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Circulating microRNAs signature correlates with positive

[18F]fluorodeoxyglucose-positron emission tomography in

patients with abdominal aortic aneurysm
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Pierre Gomez, MD,e Jean-Olivier Defraigne, MD, PhD,b Alain C. Colige, PhD,c and
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ABSTRACT
Background: Prediction of abdominal aortic aneurysm (AAA) rupture is a challenging issue. Small noncodingmicroRNAs
(miRNAs) are potent regulators of gene expression and are considered as valuable circulating biomarkers. Recently, [18F]
fluorodeoxyglucose (FDG) uptake detected by positron emission tomography (PET) in AAA was correlated with cellular
and molecular alterations involved in wall instability and its potential rupture. Our study aimed at identifying circulating
miRNAs correlated with a positive PET that could help discriminate patients at high risk of rupture.

Methods: The level of 372 miRNAs was evaluated by polymerase chain reaction array in plasma from 35 AAA patients
displaying no FDG uptake (A0) and 22 patients with a positive PET uptake (Aþ). The modulated miRNAs were validated
by quantitative polymerase chain reaction and measured in aneurysmal tissues from both groups of patients.

Results: Six circulating miRNAs were found significantly modulated in Aþ vs A0 patients. They were significantly corre-
lated not only between them but also with the intensity of FDG uptake. Two of them correlated also with the AAA
diameter. These miRNAs displayed significant discriminating power between the Aþ and A0 groups as determined by
receiver operating characteristic curves. Three downregulated circulating miRNAs (miR-99b-5p, miR-125b-5p, and
miR-204-5p) were also significantly reduced in the aneurysmal tissue, specifically in the FDG-uptake site, compared with a
negative zone in the same aneurysm and with A0 aneurysms. They were further significantly inversely correlated with the
expression, at the positive uptake site, of some of their potential gene targets, most notably matrix metalloproteinase 13.

Conclusions: Six miRNAs were identified as potential new circulating biomarkers of PETþ AAA. Three of these were
similarly modulated in the metabolically active aneurysmal wall and might be directly involved in AAA instability. (J Vasc
Surg 2018;67:585-96.)

Clinical Relevance: Identifying specific biomarkers able to predict rupture is themost challenging facet for management
of patients with abdominal aortic aneurysm. We previously demonstrated that uptake of [18F]fluorodeoxyglucose in the
aneurysmal wall detected by positron emission tomography-computed tomography was associated with clinical signs
presaging rupture and with cellular and molecular alterations indicating active wall remodeling. In this work, we iden-
tified six circulating microRNAs significantly correlated with a positive [18F]fluorodeoxyglucose uptake, and three of them
were similarly modulated in the metabolically active aneurysmal wall and potentially involved in abdominal aortic
aneurysm instability. These microRNAs could represent useful biomarkers to discriminate patients at high risk of rupture
and best help with therapeutic decision.
Abdominal aortic aneurysm (AAA) is an asymptomatic
dilatation of the infrarenal aorta affecting 4% to 8% of
men aged >65 years.1,2 AAA rupture is fatal in 65% to
80% of cases and is considered as the 13th leading cause
of death in industrial countries.3 Prediction of aneurysm
rupture is currently based on its diameter, which is
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considered at risk when $5.5 cm. However, because
some small AAAs can also rupture4 and some large an-
eurysms may stay stable without any sign of rupture,
this parameter is not fully reliable.
In previous studies, we and others have demonstrated

that a positive uptake of [18F]fluorodeoxyglucose (FDG)
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ARTICLE HIGHLIGHTS
d Type of Research: Prospective experimental study
d Take Home Message: MicroRNAs are altered in pa-
tients with altered [18F]fluorodeoxyglucose signaling
on positon emission tomography-computed tomog-
raphy imaging and may be potential biomarkers for
aneurysm growth.

d Recommendation: The authors suggest that
microRNA may serve as potential biomarkers for
identifying patients at risk for aneurysm rupture.
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detected by positron emission tomography (PET) in the
aneurysmal wall was a warning signal associated with a
dense inflammatory infiltrate, a loss of smooth muscle
cells in the media, and an active remodeling of extracel-
lular matrix that may ultimately lead to wall instability.5-8

In the same context, English et al9 demonstrated a rela-
tionship between a positive FDG signal and rupture of
AAA in an experimental animal model.
A challenging aspect of AAA monitoring is the lack of

reliable biomarkers reflecting the progression of aneu-
rysm and the risk of rupture. MicroRNAs (miRNAs) are
single-stranded, small noncoding RNAs that post-
transcriptionally regulate gene expression by preventing
translation or stimulating degradation, or both, of their
target messenger RNA. They act as crucial regulators of
many physiologic and pathologic processes.10 Since the
discovery of stable circulating miRNAs and their associa-
tion with lymphoma by Lawrie et al,11 many studies have
correlated defined sets of circulating miRNAs with path-
ologic conditions,12,13 notably in cardiovascular dis-
eases.14,15 A modulation of the expression of some
miRNAs has been found in plasma and tissues of human
AAA16 and correlated with their progression in animal
models.17,18

In this study, the expression of the most abundant plas-
matic miRNAs was analyzed in AAA patients presenting
(Aþ) or not (A0) an uptake of FDG to identify miRNAs
that could be relevant biomarkers of AAA progression
and potential predictors of rupture. The significantly
modulated plasmatic miRNAs were also evaluated in
the aneurysmal tissue collected from A0 and Aþ patients
at the site of uptake (Aþpos) and at a distant negative site
in the same aneurysm (Aþneg). In a previous study, we
used transcriptomic analysis to identify a set of genes
modulated in this FDGþ uptake site.7 In the present
study, this set of genes was compared with the predicted
target genes of the modulated miRNAs to identify rele-
vant signaling pathways.
METHODS
This project was approved by the Ethics Committee of

the University Hospital of Liège, Belgium.

Patients and acquisition of PET computed tomogra-
phy images. PET/computed tomography (CT) data were
acquired in two hospitals (Centre Hospitalier Universi-
taire and Centre Hospitalier Chrétien, Liège, Belgium), us-
ing a 16-slice CT Gemini BB (Philips, Best, The
Netherlands) or a 16-slice CT Discovery LS (GE Healthcare,
Waukesha, Wisc). The image acquisition protocol was
previously described.6

PET/CT was performed in 57 patients, and two nuclear
physicians discriminated patients as A0 and Aþ based
on visual examination of PET/CT images. The standard-
ized uptake value (SUV) of the positive spots was
expressed as a ratio (rSUV) between the uptake in the
AAA wall and in the liver. The study excluded patients
with known connective tissue disorders or thoracoabdo-
minal aortic aneurysms.

Samples collection. Plasma samples were collected
from 57 patients at the time of the PET/CT examination
and stored at e80�C until use. In a first step, plasma
from 41 patients (24 A0 and 17 Aþ) was used for quantita-
tive polymerase chain reaction (qPCR) array, as described
below. The study further enrolled 16 patients (11 A0 and 5
Aþ) for validations of the PCR array by qPCR.
Biopsy specimens of aortic tissue were collected during

surgery from 12 A0 and nine Aþ patients. For these nine
Aþ patients, one biopsy was taken at the site of FDG up-
take (Aþpos), localized using anatomic landmarks and CT
images, as previously detailed,6 and a second sample
was taken in the same aneurysm at a distant site nega-
tive for FDG uptake (Aþneg). Tissue was dissected to sepa-
rate media and adventitia, snap frozen in liquid nitrogen,
and kept at e80�C until use.

Purification of miRNA. Total RNA from plasma was pu-
rified using the miRNeasy Plasma/Serum Kit (Qiagen,
Valencia, Calif) according to the manufacturer’s proto-
col. Briefly, 1 mL of lysis reagent was added to 200 mL
of plasma. Synthetic miR-39 from Caenorhabditis
elegans (cel-miR-39) was added as a spike-in control for
purification efficiency. After addition of chloroform and
centrifugation, total RNA was precipitated from the
upper aqueous phase by adding 1.5 volumes of 100%
ethanol and finally eluted with 14 mL of RNase-free
water.
Aneurysmal tissue samples were ground at liquid nitro-

gen temperature (Dismembrator; B. Braun Biotech Inter-
national, Melsungen, Germany), and total RNA was
extracted as previously described.7

Plasma miRNA PCR array. Total RNA from 24 A0 and 17
Aþ plasma samples were pooled into four and three
pools, respectively. Pooled RNA was reverse transcribed
using the miScript II RT Kit with HiSpec buffer (Qiagen),
and the complementary DNA was preamplified with
the miScript PreAMP PCR Kit (Qiagen) according to the
manufacturer’s protocol. The PCR array was performed



Table I. Characteristics of abdominal aortic aneurysm
(AAA) patients with no [18F]fluorodeoxyglucose (FDG) up-
take (A0) and with a positive FDG uptake (Aþ)

Patient characteristicsa A0 (n ¼ 35) Aþ (n ¼ 22)

Age, years 74 (68-79) 75 (68-81)

Gender distribution

Male 35 20

Female 0 2

Aneurysm diameter, mm 54 (50-62) 55 (51-59)

#50 mm 10 5

rSUVb 0.43 (0.35-0.62) 0.96 (0.87-1.09)c

#50 mm 0.59 (0.45-0.78) 1.17 (1.00-1.38)d

>50 mm 0.41 (0.35-0.58) 0.91 (0.84-1.03)c

Cardiovascular events 20 9

Hypertension 22 14

Smokers

Current 12 7

Former 20 12

COPD 16 7

Diabetes 3 5

Hyperlipidemia 23 13

Medication

Statins 19 12

b-Blocker 11 6

Calcium channel blocker 4 4

ACEI 4 2

NSAID 0 1

ACEI, Angiotensin converting enzyme inhibitor; COPD, chronic
obstructive pulmonary disease; NSAID, non-steroidal anti-inflammatory
drug; SUV, standard uptake value.
aContinuous data are shown as median (25-75 interquartile range), and
categoric data as number.
bRatio of SUV AAA/SUV liver.
cP < .001 Mann-Whitney U test.
dP < .01.
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on a plate precoated with the primers for the 372 most
represented circulating miRNAs (miScript miRNA PCR
Array Human Serum/Plasma; Qiagen). Each reaction
was normalized by the geometric mean of the cycle
threshold (Ct) of each expressed (<35 cycles) miRNA in
the plate.19 The relative expression of each miRNA in
the plasma of Aþ/A0 patients was calculated by the
DDCt method.

Real-time qPCR. Real-time qPCR was performed, indi-
vidually, on RNA samples from 35 A0 patients and 22 Aþ
patients using the miScript SYBR Green PCR Kit
(Qiagen), a universal reverse primer (Qiagen), and a spe-
cific forward primer for each miRNA (Supplementary
Table I, online only). Expression levels of plasmatic miR-
NAs, using preamplified complementary DNA as
described above, were normalized by that of the syn-
thetic cel-miR-39 and expressed relative to the plasmatic
level of one patient taken as reference. RNA from tissue
samples (600 ng) was reverse transcribed using the
miScript II RT Kit (Qiagen), and miRNA expression levels
were normalized by the geometric mean of the expres-
sion of miR-16 and a stable small noncoding RNA,
SNORD95 (small nucleolar RNA, C/D box 95). The DDCt
method was used to calculate the fold change of each
miRNA as the difference between the median values
obtained for Aþ and A0 tissues converted to linear form
by the 2�DDCt method taking the PCR reaction efficiency
into account (Supplementary Table I, online only).

Bioinformatics analysis. Target genes were predicted
for the modulated using the miRNA target prediction
databases TargetScan, PicTar, and miRTarBase. Potential
modulated pathways were analyzed using the Topp-
Gene software.20 The predicted targets for miR-99b-5p,
miR-125b-5p, and miR-204-5p were compared with the
list of modulated genes in the Aþpos site compared with
the Aþneg site determined in our previous transcriptomic
study.7

Statistical analysis. Results are expressed as the
median with the interquartile range (25-75 percentile)
and considered to be significant at the 5% critical level
(P < .05) by using the Mann-Whitney U test for
unpaired samples or the Wilcoxon test for paired sam-
ples. Receiver-operator characteristics (ROC) curve and
the area under the curve (AUC) were established using
GraphPad Prism software (GraphPad Software, Inc, La
Jolla, Calif). Correlations betweenmodulatedmiRNA and
rSUV and AAA diameter and expression of selected
genes were established using the Spearman test for
nonparametric values.

RESULTS
PET/CT data, patient demographics, and clinical fea-

tures. The metabolic activity in the AAA expressed as the
rSUV (SUV AAA/SUV liver) was determined for the
57 patients enrolled in the study (Table I). Uptake of
FDG in 22 patients appeared as focal positive zones in
the aneurysmal wall (Aþ), and 35 patients did not show
any positive spots (A0). Men predominated in each
group, and no significant difference in the median age
was noted between the groups (Table I). Among the 57
patients, 15 had an aneurysm with a diameter #50 mm,
10 of them being A0 (28%) and five being Aþ (23%). The
SUV values were significantly higher in the Aþ patients
and similarly increased in the small and large aneurysm
in agreement with the lack of significant correlation
between AAA diameter and rSUV in the full cohort (data
not shown).

Modulation of miRNAs level in the plasma of AAA
patients. The expression level of 372 miRNAs was evalu-
ated by a using a miRNA PCR array on four pools of plas-
matic RNA from A0 patients and three pools from Aþ
patients. Among the detected miRNAs, 17 were



Fig 1. Circulating microRNAs (miRNAs) modulated in patients with aneurysms displaying positive [18F]fluo-
rodeoxyglucose (FDG) uptake (Aþ) on positron emission tomography (PET) compared with patients displaying
no uptake (A0) were measured by polymerase chain reaction (PCR) array. Seventeen miRNAs are modulated in
the three pools of plasmatic RNA from 17 Aþ patients compared with the four pools of RNA from 24 A0 patients.
Nine are downregulated and eight are upregulated. Results are expressed as the fold-change relative to the
median of miRNAs expression in the A0 pools. P < .05 by Mann-Whitney U test.
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modulated in the Aþ pools (fold induction >1.5; P < .05)
compared with the A0, nine being downregulated and
eight upregulated (Fig 1). Validations were performed
by real-time qPCR on the plasma of each patient (A0,
n ¼ 35; Aþ, n ¼ 22) for nine miRNAs selected among
those displaying the highest fold changes. High correla-
tions with the PCR array results were obtained for all
selected miRNAs except for miR-374b-5p, which was
therefore excluded from the study for further analyses
(Supplementary Table II, online only). Six miRNAs were
significantly modulated in Aþ patients compared with
the A0 group: four were downregulated (miR-99b-5p,
miR-125b-5p, miR-204-5p, and miR-486-5p), and two
were upregulated (miR-33a-5p and miR-142-5p; Fig 2, A).
The four downregulated miRNAs were significantly
correlated between them, and the two upregulated
miRNAs were significantly negatively correlated with
miR-486-5p (Fig 2, B).
Correlations between the expression level of these six

miRNAs and the uptake of FDG expressed by the
maximum SUV in the AAA, the rSUV (AAA/liver) and
the aneurysm diameter were evaluated (Table II). The
four downregulated miRNAs and the two upregulated
miRNAs were significantly and, respectively, negatively
and positively correlated with the rSUV (Table II). All of
themwere also correlated with the maximum SUVexcept
miR-142-5p. Only miR-125b-5p and miR-486-5p were
negatively correlated with the aneurysmal diameter. The
suitability of these six modulated miRNAs to discriminate
unstable from stable aneurysms was investigated by
calculating their specificity and sensitivity and establish-
ing ROC curves. The AUC was >0.75 for the four
downregulated miRNAs, indicating their potential value
as biomarkers of a PETþ aneurysm (Fig 3).

Bioinformatic analysis of potential targets of the six
circulating validated miRNAs. Potential targets for the
six modulated miRNAs were explored using three
different databases: TargetScan, PicTar, and miRTarBase
(direct links are available in Appendix Files 1 to 6, online
only). The search found w1000 target genes for
miR-125b-5p, miR-142-5p, and miR-204, w600 targets
genes for miR-33a-5p, and 100 genes for miR-99b-5p and
miR-486-5p. The lists of potential target genes were used
to select biological pathways using the ToppGene soft-
ware (Supplementary Table III, online only). No pathway
was obtained for miR-99b-5p and miR-486-5p because
of the low number of known target genes, but miR-04
seems to participate to neuronal pathways that do not
seem relevant to this study. MiR-125b-5p is more directly
linked to intracellular pathways involved in ubiquitous
processes such as mitogen-activated protein kinase
signalling. Finally, the transforming growth factor (TGF)-b
pathway is known to be regulated by miR-33a-5p and by
miR-142-5p which might also target different SMAD,
TGF-b2, and TGF-b receptors.

Modulation of miRNAs expression in the AAA wall of
Aþ patients. The expression of the sixmiRNAsmodulated
in the plasma of Aþ patients was measured in the aneu-
rysmal wall, separately in adventitia and media, from
12 A0 and nine Aþ patients both at the FDG uptake site
(Aþpos) and at a distant negative site from the same aneu-
rysm (Aþneg). In adventitia, theexpressionof thesemiRNAs



Fig 2. Expression of the six circulating microRNAs (miRNAs) validated in patients with aneurysms displaying no
[18F]fluorodeoxyglucose (FDG) uptake (A0) and those positive (Aþ) on positron emission tomography (PET). A,
The expression of each miRNA in arbitrary units (A.U.) was measured individually in A0 (n ¼ 35) and Aþ patients
(n ¼ 22). The median is shown for each group. *P < .05 and ***P < .001 by Mann-Whitney U Test. B, Significant
correlations were found between miRNAs established by using the Spearman test for nonparametric samples
(P < .05).
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was very low compared with the media. Moreover, given
thehighheterogeneity of cells population in theadventitia
between patients, the normalization and the quantifica-
tion of miRNAs were not reliable. In the media, miR-99b-
5p, miR-125b-5p, and miR-204-5p were significantly
downregulated in the Aþpos site compared with its
negative counterpart and also with A0 patients (Fig 4).

Potential targets of modulated miRNAs in correlation
with the transcriptomic study in Aþ media. As high-
lighted in the summarizing Table III, downregulation
of miR-99b-5p, miR-125b-5p, and miR-204-5p appears
to be specifically associated with FDG uptake and
weakening of the aneurysmal wall. To consolidate their
role, we compared the validated and potential targets
of these three miRNAs with the set of upregulated
genes identified in a previous transcriptomic analysis
of the aneurysmal wall from Aþ patients.7 No common
genes were obtained for the miR-99b-5pm whereas
w30 targets genes were found to be modulated in our
transcriptomic study for miR-125b-5p and miR-204-5p
(Fig 5).7,21 Runt-related transcription factor 2 (RUNX2), a
transcription factor involved in osteochondral devel-
opment, is a validated target of miR-204-5p. Most
interestingly, matrix metalloproteinase (MMP) 13, an
enzyme involved in endochondral development and
pathologic remodeling in cancer and arthritis, was
significantly increased in the Aþpos sites of aneurysmal
wall. This potent collagenase is a validated target of
miR-125b-5p (Fig 5). It was also found here significantly



Fig 3. Receiver-operator characteristics (ROC) curves analysis was performed each of the six modulated
microRNA (miRNAs). The area under the curve (AUC) with the confidence intervals and the P value are shown.

Table II. Correlations between circulating microRNAs (miRNAs) and the maximum standard uptake value (SUV max), ratio
of SUV (rSUV) in abdominal aortic aneurysm (AAA)/liver, and diameter of the AAAa

miRNA

SUV max AAA rSUV AAA/liver AAA diameter

r P r P R P

miR-33a-5p þ0.313 .01b þ0.258 .03b þ0.173 .105

miR-99b-5p �0.267 .022b �0.251 .03b �0.118 .19

miR-125b-5p �0.392 .002c �0.365 .003c �0.278 .018b

miR-142-5p þ0.179 .091 þ0.242 .035b �0.138 .153

miR-204-5p �0.277 .018b �0.279 .018b �0.22 .05

miR-486-5p �0.336 .006c �0.29 .015b �0.269 .023b

aCorrelations were established with the Spearman test for nonparametric samples (n ¼ 57).
bP < .05.
cP < .01.
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and negatively correlated not only with the expression of
miR-125b-5p, as expected, but also with miR-204-5p in
the media (Fig 6). Finally, these two miRNAs have in
common five potential targets previously found to be
upregulated in the Aþpos site, including hyaluronan and
proteoglycan link protein 1 (HAPLN1), which is also
involved in the formation of cartilaginous matrix (Fig 5).

DISCUSSION
For the last 15 years, our department has aimed to eval-

uate the benefit of PET/CT in the management of AAA
patients to improve the discrimination between stable
aneurysms and those at high risk of rupture.5,22 This
concept was followed by others who also observed a
relationship between uptake of FDG in the aneurysmal
wall and inflammation and expression of MMPs in hu-
man and rupture in animal models.8,9 In our cohort of
patients, the rSUV did not correlate with the AAA diam-
eter, an observation that was further supported by the
similar percentage of small aneurysms (#50 mm) in A0
and Aþ patients, suggesting that uptake of FDG is inde-
pendent of the aneurysm diameter.



Fig 4. Expression of the six modulated microRNAs (miRNA) in the media of aneurysms of 12 patients displaying
no [18F]fluorodeoxyglucose (FDG) uptake (A0) and in nine patients positive (Aþ) on positron emission tomog-
raphy (PET) at the negative (Aþneg) and positive (Aþpos) site. A.U., Arbitrary units. *P# .05 by the Mann-Whitney U
test for unpaired samples and with the Wilcoxon test for paired samples. The horizontal line in the middle of
each box indicates the median; the top and bottom borders of the box mark the 75th and 25th percentiles,
respectively, and the whiskers above and below the box extend 1.5 interquartile range in either direction.

Table III. Summary of microRNAs (miRNAs) modulations in plasma and in tissue samples

miRNA

Plasma Tissue

Aþ vs A0

Correlation vs
rSUV vs
diameter Aþneg vs A0 Aþpos vs A0 Aþpos vs Aþneg

miR-103a-2-5p NS

miR-206 NS

miR-33a-5p [ U NS NS NS

miR-142-5p [ U NS NS NS

miR-204-5p YYY U NS Y Y

miR-125b-5p YYY U U NS Y Y

miR-99b-5p YYY U NS Y Y

miR-486-5p YYY U U NS NS NS

A0, Patients with no [18F]fluorodeoxyglucose uptake; Aþ, patients with positive FDG uptake; Aþneg, sample from a negative site in the Aþ aneurysm;
Aþpos, sample from a positive site in the Aþ aneurysm; NS, not significant; [, significantly increased expression, P < .05; Y, significantly decreased
expression, P < .05; YYY, significantly decreased expression, P < .001; U, significant correlation with the standard uptake value ratio (rSUV) in
abdominal aortic aneurysm (AAA)/liver or aneurysm diameter by using the Spearman test for nonparametric samples.
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PET/CT is, however, an expensive imaging technique
and alternative methods, less expensive, noninvasive,
and correlated with PET positivity, would need to be
developed to detect and follow-up patients at risk. Circu-
lating small miRNAs are now considered as relevant bio-
markers of different diseases, notably in cardiovascular
diseases.14
To facilitate this Discussion, a summary of our results
is presented in Table III. Our strategy was first to iden-
tify circulating miRNAs differentially expressed in AAA
patients presenting with a metabolically active aneu-
rysm, as detected by FDG uptake (Aþ) or no uptake
(A0). Six validated circulating miRNAs were signifi-
cantly modulated in Aþ compared with A0 patients.



Fig 5. Network of miR-204-5p and miR-125b-5p and their validated or potential target genes upregulated in
patients with an aneurysm positive [18F]fluorodeoxyglucose (FDG) uptake (Aþ) on positron emission tomogra-
phy (PET) at the positive (Aþpos) compared with negative (Aþneg) site in the media as reported in our previous
transcriptomic study.7 The network was generated using Cytoscape software.21
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The six identified miRNAs were significantly correlated
with the rSUV, and miR-125b-5p and miR-486-5p were
also correlated with the AAA diameter.
The approach that we used here is different from the
few studies on circulating miRNAs reported in the litera-
ture, which usually identify differentially expressed



Fig 6. Correlations between matrix metalloproteinase
(MMP) 13 expression and miR-125b-5p or miR-204-5p level
in themedia of patients with an aneurysm positive (Aþ) for
[18F]fluorodeoxyglucose (FDG) uptake on positron emis-
sion tomography (PET). A very significant correlation be-
tween (A) MMP13 expression and the miR-125b-5p and (B)
the miR-204-5p level in 10 samples (5 Aþneg and 5 Aþpos)
was established with the Spearman rank test for
nonparametric samples. Regression curves (solid line) and
the 95% confidence intervals (dotted lines) are shown.
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miRNAs by AAA patients, altogether, vs healthy controls.
This may explain why none of the circulating miRNAs
that we described have been reported elsewhere and
further points to their specificity related to metabolic
activation of the aneurysmal wall in Aþ patients. The
discriminating power of the identified miRNAs, as deter-
mined by ROC curve analyses, suggests their potential to
identify unstable aneurysms in AAA patients, and
miR-125b-5p seems the most powerful based on the
ROC results (AUC ¼ 0.80; P < .0001).
Circulating miRNAs may originate from blood cells that

produce exosomes containing miRNAs23 or from the
aneurysmal tissue itself. MiR-125b-5p has been reported
to be produced by macrophages24 and also by cluster
of differentiation (CD) 4þ T cells,25 which are the most
represented inflammatory cells in the aneurysmal
wall.26 In T cells, miR-125b-5p regulates genes involved
in the differentiation of naïve CD4þ cells.25 Two other
circulating miRNAs modulated in Aþ patients, miR-
99b-5p and miR-142-5p, were also detected in inflamma-
tory cells, preferentially in monocytes.27,28

The identified circulating miRNAs have been previously
reported to be modulated in different pathologic condi-
tion, for example, miR-486-5p, which is associated with
asthma29 and with acute myocardial infarction,30,31 or
in physiologic processes such as miR-33a-5p involvement
in cholesterol homeostasis.32 Bioinformatic analyses
identified a few pathways that could be potentially
modulated by these miRNAs. The two upregulated
miRNA, miR-33a-5p and miR-142-5p, were reported to
inhibit the TGF-b pathway, notably by targeting SMAD
family members. A major observation in our transcrip-
tomic analysis of the aneurysmal tissue was a significant
reduction of TGF-b in the media in the Aþpos site. That
TGF-b overexpression was able to protect the develop-
ment of AAA in animal models was also demonstrated.33

MiR-142-5p is largely expressed in atherosclerotic plaques
and is involved in the regulation of macrophage
apoptosis by targeting TGF-b.34

The second approach that we used to support our re-
sults was to investigate the expression of these six
miRNAs in biopsy specimens of AAA wall from A0 pa-
tients and from Aþ patients at the specific positive up-
take site (Aþpos) and at a negative distant site (Aþneg).
This original approach allows the analysis of samples in
the same background, with patients acting their own
control. As explained in the Results, only the media could
be investigated due to the very low level of expressed
miRNAs in the adventitia and the difficulty in normal-
izing the real-time qPCR results. Three miRNAs (miR-
99b-5p, miR-125b-5p, and miR-204-5p) were significantly
downregulated in the Aþpos compared with the corre-
sponding Aþneg in the media. These miRNAs were also
significantly downregulated in the Aþpos compared
with A0 samples, demonstrating their specific role in
the progression of unstable wall. Pahl et al17 also found
miR-204-5p was downregulated in the aortic wall of
AAA patients.
AAA is an inflammatory disease characterized by an

overexpression of various cytokines and MMPs during
its progression. The observed downregulation of miRNAs
in the wall would indeed explain the overexpression of
these factors involved in the wall weakening. MMP13, a
collagenase involved in chronic inflammatory diseases,35

was identified as a target for miR-125b-5p in carcinoma
cells.36 We demonstrated in our previous work a large in-
crease of MMP13 expression at the specific site of FDG up-
take in the aneurysm.6 This study found a negative and
significant correlation between the expression of
MMP13 and the expression of miR-125b-5p and miR-
204-5p in the media of Aþ patients, which strengthens
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the hypothesis that MMP13 messenger RNA might be
one of their targets. Significant negative correlation was
also found with the expression of MMP1 in the media
(data not shown). MMP1 has not been validated as a
target of these two miRNAs; however, it might reflect
an indirect regulation. These observations are highly rele-
vant to the risk of rupture because collagen degradation
by MMPs seems to be the ultimate event preceding the
rupture.
Further to its remodeling, the quality of the extracel-

lular matrix might be profoundly altered in Aþ wall, as
also suggested by our previous transcriptomic study.7 A
series of genes involved in osteochondrogenesis was
indeed largely increased in the Aþpos site, suggesting a
switching of the wall cells toward a cartilaginous pheno-
type and production of a more rigid and incompetent
vascular extracellular matrix. Modifications of miR-125b-
5p level have been involved in arterial calcification by
smooth muscle cells37 by regulating their transdifferen-
tiation into osteoblast-like cells through the regulation
of SP7 and RUNX2,36 a marker of osteogenesis also found
to be involved in arterial calcification.38,39 MiR-204-5p
also directly targets RUNX2. Five other target genes
were found to be common between both miRNAs,
including HAPLN1, an extracellular matrix protein inter-
acting with proteoglycans and involved in cartilage
development.40 Among the genes involved in the forma-
tion of osteochondral matrix found modulated in our
previous transcriptomic study, COL11A1 (alpha chain of
collagen XI) was also largely increased at FDG-positive
sites. Even though this gene was not found to be a po-
tential target of miR-125b-5p or miR-204-5p, negative
significant correlations were established between its
expression and both miRNAs in the media (data not
shown), suggesting that its expression might be indi-
rectly modulated.

CONCLUSIONS
We have identified six circulating miRNAs modulated

in patients with a positive FDG-PET in the aneurysmal
wall. This signature might be associated with instability
of the wall. Our results also suggest a potential role of
miR-125b-5p and miR-204-5p in the progression of aneu-
rysm: their downregulation could allow the ectopic
expression of proteins related to cartilaginous extracel-
lular matrix, which does not possess biomechanical
properties adapted to elastic tissues and might further
induce the overexpression of MMPs involved in aortic
wall degradation.
Although three databases using different software and

algorithms were used here to predict target genes of
miRNAs, some relevant genes might have been over-
looked. We are aware that the miRNAs signature re-
ported in this study does not allow by itself a strict
discrimination between A0 and Aþ patients. The results
are, however, promising and deserve to be
complemented in studies combining the biomarkers
found here with other biomarkers, such as MMPs, on a
larger number of patients.
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APPENDIX FILE 1 (online only).

miR-33a-5p potential targets genes. TargetScan tar-
gets list: http://www.targetscan.org/cgi-bin/targetscan/
vert_71/targetscan.cgi?species¼Human&gid¼&mir_sc¼
&mir_c¼&mir_nc¼&mir_vnc¼&mirg¼hsa-miR-33a-5p
PicTar targets list: http://pictar.mdc-berlin.de/cgi-bin/

PicTar_vertebrate.cgi
miRTarBase targets list: http://mirtarbase.mbc.nctu.edu.

tw/php/search.php

APPENDIX FILE 2 (online only).

miR-99b-5p potential targets genes. TargetScan tar-
gets list: http://www.targetscan.org/cgi-bin/targetscan/
vert_70/targetscan.cgi?species¼Human&gid¼&mir_sc¼
&mir_c¼&mir_nc¼&mirg¼miR-99b-5p
PicTar targets list: http://pictar.mdc-berlin.de/cgi-bin/

PicTar_vertebrate.cgi
miRTarBase targets list: http://mirtarbase.mbc.nctu.edu.

tw/php/search.php?org¼hsa&opt¼mirna_id&kw¼miR-
99b-5p&miFam¼0

APPENDIX FILE 3 (online only).

miR-125b-5p potential targets genes. TargetScan tar-
gets list: http://www.targetscan.org/cgi-bin/targetscan/
vert_70/targetscan.cgi?species¼Human&gid¼&mir_sc¼
&mir_c¼&mir_nc¼&mirg¼miR-125b-5p
PicTar targets list: http://pictar.mdc-berlin.de/cgi-bin/

PicTar_vertebrate.cgi
miRTarBase targets list: http://mirtarbase.mbc.nctu.edu.

tw/php/search.php

APPENDIX FILE 4 (online only).

miR-142-5p potential targets genes. TargetScan targets
list: http://www.targetscan.org/cgi-bin/targetscan/vert_7
0/targetscan.cgi?species¼Human&gid¼&mir_sc¼
&mir_c¼&mir_nc¼&mirg¼miR-142-5p
PicTar targets list: http://pictar.mdc-berlin.de/cgi-bin/

PicTar_vertebrate.cgi
miRTarBase targets list: http://mirtarbase.mbc.nctu.

edu.tw/php/search.php

APPENDIX FILE 5 (online only).

miR-204 potential targets genes. TargetScan targets list:
http://www.targetscan.org/cgi-bin/targetscan/vert_70/
targetscan.cgi?species¼Human&mir_sc¼miR-204-5
p/211-5p
PicTar targets list: http://pictar.mdc-berlin.de/cgi-bin/

PicTar_vertebrate.cgi
miRTarBase targets list: http://mirtarbase.mbc.nctu.edu.

tw/php/search.php

APPENDIX FILE 6 (online only).

miR-486-5p potential targets genes. TargetScan tar-
gets list: http://www.targetscan.org/cgi-bin/targetscan/
vert_70/targetscan.cgi?species¼Human&gid¼&mir_sc¼
&mir_c¼&mir_nc¼&mirg¼miR-486-5p
PicTar targets list: Not in the database.
miRTarBase targets list: http://mirtarbase.mbc.nctu.edu.

tw/php/search.php?org¼hsa&opt¼mirna_id&kw¼miR-
486-5p&miFam¼0
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Supplementary Table II (online only). Validation of quantitative polymerase chain reaction (qPCR) array by real-time
qPCRa

Variable qPCR array Aþ/A0 Real time qPCR Aþ/A0

miR-33a-5p 2.72 2.06

miR-99b-5p �3.93 �2.5

miR-103a-2-5p 2.42 1.57

miR-125b-5p �2.23 �3.71

miR-142-5p 2.05 4.16

miR-204-5p �1.99 �2.84

miR-206 �3.20 �1.29

miR-374b-5p 2.92 �2.51

miR-486-5p �2.15 �2.33

Correlationb Pearson r ¼ 0.87c

Aþ, Aneurysm shows positive [18F]fluorodeoxyglucose uptake; A0, no aneurysm [18F]fluorodeoxyglucose uptake.
aResults are expressed as mean of fold-change between Aþ and A0 pools for qPCR array and mean of fold-change between 22 Aþ and 35 A0 samples
for real time qPCR.
bCorrelation between both techniques was performed using the Pearson linear regression curve.
cP < .01.

Supplementary Table I (online only). Sequences of microRNA (miRNA) oligonucleotides

miRNA Primer sequence Efficiency in tissue

cel-miR-39 TCA CCG GGT GTA AAT CAG CTT G .

hsa-miR-16 TAG CAG CAC GTA AAT ATT GGC G .

hsa-miR-33a-5p GTG CAT TGT AGT TGC ATT GCA 1.90

hsa-miR-99b-5p CAC CCG TAG AAC CGA CCT TGC G 1.88

hsa-miR-103a-2-5p AGC TTC TTT ACA GTG CTG CCT TG .

hsa-miR-125b-5p TCC CTG AGA CCC TAA CTT GTG A 2.06

hsa-miR-142-5p CAT AAA GTA GAA AGC ACT ACT 1.99

hsa-miR-204-5p TTC CCT TTG TCA TCC TAT GCC T 2.05

hsa-miR-206 TGG AAT GTA AGG AAG TGT GTG GG .

hsa-miR-374b-5p ATA TAA TAC AAC CTG CTA AGT G .

hsa-miR-486-5p TCC TGT ACT GAG CTG CCC CGA G 1.98
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Supplementary Table III (online only). Pathways potentially modulated by micro RNAs (miRNAs)

miRNA Pathway name P value Bonferroni Genes from input

miR-33a-5p Developmental biology 4.760E-6 36

miR-33a-5p TGF-b receptor signaling pathway 2.274E-5 20

miR-33a-5p SREBF and miR33 in cholesterol and lipid homeostasis 5.606E-4 7

miR-33a-5p BDNF signaling pathway 1.129E-3 17

miR-33a-5p Circadian clock 5.537E-3 10

miR-33a-5p a6-b4 integrin signaling pathway 6.645E-3 11

miR-33a-5p RORA activates circadian expression 7.126E-3 7

miR-33a-5p Signaling events mediated by HGFR (c-Met) 8.821E-3 11

miR-33a-5p BMP receptor signaling 9.715E-3 8

miR-33a-5p PPARA activates gene expression 1.139E-2 14

miR-33a-5p Regulation of lipid metabolism by PPAR-a 1.525E-2 14

miR-33a-5p Signaling events mediated by VEGFR1 and VEGFR2 1.665E-2 10

miR-33a-5p Axon guidance 3.132E-2 21

miR-33a-5p c-Jun N-terminal kinases MAPK signaling 3.363E-2 7

miR-33a-5p Adipogenesis 4.115E-2 14

miR-33a-5p Trk receptor signaling mediated by PI3K and PLC-g 4.201E-2 7

miR-33a-5p N-cadherin signaling events 5.202E-2 7

miR-125b-5p MAPK signaling pathway 6,21E-03 36

miR-125b-5p HIF-1-a transcription factor network 1,37E-02 15

miR-125b-5p MAPKinase signaling pathway 3,63E-02 17

miR-125b-5p JNK MAPK pathway 4,07E-02 11

miR-125b-5p Direct p53 effectors 4,13E-02 22

miR-125b-5p BDNF signaling pathway 4,25E-02 23

miR-142-5p Developmental biology 4,29E-06 47

miR-142-5p TGF-b receptor signaling 4,21E-05 14

miR-142-5p Pathways in cancer 1,89E-04 37

miR-142-5p BMP receptor signaling 3,91E-03 10

miR-142-5p Ubiquitin mediated proteolysis 1,43E-02 19

miR-142-5p TGF-b receptor signaling activates SMADs 1,50E-02 9

miR-142-5p TGF-b signaling pathway 1,56E-02 15

miR-142-5p Axon guidance 2,08E-02 28

miR-142-5p Colorectal cancer 2,31E-02 12

miR-204-5p Axon guidance 1,18E-03 29

miR-204-5p BDNF signaling pathway 2,05E-03 20

miR-204-5p Axon guidance 5,26E-03 18

miR-204-5p Leptin signaling pathway 6,56E-03 12

miR-204-5p SIDS susceptibility pathways 1,08E-02 20

miR-204-5p Signaling events mediated by VEGFR1 and VEGFR2 1,12E-02 12

miR-204-5p Netrin-1 signaling 1,29E-02 10

miR-204-5p Hippo signaling pathway 2,23E-02 19

BDNF, Brain-derived neurotrophic factor; BMP, bonemorphogenetic protein; HGFR, hepatocyte growth factor receptor; HIF-1, hypoxia-inducible factor 1;
JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; PI3K, phosphatidylinositol-3-kinases; PLC, phospholipase C; PPARA, peroxisome
proliferator-activated receptor-a; RORA, RAR-related orphan receptor A; SIDS, sudden infant death syndrome; SREBF, sterol regulatory element-binding
factor; TGF, transforming growth factor; VEGFR, vascular endothelial growth factor receptor.
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