2.3. Real-time qPCR analysis of miR

Seven ml RNA was reverse transcribed in 35 ml reactions using
the miRCURY LNA™ Universal RT microRNA PCR, Polyadenylation
and cDNA synthesis kit (Exiqon). cDNA was diluted 50� and
assayed in 10 ml PCR reactions, according to the protocol for miR-
CURY LNA™ Universal RT microRNA PCR; each miR was assayed
once by qPCR on the microRNA Ready-to-Use PCR, Human serum/
plasma panel using ExiLENT SYBR® Green master mix. The plasma
panel includes 172 miRs validated as expressed in plasma, based on
our previous experience, screening 752 different miRs in plasma as
well as the validation performed by Exiqon. Negative controls,
excluding template from the reverse transcription reaction, were
performed and profiled like the samples. The amplification was
performed in a LightCycler® 480 Real-Time PCR System (Roche) in
384-well plates. The amplification curves were analyzed using the
Roche LC software, both for determination of quantitation cycle
(Cq) (by the 2nd derivative method) and for melting curve analysis.
miR-451 and miR-23a-3p were analyzed to monitor hemolysis.

2.4. Data analysis

The amplification efficiency was calculated using algorithms
similar to the LinReg software. All assays were inspected for distinct
melting curves and the Tm was checked to be within known
specifications for the assay. Furthermore, assays must be detected
with 5 Cqs less than the negative control, and with Cq < 37 to be
included in the data analysis. Data that did not pass these criteria
were omitted from any further analysis. Cq was calculated as the
2nd derivative.

2.5. Statistical analysis

All measurements are shown as average normalized Cq values
for each group, and fold change (FC) with standard deviations (SD).
Two-group comparisons were performed using Student t-test and
false discovery rate (FDR) adjusted using the Benjamini-Hochberg
(BH) adjusted p-value, correcting for multiple testing. Adjust-
ments of covariates were performed using binary logistic regres-
sion analysis. Receiver Operating Characteristics (ROC) was
performed using binary analysis of factors, to evaluate the
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diagnostic performances. p-values <0.05 were considered statisti-
cally significant.

3. Results

Clinical baseline characteristics are shown in Table 1. Smoking,
hypertension, and coronary heart disease were more common
among AAA patients than controls. Usage of statins and ASA was
more common among AAA patients, with no differences between
slow and fast growing aortas. Diabetes was less common among
fast growing AAAs compared to slowgrowing AAAs and there was a
borderline significance towards more current smokers among fast
growing AAAs versus slow growing AAAs.

3.1. AAA versus controls

Out of 172 miRs predominantly expressed in plasma, an average
of 157 miRs were detectable per sample. The supervised analysis
identified 103 miRs with significant difference in expression be-
tween AAA and controls (Supplementary Table 1). Supplementary
Fig. 1A shows the expression data in a Volcano plot and
Supplementary Fig. 1B shows a heat map diagram of the two-way
hierarchical clustering of miRs and samples. Table 2 shows the in-
dividual results for the top 10 most significant differentially
expressed miRs.

Evaluating the diagnostic value using ROC analysis of the most
significant altered miR when comparing AAAwith controls, an area
under the curve (AUC) of more than 0.7 was achieved for many of
themiRswith a sensitivity of 80% and a specificity of 70%, indicating
that these are moderately predictive. Fig. 1A shows an example of
ROC analysis of one of the highest achieved ROC values; miR-10b-
5p (AUC ¼ 0.75, p < 0.001), which reached a specificity of 70%
and a sensitivity of 60%. The best combination of clinical variables
reached an AUC-value of 0.72 (p < 0.001), with a specificity of 55%
at a sensitivity of 90% (Table 3). By different combination of top 10
miRs, higher predictive and specificity values were obtained, which
was further strengthen by including risk factors (Table 3). In Fig. 1B,
the best combined model of clinical variables, excluding statin use
(which did not improve the results in a mixed model of clinical
variables and miRs), together with miR-10b-5p and Let-7i-5p
(AUC ¼ 0.94, p < 0.001) showed a specificity of 71% at a sensi-
tivity of 90% to discriminate between controls and AAA patients.
From the 95% confidence interval, an increased net improvement is
achieved by combining miRs with clinical variables.
Table 1
Clinical baseline characteristics.

Controls
n ¼ 48

AAA
n ¼ 169

p-v

Baseline diameter (mm) 18 (17e18) 36 (35e37) <0
Follow-up time (year) e 3.9 (3.5e4.3) e

Growth rate (mm/year) e 1.8 (1.4e1.9) e

Age (years) All 65 67 (65e68) 0.0
Male gender, n (%) All men All men e

Hypertension, n (%) 42% (27e56) 62% (54e69) 0.0
CAD, n (%) 15% (4e25) 40% (33e48) <0
CVD, n (%) 4% (0e10) 17% (12e24) 0.0
Diabetes mellitus, n (%) 6% (0e13) 12% (8e18) 0.3
Renal insufficiency, n (%) 0% (0-0) 6% (3e11) 0.1
Ever smoker, n (%) 58% (44e73) 82% (76e88) <0
Current smoker, n (%) 0% (0-0) 27% (21e35) <0
Statins, n (%) 4% (0e10) 29% (22e33) <0
ASA, n (%) 29% (16e43) 50% (43e58) <0

Data is given as mean or percentage (95% confidence interval).
One way ANOVA was used for continuous variables and Fisher's exact test (2-sided) for
ASA, acetylsalicylic acid; CAD, coronary artery disease; CVD, cerebrovascular disease.
3.2. Slow AAA growth versus fast AAA growth

20 miRs were differentially expressed between slow and fast
growing AAAs. The top tenmiRs withmore than 1.2-fold change are
showed in Table 4. Evaluating the diagnostic value using ROC
analysis of the most significant altered miRs for AAA-growth,
showed values of AUC between 0.60 and 0.65 (p < 0.05) (Fig. 1C).
This range was slightly better than 0.58 that was achieved using
baseline aortic diameter only (Table 5). Risk factors, such as dia-
betes and smoking, had similar low prognostic values, reaching a
specificity of 10%. However, by combining baseline aortic diameter
with these covariates and miRs, a significantly higher AUC-value
and specificity was obtained. The best combined model included
diabetes and current smoker, together with miR-335-5p and miR-
125a-5p, which reached an AUC of 0.84 with a specificity of 70%
at a sensitivity of 80% (Fig. 1D, p < 0.001). This combinedmodel was
more specific than the best clinical model.

4. Discussion

The existing literature on miR and AAA is still very scarce, and
the biological importance unclear. miRs can mediate translational
repression, degradation, as well as stimulate gene expression by
binding to the target mRNAs, and each miR can regulate hundreds
of targets, suggesting that they may play important roles in the
majority of biological signaling pathways [9]. Thus, knowledge of
which miRs are involved in diseases could give us detailed insights
into the mechanisms, and in turn be used as biomarkers or thera-
peutic targets.

In the present study, we have identified 103 different miRs in
plasma that were altered, between patients with AAA and age
matched controls, and 20 miRs that differed between fast and slow
growing AAA. The observed differences persisted after controlling
for important confounders, such as concomitant cardiovascular
disease and smoking, in a multivariable analysis.

Many of these miRs have so far mainly been investigated and
identified in cancerous disease. By screening for gene targets at
microRNA.org, which the 10 most significant differentially
expressed miRs between AAA and controls potentially could bind
to, top hits of the predicted genes were involved in chromatin
remodeling, metal ion binding, phosphoprotein and alternative
splicing according to analysis using DAVID Bioinformatics Re-
sources [10]. Targeting validated miRs using miRWalk, genes more
specifically or potentially involved in pathogenesis of AAA were
alue Slow AAA growth
n ¼ 85

Rapid AAA growth
n ¼ 84

p-value

.001 36 (34e37) 37 (36e38) 0.162
4.0 (3.3e4.6) 3.9 (3.4e4.4) 0.892
0.3 (0.1e0.4) 3.0 (2.7e3.4) <0.001

04 67 (66e69) 67 (66e69) 0.963
All men All men e

2 62% (51e73) 61% (51e72) 1.00
.001 46% (35e57) 35% (24e45) 0.159
2 20% (11e29) 14% (7e22) 0.415
0 21% (12e30) 4% (0e8) <0.001
22 6% (1e11) 6% (1e11) 1.00
.001 84% (75e92) 81% (72e90) 0.692
.001 21% (12e30) 33% (23e44) 0.086
.001 32% (22e42) 26% (16e35) 0.373
.01 45% (12e30) 55% (23e44) 0.193

categorical data.



Table 2
The ten most significant differentially expressed miRNAs in plasma from AAA patients and controls.

miR Mean dCq ± SD AAA Mean dCq ± SD controls FC p-value Adjusted p-value BH adjusted p-value AUC 95% CI Specificityb p-value

miR-192-5p �3.8 ± 1.0 �2.9 ± 0.5 �1.8 3.5e-12 2.1e-5 6.4e-10 0.77 0.83e0.71 55 <0.001
Let-7i-5pa �0.4 ± 0.4 �0.8 ± 0.3 1.3 9.9e-12 8.1e-8 8.8e-10 0.74 0.86e0.73 40 <0.001
miR-10b-5pa �5.7 ± 1.5 �4.4 ± 0.9 �2.4 3.4e-11 8.5e-7 2.1e-9 0.75 0.82e0.68 52 <0.001
miR-194-5p �5.2 ± 1.2 �4.2 ± 0.7 �1.9 1.7e-10 7.0e-6 7.4e-9 0.76 0.82e0.69 60 <0.001
miR-652-3p �0.9 ± 0.5 �1.3 ± 0.3 1.3 2.7e-10 6.0e-6 9.7e-9 0.76 0.82e0.69 17 <0.001
miR-215-5p �5.1 ± 1.1 �4.3 ± 0.6 �1.8 6.7e-10 4.8e-4 2.0e-8 0.74 0.81e0.67 49 <0.001
miR-33a-5p �2.2 ± 1.2 �3.0 ± 0.7 1.8 1.7e-9 8.0e-6 4.4e-8 0.79 0.81e0.68 23 <0.001
miR-331-3p �3.1 ± 0.8 �3.8 ± 0.6 1.6 3.4e-8 2.0e-6 7.6e-7 0.77 0.84e0.71 19 <0.001
miR-205-5p �7.9 ± 1.8 �6.5 ± 1.3 �2.6 1.0e-7 2.0e-6 2.0e-6 0.73 0.66e0.80 49 <0.001
miR-16-5p 5.2 ± 0.9 5.7 ± 0.5 �1.5 1.2e-7 5.8e-3 2.1e-6 0.71 0.78e0.64 47 <0.001

Table of the mean normalized quantitation cycle (Cq) values with standard deviation (SD) across groups, and fold change (FC) between groups with p-value from Student t-
test. Adjustment for clinical parameters (age, hypertension, CAD, CVD, renal insufficiency, current smoker, usage of ASA and statins), and Benjamini-Hochberg (BH) adjusted
false discovery rate (FDR) p-value.
AAA, abdominal aortic aneurysm; AUC, Area Under Curve; Con, Controls; CI, confidence interval, microRNA, miR.

a Receiver Operating Characteristics (ROC) curves of miR-10b-5p and Let-7i-5p are presented in Fig. 1A and B.
b Specificity in % reached at 90% sensitivity.

Fig. 1. ROC curves of miRs and clinical variables. ROC curves of (A) miR-10b-5p and (B) best combined model to distinguish patients with AAA from controls, and of (C) miR-33p-5p
and (D) best combined model to distinguish slow growing from fast growing AAA.
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found; pro-inflammatory cytokines and growth factors (IL-1b, IL-6,
IFN-g, TNF, TGFb, TGFbR), matrix degrading proteases (MMP-2,
MMP-9, MMP14 and ADAM11), chemokines (CCL4, CCL5, CXCL10), T-
lymphocytes (CD4, CD8) and extracellular matrix (collagen I),
among others. Also other novel genes/pathways were identified
(supplementary file 1), deserving future interest in the field of AAA.

In relation to the cardiovascular field, serum level of miR-192,
one of the most significant downregulated miRs in our study, was



Table 3
Examples of ROC analysis of miRNA combinations and prediction of AAA.

Factor AUC 95% CI Specificityc p-value

age, CHD, statins and current smokera 0.72 0.79e0.65 55 <0.001
miR-10b-5p þ Let-7i-5p 0.83 0.89e0.77 62 <0.001
miR-192-5p þ 10b-5p þ 194-5p 0.78 0.84e0.71 63 <0.001
miR-33a-5p þ Let-7i-5p þ 652-3p 0.82 0.88e0.76 65 <0.001
miR-192-5p þ 10b-5p þ Let-7i-5p þ 652-3p 0.82 0.88e0.77 62 <0.001
miR-10b-5p þ Let-7i-5p þ age þ CHD þ current smokerb 0.94 0.97e0.90 71 <0.001

AUC, Area Under Curve; CAD, coronary artery disease; CI, confidence interval; CVD, cerebrovascular disease.
a Best clinical predictive variables.
b Receiver Operating Characteristics (ROC) curve is presented in Fig. 1B.
c Specificity in % reached at 90% sensitivity.

Table 4
The ten most differentially expressed miRNAs (>1.2 FC) in plasma from patients with aortas with fast growth vs. slow growth.

miRNA Rapid AAA growth mean dCq ±SD Slow AAA growth mean dCq ±SD FC p-value Adj. p-value BH adj. p-value AUC 95% CI Specificityb p-value

miR-335-5pa �6.6 ± 1.1 �6.1 ± 0.85 �1.4 0.0016 0.00074 0.26 0.63 0.70e0.55 22 0.004
miR-326 �1.5 ± 0.93 �1.9 ± 0.8 1.3 0.0070 0.00494 0.26 0.61 0.69e0.52 15 0.017
miR-125a-5pa �3.0 ± 0.74 �2.5 ± 1.2 �1.4 0.0074 0.00197 0.26 0.65 0.54e0.76 23 0.010
miR-221-3p 1.7 ± 0.42 1.5 ± 0.64 1.2 0.0077 0.00887 0.26 0.62 0.70e0.53 26 0.009
miR-99a-5p �5.2 ± 0.74 �4.8 ± 0.82 �1.3 0.0086 0.01001 0.26 0.60 0.52e0.69 24 0.022
miR-30a-5p �5.6 ± 0.72 �5.3 ± 0.88 �1.2 0.018 0.21800 0.32 0.58 0.68e0.49 22 0.068
miR-421 �5.8 ± 0.86 �5.6 ± 0.63 �1.2 0.019 0.00409 0.32 0.58 0.67e0.50 23 0.068
miR-223-3p 4.7 ± 0.62 4.5 ± 0.62 1.2 0.023 0.02415 0.32 0.60 0.69e0.52 18 0.019
miR-195-5p �5.4 ± 0.94 �5.1 ± 0.86 �1.3 0.025 0.02241 0.32 0.60 0.69e0.52 24 0.026
miR-136-5p �3.8 ± 1.6 �4.5 ± 1.7 1.5 0.033 0.90919 0.37 0.49 0.60e0.42 13 0.834

Table of the mean normalized Cq values with standard deviation (SD) across groups, and fold change (FC) between groups with p-value from Student t-test, Benjamini-
Hochberg (BH) adjusted p-value and adjustment for clinical parameters, p < 0.2 (aortic diameter, CAD, diabetes, current smoker and usage of ASA) using binary logistic
regression.
AUC, Area Under Curve; CI, confidence interval.

a Receiver Operating Characteristics (ROC) curves of miR-335-5p and 125a-5p are presented in Fig. 1C and D.
b Specificity in % reached at 90% sensitivity.

Table 5
Examples of ROC analysis of miRNA combinations with clinical parameters and prediction of AAA growth.

Factor AUC 95% CI Specificityc p-value

Baseline aortic ∅ 0.58 0.67e0.49 10 0.08
Diabetes 0.59 0.67e0.50 10 0.048
Current smoker 0.56 0.65e0.47 10 0.172
Baseline aortic ∅ þ diabetes þ current smokera 0.71 0.79e0.63 25 <0.001
miR-125a-5p þ 335-5p þ aortic ∅ þ diabetes þ current smokerb 0.84 0.92e0.76 60 <0.001
miR-125a-5p þ 335-5p þ 194-5p þ 33a-5p þ aortic ∅ þ diabetes þ current smoker 0.86 0.93e0.77 60 <0.001

AUC, Area Under Curve; CI, confidence interval.
a Best clinical predictive variables.
b Receiver Operating Characteristics (ROC) curve is presented in Fig. 1D.
c Specificity in % reached at 90% sensitivity.
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previously identified as upregulated in patients with acute
myocardial infarction with development of ischemic heart failure
[11]. This miR is predicted to bind to the gene SOAT1 that catalyzes
the formation of fatty acid-cholesterol esters that has been impli-
cated in the formation of atherosclerotic plaques. Further, Li and
colleagues suggested circulating miRs that could serve as novel
biological markers for intracranial aneurysms [12]. Their analysis
demonstrated that miR-16 and miR-25 were independent factors
for intracranial aneurysms occurrence. None of these were, how-
ever, altered in our study or in any of the reported findings of AAA
patients. miR-10b, that was decreased in plasma among our AAA
patients, play a role in proliferation of vascular smooth muscle cells
as shown by Yu and colleagues [13].

Of those miRs identified in previous studies in patients with
AAA, miR-125a was found in the screening of whole blood by
Stather and colleagues and was also upregulated in our study in
plasma from AAA patients [5]. Our results are also in agreement
with Spear and colleagues that showed downregulation of miR-15a
and miR-30a in AAA compared with controls [14]. Interestingly,
these were initially discovered to be the highest expressed miRs in
adventitial tertiary lymphoid organs of AAAs. However, these were
only marginally downregulated by 1.15-fold and 1.28-fold in our
study.

In another study, Zhang and colleagues pooled plasma from 10
AAA and 10 healthy controls that were profiled by microarray [6].
151 miRs were altered more than 2 fold. From this result, they
focused on three miRs and validated their findings in 60 AAA pa-
tients and 60 controls. In comparison to our results, we did not
obtain such high fold changes ranging up to almost 200-fold
change in their study. 93% of the changes were decreased in the
AAA samples in the study by Zhang in comparison to 50% in our
study. The three miRs (191-3p, 455-3p and 1281) that were taken
forward in the validation study were not included in our panel of
miRs validated to be expressed in plasma but, with respect to the
other miRs found in the discovery phase, miR-103a-3p was
downregulated 123-fold in their study compared to upregulated by
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30% in AAA in our study, miR-92a-3p was downregulated 118-fold
in their study and only by 1.2-fold in ours, and miR-122-5p was
downregulated 98-fold in their study and by 1.8-fold in ours. Of the
upregulated miRs in the study by Zhang, miR-191-3p was upre-
gulated by 10-fold but not among the ones altered in our study and
miR-425-3p that was upregulated by 2.8-fold in their study was
upregulated by 1.2-fold in this study.

Additionally, in the current report, several new miRs in plasma
were found with significant difference in expression between AAA
and controls.WhilemiR-155 andmiR-223were upregulated in AAA
tissue and significantly reduced in plasma of patients with AAA in a
study by Kin et al., these miRs were instead upregulated in our
study in plasma [7]. We could neither verify the finding by Stather
et al. in their discovery phase that Let-7e was changed nor that
miR-24 was altered, as in Maegdefessel et al.

There are several explanations for these differences but the
main may rely on the design and patient number included in the
respective studies. The discovery studies included only few pa-
tients, resulting in risk of both selection bias and statistical errors.
There is a great number of miRs that were not taken forward from
the discovery studies and, therefore, were missed in the better
powered validation studies. There are also differences in the type of
control groups used in the different studies. Raffort and colleagues
nicely reviewed the current studies performed to address miRs as
potential biomarkers of AAA and clearly discussed the differences
in design and limitations with respect to study population number,
proper controls and that only few studies are in concordance [15]. A
strength of this study is the population-based design, with age-
matched controls.

In addition, to discover differences between controls and AAA,
the current report also identified miRs that were altered between
fast and slow growing AAAs. Functional annotation analysis using
DAVID Bioinformatics Resources showed that these miRs target
genes specifically involved in chromatin remodeling and tran-
scriptional regulation. Considering validated bindings to genes
using miRWalk, also PPARg, tenascin C, IGF1R, FGFR1, TNFSF11,
neutrophil elastase, PDGF-A, PDGFR-b, CXCR4, CD4, CCL5, IFNa1, IL-6,
IL1b, collagen I, CD36 and TLR4 could be targeted, which are genes
thought to be important in the pathogenesis of AAA. Additional
novel genes/pathways were identified that could be targeted in
future studies (Supplementary file 2). The panel of miRs to predict
growth rate combines those found significant in AAA patients
versus controls with the ones detected as altered in the growth rate.
In fact, a strong prediction was achieved with an AUC-value up to
0.86. Diabetes was less common among fast growing AAAs
compared to slow growing AAAs, which is coherent with previous
studies [16,17]. Since growth of AAA is exponential and largely
dependent on diameter, we matched the aortic diameter in slow
and fast growth to be between 30 and 40 mm. We believe it would
be biased to compare aortic growth of 30 mm aortas with those at
60 mm, which in some studies are still defined as small AAA. The
best combined miRs included miR-335-5p and 125a-5p. Most re-
ports on these miRs are focused on cancer diseases. However, Li
et al. showed that miR-125a-5p is highly expressed in vascular
endothelial cells and could be upregulated by oxidized low-density
lipoprotein. They found that in vascular endothelial cells, this miR
inhibited expression of endothelin-1 that is responsible for vaso-
constriction [18]. Che and colleagues later showed that miR-125a-
5p regulated endothelial cell angiogenesis through related tran-
scriptional enhancer factor-1, especially in elderly [19]. With
respect to miR-335-5p, there are only few reports showing
expression in white adipose tissue, which is a heterogeneous tissue
including both adipocytes, immune cells and endothelial cells [20].

A limitation of the present work is the lack of a validation study.
In order to validate miRs in relation to growth of AAA with enough
power, one needs to include 100e300 patients in each arm, which
was not feasible, and inclusion of other (external) cohorts would be
difficult with respect to matching. In addition, by analyzing the
most commonly expressed miRs in a much larger material, our
study can be seen as a validation of the findings from previous
underpowered studies, and we hope that future studies would
validate our findings of novel genes linked to AAA and AAA growth
in other cohorts. There are additional miRs not included in our
panel of most expressed miRs in plasma that have been identified
as biomarkers for AAA in previous studies. Another confounding
factor is that only ASA and statins were available with respect to
drug treatment among the individuals and other medications could
potentially affect the results. However, although available drug use
differed between some of the groups, it did not affect the signifi-
cances. In addition, it would be interesting to identify the sources of
miRs found in the circulation of AAA patients. Circulating miRs may
originate from several sources, such as circulating leukocytes,
pathological changes in other organs/cells that are affected by AAA,
as well as from the aorta itself, making it a challenging task that will
be undertaken in future studies.

In summary, we have identified several miRs altered in plasma
of AAA patients with potential role of signaling pathways important
for pathogenesis of AAA. A combination of the miRs found in this
study could potentially be used as a panel of markers to predict
aneurysm growth rate. This could result in a potential for patient-
specific disease counseling, tailored surveillance strategies as well
as for individual therapeutic strategies.
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